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In previous experiments (1) it was shown
that glucagon, epinephrine, cAMP, and dB-
cAMP were all able to increase the incorpo-
ration of orthophosphate to the isolated per-
fused fed rat liver. This phenomenon may
explain, in part, the well-known hypophos-
phatemic effect exhibited by these glycogen-
olytic factors (2-6). The functional meaning
of the increased orthophosphate incorpora-
tion to the liver has not been clarified yet. It
has been postulated that such incorporation
may be related to an increment of phos-
phate requirements during glycogenolysis
(1); on the other hand, in the last few years
several investigators have pointed out that
glucagon and cAMP may activate protein
phosphorylations in the liver (7-12), and
this effect could also have some relationship
with the above mentioned phenomenon.

Our previous experiments (1) were per-
formed in fed rat livers in which a clear
increase in spontaneous or glucagon-in-
duced glycogenolysis was evidenced; there-
fore, it was considered of interest to study
the effect of glucagon in two experimental
conditions which inhibit glycogenolysis
through different mechanisms: fasting and
insulin administration.

Material and methods. Male Sprague-
Dawley rats (300-350 g body weight) bred
in our Institute were used in the experi-
ments. Livers were perfused by means of a
previously described technique (1, 13) using
70 ml of perfusate which consisted of Krebs-
Ringer-bicarbonate containing 3 g/100 ml
of bovine serum albumin (Armour Fraction
V), 80 mg/100 ml of glucose, 1.7 mg/100 ml
of buffered sodium orthophosphate, and
20-22 vol % of washed rat erythrocytes.
Heparin (500 U) was added at the begin-
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ning of the experiments. The perfusate was
equilibrated with a 95% 0,-5% CO, gas
mixture, which was also used in the oxygen-
ator. pH was adjusted to 7.40 and the tem-
perature was kept at 37°. Gross and ultrami-
croscopic observation as well as adequate
bile flow were indicative of good liver pres-
ervation.

After 15-min perfusion, 70 nCi of high-
activity [3?*PJorthophosphoric acid (Amer-
sham/Searle, PBS-1200 mCi/mmol) was
added to the perfusate (0 time). Thereafter
samples were withdrawn every 15 min, up
to 120 min, and collected in ice-chilled test
tubes. The radioactivity of the samples was
determined in duplicate 0.1-ml perfusate al-
iquots plated in plastic cups and counted up
to 10,000 in a Nuclear Chicago gas flow
counter. The number of counts registered in
the 45-min samples was taken as 100% for
the expression of the total radioactivity of
the subsequent samples. The percentage of
2P incorporated into the liver was estimated
by substraction and expressed per 10 g of
fresh tissue.

Perfusate glucose concentrations were de-
termined in duplicate by a commercial glu-
coxidase procedure (Glucostat, Worthing-
ton). The figures were corrected for changes
found in blank experiments performed in
absence of the liver. Results were expressed
in term of differences from 45-min values,
mg/100 ml/10 g of fresh liver.

Perfusate plasma Pi was determined in
duplicate with the method of Martin and
Doty (14). Figures were corrected for blank
values and expressed in terms of differences
with respect to the 45-min values (mg/100
ml). In the absence of the liver there is some
decrease of perfusate plasma Pi due to in-
corporation to red cells; the differences
against the 45-min values were: at 60 min,
—0.12 = 0.14; at 75 min, —0.28 = 0.09; at
90 min, —0.41 = 0.15; and at 120 min,
-0.41 = 0.17 (N = 12).
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The radioactivity of the final colored solu-
tions obtained after the Pi determinations
were measured in order to estimate the spe-
cific activities of the samples. For this pur-
pose, 0.5-ml aliquots were plated in plastic
cups and counted to 10,000 counts in a
Nuclear Chicago gas flow counter. The spe-
cific activities were expressed in counts per
milligram of Pi. The specific activity ob-
tained at 45 min was taken as 100%, and
the changes of the following samples were
calculated as the percentage of this figure.

The pH was determined at 0, 60, and 120
min; some degree of alkalinization was ob-
served at 0 min, but thereafter it was main-
tained close to 7.40.

Fasted animals were deprived of food
during the 24 hr preceding the experiments.
Fed animals had free access to food up to the
time of the experiments. Water was ad libi-
tum in both experimental groups. Glucagon,
when administered, was used at the dose of
2 pg and was infused continuously to the
perfusate from 45 to 90 min.

Experiments on the effect of insulin were
carried out on fed rat livers and the hor-
mone (250 or 500 mU) was continuously
infused to the perfusate from 0 to 90 min.
Glucagon was used as previously described
for the fasting experiments. Insulin-free glu-
cagon, generously provided by Ely Lilly
Co., was dissolved in a 0.2 M glycine-
NaOH buffer, pH 9, containing 1 g/100 ml
of bovine serum albumin; working solutions
were prepared in saline containing 1 g/100
ml of bovine serum albumin. Glucagon-free
insulin, also furnished as a gift by Ely Lilly
Co. as a 40 U/ml solution, was dissolved in
saline containing 0.1 g of bovine serum al-
bumin, pH 3.5. The selected doses of both
hormones were made up in 1-ml vol, and
the same amount of saline was injected in
the control experiments. The solutions were
introduced in the overflow tube of the per-
fusion apparatus in order to allow for mix-
ture with the bulk of the perfusate before
reaching the liver.

The Student’s ¢ test was used to appraise
the statistical significance of the results, and
P = 0.05 was taken as the limit of signifi-
cance.

Results. The effect of fasting on the stud-
ied parameters is shown in Fig. 1. It is inter-
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Fic. 1. Effect of glucagon (2 ug) on [*PJortho-
phosphate incorporation into the isolated perfused
rat liver, perfusate plasma inorganic orthophosphate,
relative specific activity of the same, and glucose re-
lease from the organ. Glucagon was continuously
infused into the perfusate for 45 min beginning at
45 min. Comparison between livers from 24-hr fasted
rats and ad libitum fed rats.

Statistically significant differences: *, Glucagon-fed
rat livers vs control fed rat livers; O, control fed rat
livers vs control fasted rat livers; O, glucagon-fed rat
livers vs glucagon-fasted rat livers.

esting, in the first place, to compare control
fasted rat livers with control fed rat livers; it
can be seen that the spontaneous glucose
and orthophosphate liberation which took
place from fed rat livers did not occur in the
fasted rat livers. With respect to the effect of
glucagon, it can be observed that in the
fasted rat livers no significative liberation of
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glucose or orthophosphate incorporation
takes place under the action of the hor-
mone.

Figures 2 and 3 show the effect of insulin
and of glucagon plus insulin. Figure 2 per-
tains to the 250-mU insulin dose: as is well
known, insulin, if given since the beginning
of the perfusion reduces the glucose output
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FiG. 2. Effect of insulin (250 mU), continuously
infused from 0 to 90 min, glucagon (2 ug) continuously
infused from 45 to 90 min, and both types of treat-
ments administered simultaneously to perfusate, on
[*2PJorthophosphate incorporation into the isolated
perfused rat liver, perfusate plasma inorganic ortho-
phosphate, relative specific activity of the same, and
glucose release from the organ.
Statistically significant differences: *, Glucagon vs
control; O, insulin vs control; O, glucagon + insulin vs
control; %, glucagon vs glucagon + insulin.
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Fig. 3. Effect of insulin (500 mU) continuously
infused from 0 to 90 min, glucagon (2 ug) continuously
infused from 45 to 90 min, and both types of treat-
ments administered simultaneously to perfusate, on
[*?P]orthophosphate incorporation into the isolated
perfused rat liver, perfusate plasma inorganic ortho-
phosphate, relative specific activity of the same, and
glucose release from the organ.

Statistically significant differences: *, Glucagon vs
control; O, insulin vs control, O, glucagon + insulin vs
control; % glucagon vs glucagon + insulin.

(15, 16); it also inhibits the spontaneous
orthophosphate efflux (16, 17). The effect
of glucagon on glucose liberation is also re-
duced by insulin (16, 18); however, it is
possible to observe that glucagon-induced
orthophosphate incorporation to the liver is
not inhibited by insulin. No significant dif-
ference was registered among the groups in
relation to Pi specific activities. Figure 3
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refers to the 500-mU dose of insulin. The
results are similar to the ones described with
the 250-mU dose, but the changes observed
are more evident.

Discussion. It is well known that the re-
duction of the liver glycogen stores, deter-
mined by fasting in the absence of gluconeo-
genic substrates, inhibits the spontaneous or
glucagon-induced glucose release from the
perfused rat liver. The spontaneous glucose
liberation that takes place from the fed per-
fused liver has been attributed to anoxia,
surgical manipulations (19), and sympa-
thetic discharges originated by surgery (20).
However, it could also be possible that insu-
lin lack may play some role, since the phe-
nomenon may be inhibited by the adminis-
tration of this hormone (15, 16) and is in-
creased by the administration of anti-insulin
serum (16). The mechanism of the sponta-
neous orthophosphate release is not known,
but the work of Jefferson et al. (16) and our
own experiments (17) have shown that it
can be inhibited by insulin administration.
A similar situation has been mentioned in
connection with the perfused rat heart (21,
22). It is interesting that fasted rat perfused
livers do not show a significant spontaneous
orthophosphate release into the perfusate.
The facts that in the fed rat perfused liver
there is a concomitant output of glucose and
orthophosphate and that both phenomena
may be inhibited by insulin administration
suggest the possibility that both effects may
be functionally related. In the fed rat per-
fused liver, however, glucagon induces gly-
cogenolysis and more glucose is released,
while, at the same time, orthophosphate is
incorporated into the organ. In the fasted
rat perfused liver, both phenomena are in-
hibited. Hence, regarding orthophosphate
exchange, in the fed perfused rat liver,
spontaneous glycogenolysis is accompanied
by orthophosphate release, and glucagon-
induced glycogenolysis is accompanied by
orthophosphate incorporation. This discrep-
ancy could be explained by differences in
the action of in situ liberated catecholamines
and glucagon; however, it should be men-
tioned in this regard, that in previous exper-
iments (1), we have shown that at least one
of the catecholamines, epinephrine, is also
able to induce orthophosphate incorpora-
tion into the perfused fed rat liver. It could

be possible that the main factor in sponta-
neous glucose and orthophosphate libera-
tion from fed rat liver is the lack of insulin,
since this hormone acts on the orthophos-
phate liver exchange producing retention of
the anion (1); however, this mechanism is
not easily understandable in terms of cAMP
levels regulated by the glucagon-insulin in-
terplay.

In the experiments on insulin-inhibition
of the glucagon-induced glucose release, the
incorporation of orthophosphate to the liver
was not affected, a result which dissociates
both phenomena and also suggests a differ-
ent mechanism of regulation. The inhibition
of glucose liberation falls in the above men-
tioned interplay, but the same cannot be
said for orthophosphate incorporation. A
similar situation has been mentioned in con-
nection with other glucagon actions (23,
24). Effects of insulin, independent of the
cAMP levels, have been also detected (23,
25).

More experimental work is required to
further our understanding of the regulation
of liver orthophosphate exchange in connec-
tion with the action of glucagon and insulin.
Studies in course in our laboratory concern-
ing the role of modifiers of the adenylate
system and adrenergic blockers, may pro-
vide additional information on this matter.

Summary. Isolated perfused fed rat livers
spontaneously liberated glucose and ortho-
phosphate to the medium; 24-hr fasted rat
livers did not exhibit these phenomena. In
perfused fed rat livers, glucagon (2 ug) in-
creased glucose output and promoted ortho-
phosphate incorporation. In perfused fed
rat livers, insulin (250 or 500 mU) inhibited
the spontaneous liberation of glucose and
orthophosphate. Comparable doses of insu-
lin significantly reduced the glucagon (2
ung)-induced increase in glucose output from
perfused fed rat liver, but did not affect
orthophosphate uptake by the organ.
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