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SUMMARY: Immunoreactive pancreatic glucagon levels in portal vein blood
following intragastric glucose administration were determined in fasted male
Sprague-Dawley rats of 2-, 12—, and 24-months of age. Immunoreactive glucagon
levels decline to less than one-half the fasting values in 2-month old rats
following glucose administration, whereas immunoreactive glucagon levels in-
crease two to three times the fasting values in 12- and 24-month old rats un-
der the same conditions. Glucagon inhibits glucose-stimulated hepatic gluco-
kinase adaptation and may interfere with insulin action in the regulation of
hepatic glucose balance. Therefore, differences in the availability of gluca-
gon may contribute significantly to delayed hepatic glucokinase adaptation in
rats during aging.

Several studies have documented a progressive deterioration of glucose
metabolism in the rat during aging (1-6). While alterations in glucose tol-
erance (4~6) and hepatic glucokinase adaptation (2,4) during aging are gener-
ally ascribed to changes in the insulin binding capacity of target tissues (4-
6), such age-dependent alterations in glucose metabolism might also be due
to increased levels of, or increased sensitivity to, an antagonist of insulin
action - such as glucagon (7,8). Glucagon, a polypeptide of pancreatic A-
cell origin, exerts its effects on carbohydrate metabolism primarily in the
liver where it is involved in maintaining glucose homeostasis through its
effects on hepatic glucose uptake and hepatic enzymes regulating glycogen

synthesis, glycogenolysis, and gluconeogenesis (8,9). The purpose of the

present article is: 1) to determine the effect of glucose administration on
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circulating glucagon levels in fasted male rats; and 2) to assess the effect
of glucagon on glucose-stimulated hepatic glucokinase induction. The re-
sults imply that altered glucagon regulation contributes to age-dependent

changes in hepatic glucokinase adaptation.

EXPERIMENTAL

Animals: Male, Sprague-Dawley rats were obtained at 2-, 12-, and 24-
months of age from a colony maintained for R. C. Adelman at the Charles River
Breeding Laboratories. These rats are cesarian-derived and maintained behind
a pathogen-defined barrier under rigorously controlled conditions (10). Mean
life-span of these rats is approximately 30-months, their maximal life-span is
approximately 40-months, and at about 24-months of age they are virtually free
of detectable gross pathology (10).

Materials: Guinea pig anti-glucagon serum (30K) was obtained from Dr. R.
H. Unger; Trasylol from FBA Pharmaceuticals, New York; {1251} -glucagon from
Nuclear Medical Laboratories, Dallas; crystalline beef glucagon from Calbio-
chem; and sodium salts of ATP and NADP and a suspension of glucose 6-phosphate
dehydrogenase from Boehringer-Mannheim Corp..

Treatments: Rats were fed ad libitum a pasteurized, sterilized Charles
River Chow which is reported to be of constant per cent composition and compo-
nent source. Periods of fasting were begun between 0800 and 1000 hours. All
fasted rats were provided with drinking water ad libitum. Glucose was admin-
istered intragastrically with a feeding needle at 0800 - 1000 hours and at a
dosage of 2.5 mmoles in 1.25 ml of water per 100 g. of body weight. Glucagon
was administered by intraperitoneal injection immediately before glucose ad-
ministration. Serum was collected from portal vein blood with the addition of
Trasylol (100 KIU/ml) following brief ether anesthetization of the rat.

Assays: The concentration of pancreatic glucagon was determined by radio-
immunoassay with an antiserum specific for pancreatic glucagon (11), with
purified beef glucagon as standard. Hepatic glucokinase was measured by the
procedure of Sharma and coworkers (12). Significance of differences in gluca-
gon and hepatic glucokinase responses to glucose administration was evaluated
by Student's f-test.

RESULTS

Changes in the concentration of immunoreactive glucagon (IRG) in serum
collected from portal vein blood following intragastric administration of glu-
cose to 3-day fasted male rats of the indicated ages are illustrated in Figure
1.. At 2-months of age, the concentration of IRG decreases significantly (p<
0.05), from 0.85 to 0.35 ng per ml of serum within 30 minutes and remains de-
pressed throughout the duration of the experiment. At 12-months of age, the
concentration of IRG increases significantly (p<0.05), from 0.45 to 0.85 ng
per ml of serum over a 3~hour period, and then decreases to 0.40 ng per ml by
5-hours. At 24-months of age, the concentration of IRG increases significant-

ly (p<0.05), from 0.45 to 1.40 ng per ml of serum within a 2-hour period, and

908



Vol. 89, No. 3, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

then decreases to approximately 0.70 ng per ml by 5 hours. Control experi-
ments, in which 3-day fasted rats of the respective ages are administered
water containing no glucose, indicate negligible effects of handling on the
concentration of IRG in serum, although data are not presented.

The effect of glucagon treatment on hepatic glucokinase response to glu-
cose administration in 2-month old rats is shown in Table 1.. 1In rats not

receiving zlucagon, glucokinase activity increases from a fasting value of

0.70 to 1.80 i.u. per g. of liver by 8 hours following glucose administration.
Treatment of rats with 5 pg of glucagon immediately before glucose feeding,
however, results in complete inhibition of glucokinase adaptation for several
hours, and significant (p<0.05) depression of enzyme induction for a least

4 hours. A larger dose of 70 ug per rat results in inhibition of enzyme
adaptation in response to glucose for at least 4 hours, and depression of

glucokinase activity for perhaps as long as 8 hours.

DISCUSSION

The onset of hyperglycemia in normal man is followed by a rapid decline in
serum IRG levels (13), a response very similar to that observed in fasted 2-
month old rats following oral glucose administration (Figure 1.). In sharp
contrast, serum IRG levels actually increase in response to hyperglycemia in
the older rats, most significantly in the 24-month old rats (Figure 1.). The
glucagon response of the older rats is similar to that reported to occur in
human adult-onset diabetics following carbohydrate ingestion (13). The role
of glucagon in vivo in the rat, however, may not be completely analogous to
that in man as, for example, the importance of glucagon in blood glucose hom-
eostasis in fasting rats is still uncertain (14,15).

The antagonistic interaction of insulin and glucagon, particularly as it
relates to hepatic cyclic adenylate (cAMP) production and glucose balance, was
demonstrated in perfused rat liver (16). In this system, relative glucagon

excess elevated cAMP levels and resulted in increased net glucose output (16).
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Figure 1. Effects of intragastric glucose administration on immunoreactive
pancreatic glucagon (IRG) levels in portal vein serum of 2- (———), 12-
(—o—r— ), and 24-(———-— ) month old male Sprague-Dawley rats. (*) indicate

IRG levels significantly greater than in 2-month o0ld rats (p<0.05).

Recent studies indicate that, unlike insulin (4), glucagon binding (17) and
glucagon-stimulated adenylate cyclase activity (18) are unimpaired in rat
hepatocytes between 2- and 24-months of age. Therefore, significantly higher
levels of glucagon in the portal vein blood of 12- and 24-month old rats fol-
lowing glucose administration may be partly responsible for altered glucose
tolerance by their effects on net glucose uptake and/or output. Age-related
increases in the magnitude of glucose-stimulated insulin secretion (3,4) may
also be due to the insulinotropic activity of higher serum glucagon levels in
the older rats (8).

The present findings may contribute to our understanding of the source of

the altered capability for hepatic enzyme adaptation in the aging rat. The
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Table 1. Effect of Glucagon on Hepatic Glucokinase Adaptation.

Time Following Glucose Administration

Glucagon Dose Glucokinase Activity
(ug) (i.u./g. liver)
0 HR 2 HR 4 HR 8 HR
0 0.70+0.05 (29)+ 1.2520.12 (13) 1.65+0.07 (33) 1.78+0.09 (17)
5 0.82+0.08 (5} 0.83t0.11* (3) l.lStO.lS* (6) 1.58+0.12 (3)
70 meem e 0.83:0.08" (6) 1.35:0.23 (6)

Fasted 2-month old rats were administered glucagon intraperitoneally immediate-
ly before intragastric glucose administration. Glucokinase activity was deter-
mined at the indicated times by the method given in the Experimental section.

TNumber in parenthesis indicates the number of rats per group.
*Significantly less than response of rats not receiving glucagon (p<0.05).

time required to initiate glucose-stimulated hepatic glucokinase induction is
progressively delayed in time of onset from about 4 to 11 hours as Sprague-
Dawley rats age from 2- to 24-months (19). Since physiological doses of glu-
cagon inhibit glucose-stimulated adaptations of hepatic glucokinase (20, Table
1.), and the duration of elevated glucagon levels in the older rats is compar-
able to the additional time required for glucokinase adaptation to begin
(Figure 1.), the progressive delay in this enzyme adaptation during aging

may be an expression of differences in the availability of glucagon following
glucose administration. Changes in the availability of appropriate hormonal
effectors to target tissues may be a general manifestation of the aging pro-
cess and lead to the progressively decreasing adaptability and survival capac-

ity of the aging organism.
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