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ACTH INCREASES DE NOVO SYNTHESIS OF
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Summary—Effects of ACTH on the production of diacylglycerol (DAG) and translocation of
protein kinase C were studied in primary cultures of calf adrenal glomerulosa cells. To study
DAG production two different labeling protocols were used: (a) cells were prelabeled for 3 days
with [2-°H]glycerol before ACTH addition; (b) ACTH and [2-*H]glycerol were added
simultaneously to cells. In both cases, ACTH provoked rapid increases in the labeling of DAG
which were maximal in 2 min, dose-dependent, and paralleled by increases in DAG mass.
ACTH also increased the labeling of total glycerolipids including phosphatidic acid (PA),
phosphatidylinositol, phosphatidylethanolamine, phosphatidylcholine and triacylglycerol. In
both labeling protocols, the rates of increase in the labeling of DAG and PA were greater than
those of other glycerolipids. Our results indicate that ACTH rapidly increases DAG, at least
partly by stimulating the de novo synthesis of PA. In addition, we found that ACTH, like
phorbol esters, stimulated the apparent translocation of immunoreactive protein kinase C
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from the cytosol to the membrane fraction.

INTRODUCTION

ACTH is known to provoke rapid increases in the
levels of phosphatidic acid (PA), phosphatidylinositol
(PI), phosphatidylinositol-4’-phosphate (PIP) phos-
phatidylinositol-4’,5'-biphosphate (PIP,), phospha-
tidylcholine (PC), phosphatidylethanolamine (PE)
and diacylglycerol (DAG) in the adrenal cortex [1-6],
without substantially altering the hydrolysis of PIP,,
PIP or PI by phospholipase C [7-9]. The mechanism
whereby ACTH increases DAG is, however, poorly
understood, and this may be important[10], since
ACTH has been reported to activate protein kinase
C[6, 11-13]. To gain further insight into the mechan-
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sodium dodecy! sulfate.

343

isms whereby ACTH increases DAG the effects of
ACTH on [*H]glycerol incorporation into PA, DAG
and other lipids were examined, both in acute labeling
and chronic prelabeling experiments in primary cul-
tures of calf adrenal glomerulosa cells. ACTH pro-
voked rapid and sizeable increases in [*H]glycerol
labeling of PA, DAG and total glycerolipids using
both labeling protocols, as well as DAG content. OQur
results indicate that ACTH increases DAG, at least
partially, through enhanced synthesis of PA de novo.
In addition, ACTH, like 12-O-tetradecanoyl phor-
bol-13-acetate (PMA) [14], induced the translocation
of immunoreactive protein kinase C from the cytosol
to the membrane fraction.

MATERIALS AND METHODS

Media for cultures, antibiotics, lipid standards and
most enzymes were obtained from Sigma Chemical
Company (St Louis, Mo.). Collagenase type I was
purchased from Worthington Biochemical (Freehold,
N.J.). Solvents were reagent grade. Fetal calf and
horse serum were obtained from Hyclone (Provo,
Ut.). Bovine serum albumin was from U.S. Biochemi-
cal Corp (Cleveland, Ohio). ACTH 1-24 (Cortrosyn)
was purchased from Organon (West Orange, N.J.).
[2-*H]glycerol was from ICN (Irvine, Calif.) and had
specific radioactivity of 2 Ci/mmol.
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Adrenal cell culture

Calf adrenal glands were obtained at a local
slaughterhouse under sterile conditions and placed
immediately in a Hanks balanced salt solution
(HBSS), containing 100 units/m! penicillin, 0.1 mg/ml
streptomycin or 0.05 mg/ml gentamycin and 0.25 mg/
ml amphotericin B, and taken to the laboratory. All
further operations were then carried out in a laminar
flow hood using sterile techniques. Adrenals were
freed of fat and the outer 500 y was sliced off with a
Stadie-Riggs microtome. Slices were washed in HBSS
and suspended in a modified Ham F-12 medium
(142mM Nat, 1.58 mM Ca(l,, 2.94mM KCI and
25mM HEPES) containing 3.2 mg/ml collagenase,
0.4 mg/ml deoxyribonuclease 1, 1 mg/ml protease IX,
0.5% BSA and the antibiotic mixture, and incubated
at 37°C for 30 min. After incubation, the suspension
was aspirated repeatedly with a 60 ml plastic syringe
through latex tubing, and incubated for an additional
30 min. After this incubation, the suspension was
aspirated 5 times as before, filtered through nylon
mesh (210 ), and the filtrate was saved. Cells were
collected from combined filtrates by centrifugation
(800 rpm x 8 min), washed twice with Ham F-12
medium containing 0.5% BSA, penicillin, strepto-
mycin and amphotericin B, and finally resuspended in
Ham F-12 medium containing 2.08 mM CaCl,,
4.94 mM KCl, 10% mixed fetal calf + horse serum
(1:4), antibiotic mixture, and an antioxidant mixture
(4.5 uM Metyrapone, 45 nM selenous acid, 90 uM
butylated hydroxyanisole and 0.5% dimethylsulf-
oxide) as described by Crivello et al[15]. The cell
suspension was then filtered through nylon mesh
(80 1), and, after counting the cells, aliquots (1.5 x
10% cells/2.5m] medium) of this suspension were
placed in wells of plastic multiwell culture plates
(Costar, Cambridge, Mass) and incubated at 37°C
under air with 5% CO,.

Chronic and acute labeling experiments

After 24 h, media were removed, the attached cells
were washed twice with HBSS. Ham F-12 medium
(supplemented as before) was added, the cells were
cultured over the next 3 days, in the presence or
absence of 10 uCi of [2-*H]glycerol. On the day of the
experiment, the media were removed, and the cells
were washed 3 times with HBSS, and fresh Ham F-12
medium was added (without isotope in 3-day pre-
labeling experiments). Cells were then equilibrated
for 30 min at 37°C under air/5% CO,, and ACTH or
vehicle was added to each well for the times indicated.
In acute labeling experiments, 20 pCi of [*H]glycerol
was added simultaneously with ACTH in 1mi of
medium or in medium alone (controls) and incuba-
tions were continued for the times indicated.

Incubations were stopped by placing plates on ice,
aspirating the medium, and rapidly washing cells 3
times with ice-cold HBSS. 1 ml of ice-cold HBSS was
added, and cells were scraped with a rubber police-
man and transferred to tubes with two 0.5 ml washes.
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Cells were spun down (1500 rpm x 10 min at 4°C),
washed once with ice-cold HBSS, suspended in 2 ml
of the same medium and sonicated twice, using 12
pulses at 60% of the output control. After saving an
aliquot for protein determination (approximately
0.5 mg per well), the homogenate was extracted with
7 vol of a mixture of CHCl;:CH,0OH:0.1 N HCl
(75:25:2) (extraction solvent). Organic extracts were
washed 3 times with 2 mi of 0.01 N HCl, evaporated
under nitrogen at room temperature, resuspended
in extraction solvent, and examined for labeling
of monoacylglycerol (MAG), DAG, triacylglycerol
(TAG), PA, PI and PC+ PE by thin layer chro-
matography as described previously [16-18]. DAG
mass was measured by the DAG kinase method of
Preiss ez al.[19]. Inositol-phosphates in the aqueous
phase were determined by chromatography on
Dowex-1 columns (formate form, Biorad) as
described previously [20-22].

Proteins were determined according to Bradford’s
method [23]. Aldosterone was measured in media by
using direct radioimmunoassay [24].

Measurement of immunoreactive protein kinase C

Protein kinase C was purified from rat brain
by successive column chromatography on DEAE-
Cellulose and phenylsepharose CL-4B, followed by
SDS-polyacrylamide gel electrophoresis (PAGE).
The purified 80 kDa enzyme was localized by auto-
radiography following Ca?* /phospholipid-dependent
autophosphorylation, excised from the gel, mixed
with Freund’s adjuvant and used to immunize New
Zealand white female rabbits. A polyclonal antiserum
was obtained which recognized Types I, IT and Il rat
brain protein kinase C (A more complete description
has been published elsewhere [25]).

After treating cell cultures with 10 nM ACTH or
vehicle (controls), cells were washed, centrifuged and
homogenized as above except that the homogen-
ization buffer contained 10mM Tris-HCl buffer
(pH 7.2), 25mM sucrose, 10mM EGTA, 25mM
MgCl,, 2mM PMSF and 10 pg/ml leupeptin. Cytosol
and membrane fractions were obtained by centrifu-
gation of homogenates at 100,000 g x 30 min. Super-
natant (cytosol) was saved and the pellet was
resuspended in the same buffer which also contained
1% Triton X-100, and centrifuged again under the
same conditions. The resultant supernatant was used
as the membrane fraction. Equal amounts of cytosol
and membrane proteins were diluted 5:4 in Laemmli
sample buffer [26] and subjected to SDS-PAGE on
8% gels. Separated proteins were electrophoretically
transferred to nitrocellulose and then incubated suc-
cessively with 3% gelatin, diluted antiserum, and goat
anti-rabbit horseradish peroxidase. Specific immuno-
reactive bands were visualized with 4-chloro-1-naph-
tol and H,O,. Immunoblots were photographed and
scanned with a laser densitometer (LKB BROMMA
model XL). Absorbance of the major band at 80 kDa
was taken as immunoreactive protein kinase C.
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Statistical evaluation of results

In all cases, results are expressed as the mean +SE
of the individual number of samples in a representa-
tive experiment, which was repeated at least three
times, each with virtually the same results. Statistical
comparisons were made by Student’s ¢-test.

RESULTS

Functional competence of cultured adrenal cells

When cultured cells were incubated with ACTH
for 1h, aldosterone production increased from
1.02 + 0.85ng/mg protein in control cells to
12.67 +1.29, 18.34 + 1.64 and 23.56 + 2.27 ng/mg
protein in cells treated with 1, 10 and 100 nM ACTH
respectively. When the incubation time was increased
from 1 to 3h, 10nM ACTH increased aldosterone
production 15- and 30-fold, respectively.

3-day [PH]glycerol-prelabeling experiments

In cells which had been pre-labeled for 3 days
with [PH]glycerol, ACTH provoked time-dependent
(Fig. 1) and dose-dependent (Fig. 2) increases in the
labeling of DAG and total phospholipids (PL). The
increase in DAG labeling was readily apparent within
1 min of ACTH (10 nM) addition, and was maximal
(approximately 3-fold greater than control) at 2 min
(Fig. 1). Total phospholipid labeling, on the other
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hand, increased progressively over the 5 min ACTH-
treatment period (Fig. 1). Labeling of TAG was
increased moderately (approximately 50% greater
than control) within 2 min, but MAG labeling was
relatively low and was not affected significantly by
ACTH.

The labeling of individual phospholipids, PA, PI
and PC + PE, were also examined and found to be
increased in a time-dependent (Fig. 3) and dose-
dependent (Fig. 4) manner. Labelling of these phos-
pholipids increased equally rapidly in response to
ACTH treatment, but labeling of PC/PE was greater
in magnitude.

Changes in diacylglycerol content

The ACTH-induced increase in [PHJDAG after 3
days of [*Hlglycerol prelabeling suggested that
ACTH increases DAG content. This was verified by
directly measuring DAG mass (Table 1), which was
found to increase nearly 4-fold after 2 min of treat-
ment with 10 nM ACTH. Lower (1 nM) and higher
(100 nM) doses of ACTH also provoked lesser and
greater increases in DAG content, as compared to
10nM ACTH.

Acute [’H]glycerol-labeling experiments

When ACTH was added simultaneously with
[Hlglycerol, time-dependent (Fig. 5) and dose-
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Fig. 1. Time-course of effects of 10 nM ACTH on labeling of total phospholipids (PL), monoacylglycerol

(MAGQ), diacylglycerol (DAG) and triacylglycerol (TAG) after 3 days of prelabeling with [*H]glycerol.

After incubation, cells were harvested, washed, homogenized, extracted and lipids were analyzed by TLC.

For other details, see the text. Values are the mean + SE of 3 individual determinations of a representative

experiment. Differences (ACTH versus control) were determined by Student’s t-test: (a) P < 0.05; (b)
P <0.02; (c) P <0.01 and (d) P <0.001.
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Fig. 2. Dose-related effects of ACTH on labeling of neutral lipids and total phospholipids after 3 days
of prelabeling with [*H]glycerol. Incubations + ACTH were for 5 min. For abbreviations and other details
see Fig. 1. Values are the mean+ SE of 3 individual determinations of a representative experiment.
Differences (ACTH versus control) were determined by Student’s 7-test: (¢) P <0.01 and (d) P <0.001.

dependent (Fig. 6) effects on labeling of DAG and PL
were also observed and these were similar to those
observed in 3-day pre-labeling experiments. No sig-
nificant effects of ACTH were observed on MAG and
TAG labeling, whereas labeling of total PL and DAG
increased rapidly, nearly 2-fold within 2min of
ACTH addition. Of the phospholipids examined,
labeling of PA, PI and PC + PE were all rapidly
stimulated, but the largest ACTH-induced increases
were seen in labeling of PA (Figs 7 and 8).

Changes in immunoreactive protein kinase C

The polyclonal antiserum recognized a major
protein band from adrenal cells which migrated

Table 1. Effect of ACTH on DAG content in primary cultures of
bovine adrenal glomerulosa cells

Incubation time ACTH concentration DAG mass
(min) (nM) {nmol/mg protein)
0 0 22+ 2(5)
| 10 38+3(3)
2 10 88 + 10(5)
5 10 79+ 6(5)
2 1 321303
5 1 44+5(3)
2 100 100 + 21 (3)
5 100 106 + 15(3)

Primary cells cultures were incubated with different ACTH concen-
trations for the indicated times. After incubations, media were
aspirated, and cells were washed, harvested, homogenized and
extracted with 7 volumes of extraction solvent. DAG mass was
determined by the DAG kinase method (see Materials and
Methods). Values are the mean + SE of the number of determi-
nations indicated in parentheses.

identically to that of highly-purified 80 kDa rat brain
protein kinase C (data not shown).

Cytosolic immunoreactive protein kinase C was
almost 3-fold (2.76) greater than that of the mem-
brane fraction in control cells. Figure 9 shows that
within 2 min of ACTH treatment, cytosolic protein
kinase C content decreased 50%, while membrane
protein kinase C content increased 100%. Moreover,
the total cytosolic plus membrane immunoreactive
protein kinase C content was virtually unchanged by
ACTH treatment at all incubation times employed
(45.75 + 1.11, mean + SE). These results suggest that,
in our primary cultures of calf adrenal glomerulosa
cells, protein kinase C is stoichiometrically trans-
located from the cytosol to the membrane fraction in
response to ACTH treatment. This apparent trans-
location is in agreement with, and complementary to,
some previous reports of ACTH effects on protein
kinase C activity [6, 13], but other groups reported
increases in cytosolic protein kinase C enzymatic
activity during ACTH treatment [11, 12]. The latter
may be due to the fact that crude enzyme assays may
reflect both enzyme content and activity, and ACTH-
induced increases in diacylglycerol may cause dispro-
portionate increases in enzyme activity. Obviously,
our measurement of immunoreactive protein kinase
C would only reflect enzyme content.

Similar translocation of immunoreactive protein
kinase C was also produced by PMA (Fig. 9) a known
activator of this enzyme [14].



ACTH increases DAG and activates PKC

.« 12 i
a
T Pl c
° 10 1
-
-
a
) 8 4
E <
E <
E 6]
o ]
dl 1 Li L] R Ll hd 1

TIME (min)
60 c
'g PC + PE

‘oé- 50 - a
a

40 |
o
£
€ 30 ]
a
©

20 . T L} L] L] ¥

0 1 2 3 4 ] 6
e

3
a
o
E
E
a
)

TIME (min)

Fig. 3. Time-course of effects of 10 nM ACTH on labeling
of phosphatidylinositol (P1), phosphatidylcholine plus phos-
phatidylethanolamine (PC + PE) and phosphatidic acid
(PA) after 3 days of prelabeling with [*H]glycerol. After
incubations, phospholipids were analyzed by TLC as de-
scribed in Materials and Methods section. Values are the
mean + SE of 3 individual determinations of a representative
experiment. Differences (ACTH versus control) were deter-
mined by Student’s s-test: (a) P <0.05; (¢c) P <0.01 and
(d) P <0.001.

DISCUSSION

Primary cultures of calf adrenal glomerulosa cells
appear to be well suited for studies of hormonal
effects on lipid metabolism. The cultured cells were
very responsive to physiological doses of ACTH, and,
as described below, long-term prelabeling with iso-
topes avoided some of the pitfalls which are inherent
in acute labeling experiments.

In cells which were prelabeled for 3 days with
[*Hlglycerol, despite removing isotope from the
medium and repetitive washing with isotope-free
medium, addition of ACTH provoked large, rapid
increases in labeling of total phospholipids (including
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Fig. 4. Dose-related effects of ACTH on labeling of phos-
pholipids after 3 days of prelabeling with [*H]glycerol.
Incubations + ACTH were for 5 min. For abbreviations and
other details see Fig. 3. Values are the mean£SE of 3
individual determinations of a representative experiment.
Differences (ACTH versus control) were determined by
Student’s -test: (a) P < 0.05; (b) P < 0.02; (c) P < 0.01 and
(d) P <0.001. Abscissa: 0 =control; 1, 2, 3 and 4 =1, 10,
100 and 1000 nM ACTH respectively.

PA, PI and PC + PE) and TAG, as well as DAG.
These increases in labeling indicate that: (a) ACTH
increases de novo PA synthesis, since all glycerolipids
are obligatorily derived from PA and total glycero-
lipid labeling was markedly increased by ACTH;
(b) ACTH effects cannot be explained by changes in
[*H]glycerol uptake; and (c) these 3-day-prelabeled
cells must contain sufficient reserves of [*H]glycerol
and/or [*H]glycerol-3-PO, that can be utilized for
de novo PA synthesis during acute ACTH stimuiation
(Note—All radioactivity is lost from [2-*H]glycerol if
it is converted to dihydroxy-acetone-PQ, or other
glycolytic intermediates).

The findings in acute [*H]glycerol-labeling exper-
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iments, in which isotope and ACTH were added
simultaneously, provided further information that
ACTH increased de novo PA synthesis, and that this
contributed directly to increases in DAG. In these
experiments, ACTH-induced increases in labeling of
PA and DAG were more rapid and greater in magni-
tude than increases in labeling of PI and PC/PE. It is
therefore unlikely that changes in PH]DAG labeling
may be explained simply by increased hydrolysis of
these phospholipids, although it is possible that the
latter mechanism may contribute to increases in
DAG mass.

The similar 3—4-fold ACTH-induced increases in
DAG mass and [*H]glycerol-labeling of DAG after
3-days of prelabeling is noteworthy and suggests that
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For details see Figs 6 and 4. Values are the mean + SE of 3
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DAG was labeled to constant specific activity. In the
acute [*H]glycerol labeling experiments, on the other
hand, it is surprising that the increase in the rate of
labeling due to ACTH treatment was not as great as
that observed in the 3-day prelabeling experiments;
this suggests that other factors (e.g. labeling of the
glycerol-3-PO, pool) may have been limiting in the
acute labeling experiments.

As alluded to above, it is clear that ACTH must
increase de novo PA synthesis, and furthermore, this
must contribute to increases in DAG. The former
seems clear, since (a) there were increases in total
glycerolipid labeling in experiments using either label-
ing protocol (this indicates that there is not simply
redistribution of pre-existing lipids); (b) in acute
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Fig. 8. Dose-related effects of ACTH on labeling of phos-
pholipids during acute labeling with [*H]glycerol. Tracer
was added to cells at zero time with or without ACTH.
Incubations were for 5min. For details see Figs 6 and 4.
Values are the mean + SE of 3 individual determinations of
a representative experiment. Differences (ACTH versus
control) were determined by Student’s t-test: (b) P <0.02;
(c) P <0.01 and (d) P <0.001.
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treated with diluted antiserum. Visualized bands were
scanned and absorbance of the major protein at 80 kDa was
graphed as immunoreactive protein kinase C.

labeling experiments PA was rapidly labeled and
appeared to be the logical source of other lipids
subsequently labeled. The fact that DAG must be
derived at least partially from PA synthesized de novo
also seems clear, since (@) DAG was very rapidly
labeled (nearly as rapid as PA) in acute labeling
experiments and could not be derived significant from
sources other than PA (especially at early time
points); (b) most newly synthesized PA is metabolized
to TAG, PC and PE (rather than to inositol lipids),
and DAG is an obligatory intermediate in these
conversions.

Although ACTH has been reported to increase
levels of a variety of phospholipids in the rat adrenal
cortex [1-6] comparable increases have not been seen
in incubations of bovine adrenocortical cells, includ-
ing calf glomerulosa cells used presently, from the
present results, however, it is clear that ACTH in-
creases de novo synthesis of PA and other phospho-
lipids, and it is clear that labeling techniques used
presently are more sensitive indicators than changes
in mass of phospholipids.

Although it seems clear that increases in de novo
PA synthesis contributes to increases in DAG during
ACTH action, the present results do not provide
insight into the quantity of this DAG contribution
and, of course, do not rule out hydrolysis of other
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lipids as the Pl-glycan as important sources of
DAG [27).

The fact that ACTH provoked the translocation of
immunoreactive protein kinase C content from the
cytosol to the membrane fraction is of interest for
several reasons. First, this translocation is generally
considered as a sine qua non for suggesting that
protein kinase C has truly been activated during
agonist action, and measurement of changes in
enzyme activity, rather than enzyme content, may not
provide definitive information on this point, since
increases in DAG during hormone treatment may
mask decreases in cytosolic enzyme content (see [25]).
Secondly the translocation of protein kinase C pro-
vides further evidence that ACTH increases 1,2-sn-
diacylglycerols rather than, or in addition to,
2,3-sn-diacylglycerols, since the latter do not activate
protein kinase C{28, 29]. Increases in the later sub-
stances could theoretically contribute to observed
increases in DAG, but not [2-*H]glycerol-labeling of
DAG.

In summary, ACTH provoked rapid and substan-
tial increases in DAG in calf adrenal cells, and this
increase appeared to be partially derived from de novo
synthesis of PA, and was associated with trans-
location of immunoreactive protein kinase C, a mech-
anism thought to be indicative of protein kinase C
activation [14]. The importance of hydrolysis of other
lipids as sources of DAG and of the activation of
protein kinase C during ACTH action remains to be
evaluated.
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