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I t  has been reported that gut glucagon 
represents a large fraction of the plasma im- 
munoreactive glucagon (IRG) in the fasting 
state (1-3) and that it contributes most of 
the rise in plasma IRG observed after the 
ingestion of glucose (4, 5 ) .  Gut TRG is one 
of several enteric hormones believed to play a 
significant role in the control of insulin 
secretion (6-9). Although the factors regulat- 
ing the secretion of pancreatic glucagon have 
been studied intensively ( 10-16), little is 
known about the secretion of gut glucagon. 
The purpose of this study was to study the 
plasma IRG and immunoreactive insulin 
(IRT) responses to various sugars, adminis- 
tered orally or intravenously, in normal and 
gastrectomized subjects. 

Subjects and Methods. The observations 
were carried out in 9 male and 2 female 
healthy, nonobese, 3 2-  to 56-year-old volun- 
teers, and in 21 patients (29 to 70 years 
old),  who had been gastrectomized for gastric 
or duodenal ulcers 8 months to 18 years 
previously. All subjects were given 100 g of 
glucose orally after an overnight fast. Tn ad- 
dition, several days later, some of them re- 
ceived oral loads of galactose (100 g ) ,  fruc- 
tose (100 g ) ,  glucose (50 g ) ,  or an in- 
travenous injection of glucose ( 2 5  g) .  All 
subjects were instructed to consume a diet 
containing a t  leaslt 300 g carbohydrate for 3 
days preceding the tests. Blood was drawn 
from the antecubital vein into a syringe con- 
taining a small amount of heparin. The speci- 
mens were placed immediately in an ice bath 
and were centrifuged within 30 min. The 
plasma was removed, Trasylol was added 
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FIG. 1. Mean plasma IRG responses to oral glu- 
cose in 2 1  gastrtectomized and 11 normal subjects: 
The  Student's t test was used for statistical analysis; 
(xxx) p < .005. 

(4000 KTU/ml of sample) to prevent the 
proteolytic destruction of glucagon and the 
mixture was stored at --20". 

IRG was measured according to a method 
described previously ( 17). IRI was deter- 
mined according to the method of Hales and 
Randle ( 18) ; and glucose was measured 
enzymatically (glucose oxidase) and/or with 
the method of Somogyi-Nelson. 

Results. Figure 1 shows the plasma IRG 
respoiises to oral glucose in normal and in 
gastrectomized subjects. The  mean fasting 
IRG levels of 11 healthy volunteers and of 
2 1 gastrectomized subjects were about the 
same (0.71 t 0.09 and 0.70 _t 0.05 
mpg/ml, respectively). Thirty minutes after 
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TABLE I. Effect of 0 ~ x 1  Glucose 011 Plasm:\ IEG, JRI ,  ant1 Clliicose in  Noriiial and Gastrecto- 
rnized Subjects. 

Aftcr loading (min) 

0 30 60 90 120 180 

IRG (111pg/ml) 

normal (11) 

gastrectomized (21) 

p value 

IR1  (Pu /m l )  

110 1'111 a. 1 (11) 

gastrectomizecl (19) 

'p value 

RS  (mg/100 1111) 

riornial (11) 

gastrectomized (19) 

p value 

0.71" 
20 .09  

0.70 
f0 .05  

17.9 
k 1 . 2  

13.6 
k 1 . 2  

81.3 
2 4 . 3  
89.1 

2 3 . 9  

1.15 
2 0.08 

3.19 
+- 0.26 
<.005 

87.9 
& 6.9 

135.2 
k 3 1 . 0  

140.8 
2 5.7 

191.6 
k 1 1 . 9  

<.005 

I .08 
2 0.09 

2.89 * 0.25 

<.005 

104.4 
f 18.3 

185.7 
- +27.4 
<.025 

126.4 
+- 7.7 
183.6 

k l 6 . 1  

<.005 

0.89 
2 0 . 1 1  

2.55 
f 0.25 
<.005 

90.6 
& 10.4 

116.9 
~ 2 9 . 0  

107.0 
2 5.4 
121.0 
2 12,3 

0.89 
f. 0.1 3 

2.35 
2 0 . 2 7  

<.005 

76.2 
2 8 . 7  

68.7 
& 23.3 

97.3 
6.0 

82.5 
2 9.0 

0.89 * 0.11 

1.95 
- + 0.24 

<.005 

50.0 
2 9 . 9  

21.5 
2 7.9 
<.05 

93.3 
? 6.1 

65.1 
-+ 3.1 

<.005 

a Meaii f SEM. 

the oral administration of glucose, the mean 
IRG level rose to a peak of 3.19 t 0.26 
mpg/ml in the gas'trectomized group, a value 
significantly higher than 1.15 t 0.08 
mpg/ml, observed in the normal subjects ( p  
< .005). At the end of the experiment, the 
average IRG concentration approached base 
line levels in the normal subjects, but re- 
mained significantly elevated in the gastrec- 
tomized patients. The peak values of plasma 
I R I  and glucose concentrations were also 
higher in the gastrectomized snbjects than in 
the normal volunteers (Table I) .  Figure 2 
shows that, in contrast to the oral administra- 
tion, the intravenous injection of glucose 
caused no elevation of plasma IRG in the 
gastrectomized subjects. We have reported 
similar results in normal subjects (17).  Fig- 
ure 3 shows that in 4 gastrectomized swb- 
jects, 100 g of glucose caused a more marked 
increase in the plasma IRG than 50 g of 
glucose. Figure ,4 shows that in the normal 
subjects, the IRG response to oral galactose 
was not significantly different from the re- 

sponse to oral glucose. However, in 7 gastrec- 
tomized subjects, the mean concentration of 
plasma IRG was significantly lower following 
oral galactose than following oral glucose. 
Slight increases of plasma I R I  and of glucose 
were noted after oral galactose (Fig. 5 and 
Table 11). Figure 6 shows that in 8 gastrecto- 
mized subjects, the average IRG level rose 
from 0.80 t 0.06 mpg/ml to a peak of 1.28 
k 0.25 mpg/ml 30 min after the oral admin- 
istration of fructose. This response was statis- 
tically different from the patients' own re- 
sponse to glucose. After the ingestion of fruc- 
tose, the average I R I  concentrations were not 
increased as much as could have been ex- 
pected from the observed elevation in plasma 
glucose (Table HI). No direct comparison 
between the effects of the 3 sugars. was pos- 
sible because not all patients received all 3 of 
them. However, Fig. 7 shows that the plas- 
ma IRG responses were significantly different 
from the response to oral glucose and from 
each other. In  gastrectomized subjects, glu- 
cose was the most potent stimulus to IRG 
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FIG. 2 .  Mean plasma IRG and glucose responses to  iv glucose in 5 gastrectomized subjects. 
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FIG. 3. Mean plasma IRG and glucose responses to 50 and 100 g of oral glucose 
gastrectomized subjects: statistical analysis based on paired comparisons (x) p < 05;  (xx) 
.02 5 .  

in 4 
P <  

release, followed by galactose and fructose, in 
that order. 

Discussion. The radioimmunoassay used in 
this work does not differentiate pancreatic 
from gut IRG (Fig. 8). However, we believe 
that the observed rise in total plasma IRG 
following the oral administration of various 
sugars was due primarily to changes in gut 
glucagon, for the following reasons: the oral 
administration of glucose causes significant 
increase in serum IRG, while the intravenous 
injection of glucose is followed by a slight 
decline or no change ( 1 7 ) ;  the release of 

glucagon from isolated islets is suppressed 
when the glucose concentration in the incu- 
bation medium is increased (13, 19) ; simul- 
taneous measurements of IRG in the plasma 
of pancreaticoduodenal, mesenteric, and 
caval blood shows that after intraduodenal 
glucose loading, the earliest and greatest IRG 
rise occurs in the plasma of the mesenteric 
blood ( 5 ) ;  a rise in serum IRG after intra- 
jejunal glucose loading occurs also in totally 
depancreatized dogs (5,  20). Our gastrecto- 
mized patients, whose intestine received a 
bolus of relatively concentrated glucose solu- 
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FIG. 4. Mean plasma IRG responses to oral glu- 
cose and galactose in 5 normal volunteers. 

tion, had a plasma IRG response greater than 
that noted of the normal subjects. This re- 
sponse increased with the amount of glucose 
solution ingested, suggesting that mechanical 
or osmotic stimuli to the gut may have con- 
tributed to the release of enteric IRG. Of 
course, the possibility that the intestinal ab- 
sorption of glucose per se may stimulate the 
release of enteric IRG cannot be excluded 

I 180 min. 
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FIG. 5 .  Mean plasmla IRG responses to oral glu- 
cose and galactose in 7 gastrectomized subjects: 
statistical analysis based on paired comparisons, (x) 
p < .05. 

because the hyperglucagonemia observed in 
our study was1 always associated with hyper- 
glycemia. Additional studies are needed to 
elucidate this problem. Significant differences 
between the effects of 3 different sugars were 
noted: glucose appeared to be the most po- 
tent stimulus, followed by galactose and by 

TABLE T I .  Effect of Oral Glucose :tiid Galactose on Plasma IRG, IRI, and Glucose in the 
Same G astreetomized Subjects. 

After loading (min) 

0 30 60 90 120 180 

IRG ( nipg/iril j 

glue0 se (71  

galnctose ( 7 )  

p value 

1R.I (PU/ml)  

glucose (7) 

galactose 

BS (mg/100 ml) 

glucose (7) 

galactose (7)  

0.77" 
- +0.14 

0.99 
k0 .17  

14.0 
- +1.7 
14.9 
kl.6 

85.4 
2 3 . 7  
93.4 

&7.4 
75.36 

2 6 . 4  

3.49 
k 0.51 

2.57 
-+ 0.22 
<.05 

178.4 
2 70.1 

29.9 
4.2 

186.9 
-c 20.7 
186.4 

-c 23.5 

f 6.3 
90.4b 

2.90 
- +0.50 

2.1 0 
-+ 0.14 

195.0 
2 56.5 

18.8 
k 2 . 1  

157.1 
2 2 2 . 9  

198.4 
2 17.2 

+- 5.6 
85.1b 

2.50 
& 0.47 

1.69 
2 0.25 
<.05 

45.4 
f 8.5 
19.6 

2 2 . 2  

82.6 
2 1 2 . 1  
171.6 

k18.9  

2 3 . 0  
89.3b 

2.70 
- +0.64 

1.40 
2 0 . 1 6  

23.5 
& 2.8 
18.8 

k 2 . 7  

58.4 
7.1 

127.6 
2 15.5 

84.4b 
k 3 . 8  

2.20 
2 0 . 5 5  

1.23 
2 0.14 

16.0 
2 2.3 
16.8 

& 2.7 

60.9 
-13.5 
93.2 

9.8 
8 1.9b 

k 4 . 0  

" Mean -+ SEM. 
'' Measured by the glixcose oxidasc mcthod. 
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FIG. 6. Mean plasma IRG and glucose responses to oral glucose and fructose in 8 gastrectomized 
subjects: statistical analysis based on paired comparisons: (x) p = .05; (xx) p < .025; (xxx) p < 
.005; in blood sugar section: (0) measured with the method of Somogyi-Nelson; (0---) 
measured with the glucose oxidase method. 

fructose. These results suggest that the secre- may reflect a role in the relationship between 
tion of enteric IRG may be regulated also by the hormones of the gastrointestinal tract 
the chemical characteristics of the stimulus. and those of the islets of Langerhans (9, 2 1, 

The significance of the plasma IRG rise 23). 
after oral carbohydrate is not known, but it In gastrectomized subjects, an  oral glucose 

TABLE TT J .  Effcct of Oral Glucose and Fructose 011 P1:mnn TRG, IRI,  and Glucose in the Same 
Gastreetomized Subjects. 

A f t e r  loading (min)  

0 30 60 90 120 180 

f ructosc ( 8 )  

p value 

I R I  (pU/ml) 

glucose ( 7 )  

BS (mg/lOO ml) 

glucose ( 8 )  

14.5 
k 2 . 6  

13.2 
k 2 . 8  

100.1 
k7.1. 

95.0 
L 8 . 2  

90.5'' 
25.6 

3.x 
& 0.35 

1.28 
2 0 . 2 5  

<.005 

132.9 
58.0 
19.4 
- + 3.8 

209.5 
12.4 

153.8 
- + 10.9 

+- 11.4 
118.7b 

3.04 
& 0.45 

1.00 
f 0.1 1 

<.005 

187.5 * 86.1 
23.7 * 4.3 

207.0 
2 18.8 
154.7 

k l 7 . i  

f 12.9 
117.4b 

3.41 * 0.24 

0.99 
& 0.12 

<.005 

75.0 
I+ 22.9 

18.1 
k :3.2 

158.0 
2 18.5 

121.7 
2 12.7 

95.1" 
3.T 

2.37 
k 0.48 

0.96 
kO.11 

<.025 

42.2 * 7.3 
16.9 

3.3 

110.1 
k 14.9 
102.8 
- + 6.0 
9 1 . v  

2 4.1 

1.91 
- + 0.41 

0.95 
e 0 . 1 1  

<.05 

20.6 * 3.5 
13.1 

2 2 . 3  

68.7 
4 7.3 
90.0 

4 9.7 
90.Cib 
2 4.4 

a Mean & SEM. 
" Measured by tlir glucose oxidase method. 
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FIG. 7.  Relative concentrations of plasma IRG af -  
ter galactose and fructose, calculated as ratios to the 
values obtained after oral glucose: (x) p < .05; 
after galactos'e vs after fructose: (xx) p < .025. 

load caused a marked rise in plasma I R I  and 
in the insulinogenic index (insulin to glucose 
ratio; data not shown) greater than that 
caused by intravenous glucose. In  addition 
oral glucose caused an increase in IRG 
greater than that observed in normal subjects 
(17). Since gut IRG has an insulinogenic 
activity similar to that of pancreatic glucagon 
(24, 2 5 ) ,  our findings suggest that enteric 
glucagon, released following the sudden entry 
of carbohydrate into the gut, may have con- 
tributed to the augmented insulin response to 
oral glucose observed most dramatically in 
the gastrectomized subjects. By enhancing 
the IRI  response to blood glucose, gut IRI  
level may contribute to the reactive hypogly- 
cemia observed a couple of hours after a 
meal in gastrectomized patients with the 
dumping syndrome, as proposed by Rehfeld 
and Heding (26).  

I t  is possible that, by enhancing the re- 

tration of blood glucose was no longer ele- 
vated, the serum IRI level returned to nor- 
mal despite persistent hyperglucagonemia. 
Gut glucagon may share this role with secre- 
tin and pancreozymin, which are also secreted 
in response to the ingestion of glucose or 
amino acid (27, 28), and by stimulating in- 
sulin secretion would prevent postprandial 
h y perglycemia. 

Summary. Plasma immunoreactive gluca- 
gon (IRG) and immunoreactive insulin (IRI) 
were measured in 2 1  gastrectomized and 11 
normal subjects during a 3 hr, 100 g oral 
glucose tolerance test. Plasma IRG and I R I  
responses to oral glucose (50 g),  oral galac- 
tose (100 g), oral fructose (100 g) ,  and to 
intravenous glucose (25 g) were also investi- 
gated in some individuals. 

Although no difference in the fasting IRG 
concentration between the two groups was 
found, 30 min after ingesting 100 g of glu- 
cose, the plasma IRG concentration of the 
gastrectomized subjects was significantly 
higher than that of the normal subjects (3.19 
t 0.26 vs 1.15 t 0.08 mpg/ml; p < .OOS). 

In gastrectomized patients, oral glucose 
caused hyperglucagonemia, also a marked 
rise in plasma IRI  ; whereas intravenous glu- 
cose load caused only a moderate increase in 
plasma IRI,  with no changes in IRG concen- 
t r at ion. 

In the gastrectomized patients, a 50 g oral 
glucose load caused a significantly smaller 
plasma IRG response than a 100 g glucose 
load. The increment in plasma IRG level 

crystalline 
glucagon 

crystalline 
glucagon 

I I I I  

'/4 1/2 I dilution 
sponse of the B cells to glucose, enteric glu- I,,,,, 

l/s '/4 Ih I cagon may play a permissive rather than a 
direct role in the stimulation of insulin secre- 
tion. This would explain why 2 and 3 hr after 
oral glucose or galactose, when the concen- human jejunum. 

FIG. 8. Dilution slopes of crystalline beef-pork 
glucagon and acid-alcohol extract of the beef and 
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following galactose was smaller than that fol- 
lowing glucose in both groups. However, the 
peak value of plasma IRG was significantly 
higher in the gastrectomized subjects than in 
the normals. After oral fructose administra- 
tion, the gastrectomized subjects showed a 
small, but significant, increase in plasma IRG 
concentration. Glucose was the most potent 
stimulus for plasma IRG; and fructose was 
the weakest of the three sugars tested orally. 

These results suggest that glucagon, proba- 
bly of gastrointestinal origin, is released in 
response to chemical, as well as mechanical 
or osmotic, stimuli. The physiologic signifi- 
cance of enteric IRG is discussed. 
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