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SUMMARY
Short-term effects of human proinsulin on metabolic
rates and its long-term action on enzyme induction
were studied in primary cultures of rat hepatocytes
and in the perfused rat liver, and compared with the effects of bovine insulin. In the perfused rat liver, proinsulin decreased the glucagon-dependent increase of
glycogenolysis. The action of 0.5 nM glucagon was almost completely suppressed by 100 nM proinsulin.
Proinsulin and insulin showed similar potency.
In cultured rat hepatocytes, proinsulin stimulated
glycolysis up to fivefold with a half-maximal effective
dose of 30 nM. Proinsulin induced the key glycolytic
enzymes glucokinase and pyruvate kinase by twofold
and antagonized the glucagon-dependent induction
of phosphoenolpyruvate carboxykinase with a halfmaximal effective dose at 3 nM. For the effects in
cultured hepatocytes, about 100-fold higher concentrations of proinsulin than of insulin were required.
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H

epatic carbohydrate metabolism is regulated by
a variety of circulating hormones12 and by the
autonomic nervous system.34 Among the hormonal signals, insulin is of major importance in
controlling short-56 and long-term78 regulatory events. Proinsulin—the single chain molecular precursor of insulin—has
been detected in peripheral blood of different species and
may account for up to 40% of the "insulin" measured in the
fasting state.10 Exceedingly high concentrations of proinsulin
have been demonstrated in patients with insulinomas.11 13
Short-term biologic effects of proinsulin have been investigated in a few studies under in vivo and in vitro conditions;
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long-term actions of proinsulin have not been studied so far.
In vivo proinsulin has been shown to produce hypoglycemia
in a variety of species including man. 1416 In vitro, it has been
demonstrated that proinsulin exerts insulin-like actions in isolated fat cells1718 and rat diaphragm.19 Proinsulin binding to
isolated plasma membranes of rat liver has been documented.20 On the basis of dose-response curves, it was concluded from these studies that proinsulin exerts approximately 3-10% of the biologic activity of insulin.
Early work, using the eviscerated, hepatectomized rat
model,21 and recent results obtained during euglycemic
clamp studies in man suggested a preferential action of
proinsulin on hepatic carbohydrate metabolism.2223
The aim of the present study was to investigate proinsulin
action on short- and long-term regulatory events using the
in situ perfused rat liver and primary cultures of adult rat
hepatocytes. It was found that proinsulin in the isolated systems (1) controls flux through glycolysis and glycogenolysis
and (2) induces key enzymes of hepatic carbohydrate metabolism. Dose-response curves show that proinsulin has a
similar potency as insulin in suppressing hepatic glucose
output, while for the effects on glycolysis and on enzyme
induction 100-fold higher concentrations of proinsulin are
required.
MATERIALS AND METHODS

Materials. Chemicals were reagent grade and from commercial sources. Enzymes were obtained from Boehringer
Mannheim (Mannheim, FRG); bovine serum albumin, glucagon, and bovine insulin from Serva (Heidelberg, FRG);
and biosynthetic human proinsulin was a gift from Eli Lilly
and Company (Indianapolis, Indiana). Collagenase was from
Worthington (Freehold, New Jersey) and D-[U-14C]-glucose
from Amersham-Buchler (Braunschweig, FRG).
Animals. Male Wistar rats 150-200 g were kept on a 12-h
day/night rhythm (dark period from 8:00 p.m. to 8:00 a.m.)
and were allowed free access to the standard diet Altromin
(Altromin, Lage, FRG).
Liver perfusion. All experiments were started at 9:30 a.m.
when the animals were just at the beginning of the postab-
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the first medium change (2 h, 2.5 ml/dish), serum was omitted, the initial insulin concentration was kept at 0.5 nM or 10
nM (Figure 1A), and dexamethasone concentration was 100
nM. The gas atmosphere contained 5% (vol/vol) CO2, 16%
(vol/vol) O2, and 79% (vol/vol) N2. Medium was changed
again at 6 h, 20 h, and 46 h.
Determination of the glycolytic rate. Culture plates were
washed once and incubated in hormone-free medium for 1 2 h. Medium was changed again twice (2 ml/dish), then
supplemented with 0.1 |xM dexamethasone, 2 mM lactate,
and the initial insulin and proinsulin concentrations as indicated. After 20-min preincubation 14C-glucose (20 juul, 0.30.6 (xCi/dish) was added and the zero time samples taken
after another 20 min. The product 14C-lactate was separated
by ion-exchange chromatography as described previously.5
Lactate formation was linear with time for all conditions
tested. Triplicates were taken for each assay point.
Assays. Cells were processed for glucokinase and pyruvate
kinase assays using an Ultra-Turrax (Janke and Kunkel KG,
Staufen, FRG) in 25 mmol/L glycylglycine, 35 mmol/L KCI,
6 mmol/L MgSO4, 5 mmol/L EDTA, and 10 mmol/L 2-mercaptoethanol at pH 7.5. Enzyme activities were determined
as described,22 with the extra addition of 0.1 mM fructose1,6-bisphosphate in the pyruvate kinase assay. For the phosphoenolpyruvate carboxykinase assay, cells were homog-

sorptive phase with an average hepatic glycogen content of
400 ixmol glycosyl units/g liver 1 . 24 After anesthesia by intraperitoneal injection of pentobarbital (60 mg/kg body wt),
the experiments were performed in a 37°C perfusion chamber (Krannich, Gottingen, FRG). Livers were perfused without recirculation via the portal vein; hepatic venous samples
were collected every minute.
Perfusion media consisted of 30% (vol/vol) washed bovine
red cells, suspended in Krebs-Ringer bicarbonate buffer
containing 2% (wt/vol) of bovine serum albumin. Medium
glucose and lactate concentrations were adjusted to 5 mmol/
L and 2 mmol/L, respectively. The flow rate was kept at a
rate of 1.8-2.0 ml/g liver, resembling physiologic flow
rates.2526 After an equilibration period of 45 min, samples
were collected and hormones infused into the portal vein for
the indicated time periods. Glucose and lactate concentrations were measured photometrically with standard enzymatic methods using hexokinase plus glucose-6-phosphate
dehydrogenase and lactate dehydrogenase.
Cell culture. Hepatocytes were isolated from fed rats by a
recirculating collagenase perfusion in situ.7 Cell preparations
yielded >90% viable cells. Cells were suspended in medium
199 containing 5 mM glucose and no lactate and cultured
in Falcon plastic dishes. For the first 2 h, medium was supplemented with 4% fetal calf serum and 1 nM insulin. After
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FIGURE 1. Stimulation of glycolysis by proinsulin
and insulin. (A) Time course. Cells were cultured
with 10 nM insulin for 46 h. The arrow marks the
addition of 100 nM proinsulin or insulin to the
plate. (B) Concentration response curves. Cells
were cultured for 46 h with 0.5 nM insulin. Glycolysis was measured for 3 h. Insulin degradation amounted to <10% during this time. The difference between A and B in the basal glycolytic
rate and the degree of stimulation by hormone is
due to the different insulin concentrations during
the 46-h cell culture. Values are means ± SEM of
nine dishes from three different cell preparations.
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FIGURE 2. Suppression of glucagon-dependent
stimulation of glycogenolysis in the in situ, perfused rat liver by proinsulin. In (A), only glucagon
(0.5 nM), and in (B) and (C) proinsulin (100 nM)
and insulin (100 nM) were infused simultaneously
with glucagon into the portal vein. The bars indicate infusion periods of 5 min (11-15 min). Values are means ± SEM of three experiments.
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FIGURE 3. Dose-response curve for the suppressive action of proinsulin and insulin on glucagon-dependent glycogenolysis in the perfused
rat liver. Hormones were infused as indicated in Figure 2. Glucose output was calculated by integrating the area under the curve for glucose
output from the beginning of hormone infusion to minute 32 and subtracting the preinfusion values. Values are means ± SEM of at least
four experiments.

enized in 50 mM Tris/HCI, pH 8.1, containing 0.25 mM MnCI2
and 1 mM dithioerythritol; enzyme activity was determined
according to Seubert and Huth27 and DNA according to
Oliver et al.28
RESULTS
Short-term stimulation of glycolysis by proinsulin. In liver
cells maintained in primary culture for 48 h, addition of proinsulin or insulin at a final concentration of 100 nM resulted in
an up to threefold increase of glycolytic flux (Figure 1A).
Maximal stimulation was obtained within 5 min and lasted
for at least 4 h. Obviously, the cultured cells did not become
desensitized toward the hormones during this time period.
Better time resolution was not technically feasible with this
dish culture system.
Proinsulin concentrations of 10 nM stimulated glycolysis
significantly. The half-maximal effective dose for proinsulin
TABLE 1
Long-term inducing effect of insulin and proinsulin on glucokinase
and pyruvate kinase in cultured rat hepatocytes
Enzyme activity
(jjimol/min • mg DNA)
Culture

Glucokinase

Pyruvate kinase

Control
Proinsulin
Insulin

0.43 ± 0.027
0.84 ± 0.03
0.89 ± 0.03

6.6 ± 0.13
10.5 ± 0.08
11.6 ± 0.06

After the 2-h attachment phase, cells were cultured for 46 h with 100
nM dexamethasone and the initial concentrations of either 0.5 nM
insulin (control), 10 nM insulin, or 100 nM proinsulin. Values are
means ± SEM from six dishes of two different preparations.
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was 30 nM. In comparison, insulin was almost 100-fold more
effective (Figure 1B).
Suppression of the glucagon-dependent stimulation of
glycogenolysis by proinsulin. Infusion of glucagon into the
portal vein at a final concentration of 0.5 nM resulted in a
threefold increase of hepatic glucose output and in a slight
increase of hepatic lactate uptake (Figure 2A). On cessation
of hormone infusion, hepatic glucose output and lactate uptake returned to preinfusion levels. When proinsulin at a final
concentration of 100 nM was infused simultaneously with
glucagon, the observed glucagon-dependent effects were
almost completely abolished (Figure 2B); insulin was equally
effective (Figure 2C). In a dose range from 10"10 to 10"7 M,
proinsulin and insulin had identical potency (Figure 3).
Induction of glucokinase and pyruvate kinase by proinsulin. Treatment of cultured hepatocytes for 48 h with 100
nM proinsulin or 10 nM insulin led to an increase of glucokinase and pyruvate kinase activity by twofold when compared with cells maintained under basal conditions with 0.1
nM insulin (Table 1). The time course and previous work
using specific antibodies under similar conditions829 show
that increase in enzyme activity is due to an increase in
enzyme protein. Whether this is due to an altered enzyme
synthesis or.degradation can obviously not be deduced from
these experiments.
Antagonism of proinsulin to the glucagon-dependent induction of phosphoenolpyruvate carboxykinase. Glucagon, at a concentration of 0.1 nM, induced phosphoenolpyruvate carboxykinase by 2.7-fold when the hormone was
present in the culture medium for 4 h. Previous work using
a specific antibody demonstrated that the observed increase
in enzyme activity was due to an increased amount of the
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FIGURE 4. The antagonistic action of proinsulin and insulin on the induction of phosphoenolpyruvate carboxykinase by glucagon. Cells
were cultured for 24 h. The induction experiment was performed with
0.1 nM glucagon for 4 h in the presence of the initial proinsulin and
insulin concentrations as indicated. Enzyme induction from 0% to
100% corresponds to uninduced and fully induced enzyme activity
(0.5-1.35 U/mg DNA). Values are means ± SEM of six dishes from two
different cell preparations.
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enzyme.30 Proinsulin antagonized this induction with a halfmaximal effective dose at 3 nM; in comparison, insulin exerted the same effect at considerably lower concentrations
(Figure 4).
DISCUSSION

In the present study, it has been shown in vitro that human
proinsulin exerts insulin-like, short-term effects on hepatic
glycolysis and glycogenolysis, and induces key enzymes of
hepatic carbohydrate metabolism. In comparison to insulin,
proinsulin is considerably less effective in controlling glycolysis and enzyme induction; however, it is of equal potency
in suppressing hepatic glucose output of the perfused liver.
When glycolysis was studied in cultured hepatocytes, the
identical time course of stimulation by insulin and proinsulin
observed suggests that proinsulin acted as such rather than
being cleaved to insulin by the hepatocytes before stimulation of glycolysis. This interpretation is in accord with earlier
work, demonstrating that proinsulin is neither degraded by
the liver3132 nor split to insulin and C-peptide at the receptor
site.33
In stimulating glycolysis, insulin was almost 100-fold more
effective than proinsulin. This may partially be explained by
the observation of a decreased affinity of proinsulin to the
insulin receptor as shown in liver membrane preparations.20
At present, no explanation can be given why proinsulin and
insulin suppressed the glucagon-dependent stimulation of
glycogenolysis in the perfused liver with almost identical
potency. Considering the observation of decreased proinsulin binding to membrane receptors, the underlying molecular events may involve specific postreceptor mechanisms.
Under physiologic conditions, proinsulin concentrations in
the peripheral venous blood do not exceed 0.3-0.4 nmol/
L.'° The proinsulin-to-insulin ratio in the peripheral circulation
has been shown to be about 10-20% on a molar basis. In
portal blood, this ratio can be expected to be even smaller,
because insulin—in contrast to proinsulin—is degraded by
the liver.3435 In fasting subjects, proinsulin may account for
up to 40% of the measured "insulin" in the peripheral venous
blood. This high proinsulin percentage in the fasting state is
primarily due to the 4-5-fold increased plasma half-life of
proinsulin as compared with insulin.36 The results obtained
in this study demonstrate that proinsulin has only about 1%
of the activity of insulin in regulating glycolysis and enzyme
inductions; since it accounts for only 10-40% of the total IRI,
its physiologic importance should be negligible. In insulinoma patients, proinsulin concentrations up to 12 nM have
been measured,10 which is about 30-120-fold higher than
the normal insulin level. Proinsulin may account for up to
90% of the measured "insulin".11-13 In this situation, especially considering the very low proportion of insulin simultaneously present, proinsulin effects on hepatic glycolysis
and enzyme inductions may become important.
Previous results obtained in the eviscerated rat model21
and recent data derived from euglycemic clamp studies2223
suggest a preferential action of proinsulin on the liver while
leaving peripheral tissues, e.g., adipocytes and myocytes,
less affected. This preferential action may be due to the
observed relatively higher potency of proinsulin in suppressing glycogenolysis. Proinsulin was effective at nearly phys-
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iologic concentrations and its potency in the perfused rat
liver was almost identical to that of insulin.
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