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Summary:

The glucose-6-P dehydrogenase specific activity in rat hepatocytes
increases approximately 10-fold when the cells are placed into culture for
three days. The induction requires insulin with maximum enzyme levels
occurring at 1077 M. Pulse-labeling experiments revealed a 10-fold increase
in the enzyme's relative rate of synthesis after only 8 hours in culture.

Introduction

An important aspect of fatty acid metabolism in mammalian liver is the
induction of a number of key lipogenic enzymes by nutritional and/or hor-
monal factors (1). Two of these enzymes, glucose-6-P dehydrogenase (G6PD,
E.C. 1.1.1.49) and 6-phosphogluconate dehydrogenase (6PGD, E.C. 1l.1.1.44) are
induced 25- and 5-fold respectively when rats are fasted and then refed a
high-carbohydrate, fat-free diet (2-4). The induction of both enzymes has
been shown to result from an increase in the rate of enzyme synthesis (5-8).
To date no definitive results have been obtained as to the exact nature of
the nutritional or hormonal signals which regulate the synthesis of these two
lipogenic enzymes. In this report, we described the use of cultured primary
rat hepatocytes to investigate the hormonal requirements for the induction of
G6PD.
Materials

Collagenase (Type 1) was obtained from Worthington. Bovine serum albu-
min, glucagon, hydrocortisone, HEPES,l insulin, T3,l theophylline, trans-

Abbreviations

HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; T3, 3,3',5-
triiodo-L-thyronine; BtjcAMP, dibutyryl adenosine 3'5'-cyclic monophosphate;
BSA, bovine serum albumin; SDS, sodium dodecyl sulfate.
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ferrin, secretin, and somatostatin were obtained from Sigma. Fetal calf
serum, penicillin, and streptomycin were obtained from Grand Island Biolo-
gical Co. Bt2cAMP1 was obtained from Boehringer-Mannheim, Gentamycin from
Schering, and newborn calf serum from Biocell. All other materials were
as described previously (8).

Methods

Assays for G6PD and protein, treatment of animals, and the composition
of their diets were as previously described (5). One unit of G6PD is defined
as that amount of enzyme capable of producing 1 pmol of NADPH/min at 30°C and
pH 8.0. Specific activity is expressed as units of enzyme/mg protein.

Preparation of Hepatocytes and Culture Conditions

Hepatocytes were isolated from young male Sprague-Dawley rats by perfu-
sion of the liver with collagenase as described by Berry and Friend (9)
except that calcium-free Krebs original Ringer phosphate buffer was used for
the perfusions. The isolated cells were washed several times with perfusion
buffer by low speed centrifugation and then with a modified Hams F-12 medium,
referred to as Hams F~12/SA, which was supplemented with 0.4 mM ornithine (no
arginine), 5 mM glucose, 5 mM pyruvate, 0.28 mM HEPES, 5 mg/ml transferrin,
10 mg/liter phenol red, amino acid concentrations similar to the LHSA medium
described by Oliver et al. (10), and 0.05 mg/ml gentamycin.

After sedimenting, the cells were diluted to 2% (v/v) with Hams F-12/SA
medium supplemented with 10% fetal calf (FCS) or newborn calf serum (NCS),
1077 M insulin, 1076 M hydrocortisone, and 1076 M thyroxine. The cells were
plated into either 60 mm or 100 mm plastic tissue culture dishes (Falcon
Plastics) by using 3 ml or 5 ml of cell suspension, respectively. The cells
were cultured at 37°C in a humidified atmosphere of 95% air/5% COp. After
4 hours, the medium containing dead and unattached cells was removed by
aspiration and replaced with serum—free Hams F-12/5A medium supplemented with
0.3% BSAl (fatty acid-free), 5 mM acetate, and the various hormones to be
tested. Control cultures were hormone-free. Fresh medium was provided at
24 hour intervals. At the first 24 hour feeding, the gentamycin was replaced
with penicillin and streptomycin (100 pg/ml each).

Prior to harvesting, culture dishes were washed extensively with cold
0.15 M KCl. VUsing a rubber policeman, the cells were scraped into 0.5 ml
cold 0.15 M KCl and stored at =-70°C. For enzyme assays, the thawed cell
suspensions were sonicated and centrifuged at 14,000 x g for 60 min at
4°C.

Determination of Glucose—-6-P Dehydrogenase Relative Rate of Synthesis

Hepatocytes were isolated and placed into culture as described above.
The medium was removed and replaced with fresh medium containing 20 uCi/ml
34-leucine. After 60 min the cells were harvested and the G6PD was isolated
by immunoprecipitation as previously described (8).

RESULTS AND DISCUSSION

Our laboratory would 1like to determine to what extent hormones are
involved in the regulation of G6PD and 6PGD levels in mammalian liver. The

ability to pursue this goal requires the development of a more simplified
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Figure 1. Induction of G6PD and 6PGD Activity in Cultured Hepatocytes.

Hepatocytes were isolated form the liver of a fasted rat and placed into
culture in Hams F-12/SA medium which was supplemented with 10%Z FCS, 1007 M
insulin, 10-6 M hydrocortisone, and 1076 M thyroxine. At the indicated times
the cells were harvested and the enzyme activities determined as in the
Methods section. The results shown are the mean + S.D. for three replicate
cultures. (Open circles: G6PD activity; closed circles: 6PGD activity).

system than the animal model which we have used in previous studies. The
data presented in Figure 1 demonstrates the feasibility of using adult
hepatocytes in primary culture to study this induction process. Under the
culture conditions employed in this experiment, the specific activities of
G6PD and 6PGD had increased approximately 10- and 3-fold respectively.

In order to optimize the magnitude of this induction, the hepatocytes
had been isolated from a fasted rat and cultured in the presence of insulin,
hydrocortisone, and T3, all of which have been implicated in the regulation
of lipogenic enzyme levels (l)e Our next objective was to determine which,
if any, of these hormones were actually responsible for this induction.
Following a 4 hour plating period, the cells were incubated for 3 days in the
presence or absence of all three hormones (Fig. 2). Clearly, the induction
of G6PD depends upon the continued presence of one or more of the hormones.
It should be noted that these hepatocytes had been plated in the presence of
the hormones to ensure maximal cell attachment. The 4 hour exposure to

these conditions appears to be sufficient to cause a significant induction
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Figure 2. G6PD Induction in Defined Media.

Hepatocytes were prepared from a fasted rat and plated as in the legend
to Figure 1. Four hours after plating, the media was replaced with serum-
free Hams F-12/SA which was supplemented with 0.3% fatty—acid free BSA and
either contained (open circles) or lacked (closed circles) insulin, hydrocor-—
tisone, and thyroxine at the concentrations present in the plating media.
The results shown represent the mean + S.D. for five replicate cultures.

even in the control-"hormone free" cultures and this causes a significant
reduction in the apparent hormonal-dependency of this process. In spite of
this limitation, we felt this approach would allow the determination of the
hormones required for the induction of G6PD.

Shown in Figure 3 are the results obtained when hepatocytes were cul-
tured in the presence of various hormonal stimuli for 3 days. It is obvious
from these data that insulin is primarily responsible for the induction of
G6PD in these cells. From dose response curves, we have determined that the
stimulation by insulin is maximal at 1077 M (data not shown). Several
other lipogenic enzymes have been shown, using cultured hepatocytes, to be
induced by insulin. These include fatty acid synthetase (11), malic enzyme

(12), and ATP-citrate lyase (13). These observations are consistent with the
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Figure 3. G6PD Induction in Defined Media: Hormonal Requirements.

Hepatocytes were plated in hormone-supplemented media for 4 hours as
described in the legend for Figure 2. Thereafter the cells were cultured in
defined media containing various hormones or hormone combinations with daily
media changes. Three days after plating the cells were harvested and the
G6PD specific activities determined. The sgmbols refer to the following
culture conditions: ~-H, no hormones; GC, 107° M glucagon; HC, 10=6 M hydro~
cortisone; IN, 1077 M insulin; T3, 1076 M T3; and TH, 4 x 1074 M theophyl-
line. The results shown are the mean + S.D. for five replicate cultures.

The hatched bars represent results obtained when serum was present in the
culture media for the entire 3 days.

lack of induction of lipogenic enzymes in starved-refed rats made diabetic by

injection of alloxan or streptozotocin (14).

The data in Figure 3 also indicate a slight (20-30%) but reproducible
stimulation of G6PD activity by hydrocortisone which occurs both in the
presence or absence of insulin. Similar results have been reported for
ATP-citrate lyase (13) and Bouilon and Berdanier (15) have recently shown
that glucocorticoids increase the induction of G6PD in adrenalectomized rats
which have been fasted and refed a high carbohydrate diet. Thus glucocorti=-

coids may play a role in regulating the levels of G6PD in liver.
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Studies with thyroidectomized rats (16,21) and cultured chick liver
cells (12) have suggested that thyroxine may be involved in the induction of
lipogenic enzymes. However, as can be seen in Figure 3, T3 was found to be
ineffective as an inducer of G6PD. This result is not surprising when one
considers the recent results of Spence et al (17,13) who demonstrated that
hepatocytes must be prepared from thyroidectomized animals in order to ob—
serve a T3-dependent increase in glucokinase or ATP-citrate lyase activities.
Obviously we must repeat the T3 experiment under those conditions before

reaching a conclusion regarding its involvement in the induction of G6PD.

Our previous studies have shown that glucagon or cAMP was capable of
decreasing the G6PD level in carbohydrate refed rats (18) due to a repression
in the rate of G6PD synthesis (19). The synthesis of malic enzyme (12) and
fatty acid synthetase (20) have also been shown to be regulated by cAMP.
Thus, it was somewhat surprising that glucagon was not able to decrease the
induction of G6PD in cultured hepatocytes. In other studies (data not shown)
BtycAMP caused a slight inhibition of the induction of G6PD in cultured
hepatocytes but the effect was much smaller than we had observed in intact
rats (18). The glucagon insensitivity may be due to the fact that in culture,
part of the capacity (signal?) for G6PD induction is missing. For example,
in vivo, G6PD can be induced to specific activities of approximately 0.5-0.6
units/mg protein whereas in cultured hepatocytes the activity attained follow-
ing induction is only 0.2-0.3 units/mg protein (Fig. 1). It appears that the
culture environment only partially mimics the in vivo state and this may
indicate the participation of several independent mechanisms in the regula-
tion of this enzyme, one of which appears to be nonfunctional or absent in
the cultured cells. Consistent with this proposal is the observation (data
not shown) that hepatocytes prepared from a fasted-refed rat exhibit, at the
time of plating, the G6PD specific activity expected for the in vivo induced
state (0.5). However, by day 6 in culture, this activity had declined to and

stabilized at a level equal to the induced level observed in Figure 1 (0.2).
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TABLE 1
SYNTHESIS OF G6PD IN CULTURED HEPATOCYTES
TIME SPECIFIC DPM in DPM in  RELATIVE RATE
(hrs.) ACTIVITY G6PD TOTAL of SYNTHESIS
2.5 0.010 1018 2.51x107 0.004%
4.5 0.008 1096 9.86x106 0.010%
8.5 0.00 796 1.59x106 0.050%

Hepatocytes were isolated from the liver of a fasted rat
and placed into culture as described in the legend for
Figure 1. At the indicated times, the cells were labeled
for 90 minutes with “H-leucine (20 uc/ml). The labeled
cells were harvested, sonicated and a postmicrosomal frac-
tion prepared, The radiolabeled G6PD was isolated by
immunoprecipitation and the disscciated precipitates sub-
jected to analysis on SDS-gels. The radicactivity in the
gel which corresponded to G6PD was determined and is re-
ported above. The radioactivity incorporated into total
TCA-insoluble material is reported-in the column labeled
DPM in TCTAL.

A second possibility is that the glucagon or BtycAMP do not act
directly on liver. For example, glucagon increases lipolysis from adipose
tissue and the free fatty acids released may cause the decrease in G6PD
synthesis in liver. The cultured hepatocytes can be used to explore this and
other possibilities.

In order to determine whether the increased levels of G6PD in cultured
cells was due to an increase in its rate of synthesis as has been found in
live animals during induction (8), we labeled cells with [3H]leucine and
isolated the newly synthesized G6PD by immunoprecipitation. As can be seen in
Table 1, there was an approximately 10-fold increase in the relative rate of
synthesis of G6PD within 8.5 hours of plating. This increase precedes, as
expected, any increase in enzyme specific acitvity and can fully account for
the induction of G6PD.

These studies demonstrate the usefulness of this culture system for
providing additional insight into the mechanisms which regulate this enzyme,
and perhaps other lipogenic enzymes, during their nutritional and/or hormonal
induction. Our current data however, suggest that insulin is the most

important hormone regulating the synthesis of G6PD in rat liver.
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