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Abstract—Exposure of rat epididymal fat pad to phorbol 12-myristate 13-acetate (TPA), an activator
of protein kinase C, results in an 85% increase in isoproterenol-stimulated cyclic AMP (cAMP)
accumulation, an effect which was antagonized by H7, a protein kinase C inhibitor. This promoting
action of TPA appears to be related to (i) an increase in the catalytic activity of adenylate cyclase, (ii)
an increase in the maximal response of adenylate cyclase to fluoride and guanylimidodiphosphate
(GppNHp) with no change in the ECs, value for GppNHp, and (iii) a reduction of the isoproterenol-
stimulated low-K,, cAMP phosphodiesterase activity present in the 30,000 g pellet of fat pad
homogenates. In contrast with fat pads, exposure of isolated rat fat cells to TPA failed to influence their
adenylate cyclase response to GppNHp and their cAMP accumulation and lipolysis. However, the other
alterations caused by TPA in fat pads were still observed in fat cells. These results suggest that (i) the
major alteration responsible for the promoted isoproterenol-stimulated cAMP response observed in fat
pads after exposure to TPA is an increased interaction between the as subunit of Gs and the catalytic
site of adenylate cyclase and (ii) this increased interaction is dependent on protein kinase C activation
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and is abolished by collagenase digestion.

There is now growing evidence for interactions
between the cyclic AMP (cAMP) and diacylglycerol-
mediated hormonal responses in various tissues and
cell lines. The mechanisms underlying this “cross
talk” appear different, however, according to the
tissues. For example, activation of protein kinase C
by the phorbol ester phorbol 12-myristate 13-acetate
(TPA) produces down regulation of f-adrenoceptors
in some (for a review see Ref. 1) but not all tissues
[2, 3]. Receptors such as the gonadotropin receptor
in a Leydig tumor cell line [4] and the vasoactive
intestinal peptide receptor in GH3 pituitary tumor
cells [5] are also desensitized after exposure to
phorbol esters. Activation of protein kinase C by
phorbol esters has also been shown to induce the
inactivation of Gi in hepatocytes [6], S49 lymphoma
cells [7], GHACI cells [8], brain striatal membranes
[9], keratinocytes [10] and platelets [11, 12]. Last,
exposure to TPA or activation of protein kinase C
results in an increased interaction between Gs and
the adenylate cyclase catalytic subunit (C) in S49
lymphoma cells [13], a phosphorylation of C in GH3
cells [14], frog erythrocytes and bovine brain [15]
and an activation of phosphodiesterase in C6 glioma
cells [16].

In adipocytes, where translocation and activation
of protein kinase C are promoted by TPA [17],
glucose [18] and several hormones [19-23], the
situation regarding a possible interaction between
the cAMP- and diacylglycerol-mediated hormonal
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responses appears rather controversial. As a matter
of fact, three reports have provided some evidence
suggesting the existence of such a “cross talk” in
adipose cells. First, exposure of intact adipose tissue
to TPA has been shown to induce the activation of
low-K,, cAMP phosphodiesterase activity [24].
Second, in isolated fat cells, activation of adenylate
cyclase by purified pancreatic protein kinase C has
been reported [25]. Last, isoproterenol-stimulated
lipolysis is inhibited by inhibitors of protein kinase
C in fat pads [26]. However, four other recent
studies, all performed on isolated rat fat cells, were
unable to reveal any significant influence of TPA on
basal and stimulated cAMP accumulation or lipolysis
[27-30].

In order to determine whether these discrepancies
could be due to differences in the experimental
designs used in the above-mentioned studies, we
have presently re-examined the possibility of a “cross
talk” between the cAMP and protein kinase C
pathways by comparing the influence of TPA on the
enzymatic steps controlling cAMP in both isolated
adipocytes and adipose tissue fragments.

MATERIALS AND METHODS

Materials. Phorbol 12-myristate 13-acetate (TPA),
1(5-isoquinolinylsulfonyl) 2-methyl piperazine (H7),
benzamidine, trypsin inhibitor, bovine serum
albumin, isobutylmethylxanthine (IBMX), phos-
phocreatine, creatine phosphokinase, isoproterenol
bitartrate, EGTA, TES, snake venom (Crotalus
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Table 1. Effects of TPA preincubation (1 uM, 30 min) in the absence or presence of H7
(0.1 uM) on isoproterenol (1 uM)-induced cAMP accumulation in fat pads

Preincubation TPA TPA (1uM) +
with 0 (1uM) H7 (0.1 uM)
Incubation cAMP accumulation
Isoproterenol (1 uM) 100 185 = 11* 116 = 8%
Isoproterenol (1 uM) + ASA 193 = 31* 354 = 58* ND

Fat pads were incubated with 50 mI.U./mL adenosine deaminase (ADA) and 1 uM
isoproterenol and, when indicated 0.3 mM acetylsalicylate (ASA). Each bar is expressed
as the percentage of controls (preincubation without TPA, incubation with isoproterenol)
and represents the mean values = SEM of four different experiments performed in

triplicate. CAMP accumulation in controls was 367 + 39 pmol/g/min.
* P < 0.01 compared to controls; + not significant compared to controls.

ND, not determined.

atrox), dimethyl sulphoxide (DMSO) and ATP were
from Sigma. Adenosine deaminase (ADA), GTP,
GppNHp, GDPgS, NS-phenylisopropyl-adenosine
(R-PIA) and cAMP were from Boehringer
Mannheim. Collagenase was from Worthington, and
the [*HJcAMP and cAMP assay system were from
Amersham. AG1X2 was from Biorad and forskolin
from Calbiochem. All other products were of
analytical grade.

R-PIA, IBMX and TPA were dissolved in DMSO
(1% final), forskolin in ethanol (4/1000 final), and
isoproterenol in ascorbic acid (1/10,000 final).

Preincubations. Epididymal adipose tissue was
removed from male Wistar rats (180-225 g). Fat cells
were isolated by collagenase digestion and adipocyte
membranes prepared by homogenization (pads) or
mechanical disruption (fat cells) as described
previously [31]. Pads (1 g tissue/mL) or adipocytes
(0.1-0.4 x 10° celis/mL) were preincubated at 37°
in KRT-HCI (pH 7.4), containing 4% albumin and
50 mI.U./mL ADA (unless otherwise specified) for
30 min in the presence of 1uM TPA. TPA was
diluted in DMSO to obtain 1% DMSO, and DMSO
alone was used as the control. The preincubation
and incubation media were glucose-free to avoid
protein kinase C activation and translocation [18].
The TPA concentrations mentioned refer to the

_concentrations added and do not take into account
the amount of TPA bound to albumin.

In the phosphodiesterase studies, the pre-
incubation was prolonged for 10 min in the presence
or absence of 1 uM isoproterenol.

Lipolysis, cAMP production and adenylate cyclase.
After the 30 min preincubation period, fat pads (20—
50 mg) or isolated fat cells (0.1-0.4 x 10 cells) were
further incubated at 37° for 1 hr (lipolysis) or 10 min
(cAMP) in the presence of the indicated effectors.
Then, glycerol release and cAMP production were
measured as described previously [31]. Under all
conditions tested, less than 10% of the total cAMP
(intracellular and in the medium) accounted for
extracellular cAMP.

Adenylate cyclase assays were conducted as
follows: membranes (12-25 ug protein) were incu-
bated at 37° in a final volume of 100 ul. containing
25 mM Tris-HCI (pH 7.4), 10 mM MgCl, or 2mM

Mn?*, 1mM EGTA, 1 mM IBMX, 100 m.I.U./mL
ADA, 0.3mM ATP, 5mM creatine phosphate,
51.U./mL creatine phosphokinase and 1mg/mL
albumin. After 10 min reactions were stopped and
cAMP determined as described above.

Low-K,, cAMP phosphodiesterase assays. Pre-
incubated pads and adipocytes were homogenized
in ice-cold 10 mM TES, 250 mM sucrose {(pH 7.5 at
30°), centrifuged (2 min, 400 g, 4°) and the resulting
infranatants used for further fractionation. The
following fractions were prepared: a 30,000 g pellet
and supernatant, a 30,000 ¢ supernatant obtained
from sonicated homogenates according to Solomon
and Palazzolo [24], the P2 and P3 fractions prepared
according to Kono [32] and Anderson et al. [33],
respectively, and a 100,000 g pellet and supernatant.
Before being assayed, all these fractions were diluted
in ice-cold 10 mM TES, 250 mM sucrose (pH 7.5 at
30°) to yield a final protein concentration of 0.3~
0.6 mg/mL.

Phosphodiesterase activity was assayed according
to a slight modification of the two-step reaction
procedure of Thompson and Appleman [34]. Briefly,
25 uL. of the phosphodiesterase-containing fraction
were incubated at 30° in a final volume of 100 uL
containing 5mM MgSO,, 0.08-0.50uM cAMP,
35,000-40,000 cpm [*H]cAMP and 50 mM TES (pH
7.5). After 10 min, reactions were stopped and
enzyme activity determined as described previously
[31]. All fractions displayed linear Lineweaver-Burk
plots for cAMP concentrations ranging from 0.08 to
0.50 uM with K,, values in the 0.4-0.6 uM range (not
shown).

Other determinations and statistics. Proteins and
cellnumbers were determined as described previously
[31]. All results are presented as mean = SEM. All
experiments were performed in triplicate and
repeated twice at least. Comparison between control
and TPA-preincubated values were performed using
unpaired Student’s t-test.

RESULTS

Studies on whole adipose tissue

cAMP accumulation. As shown in Table 1, a
30 min preincubation in the presence of TPA
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Table 2. Isoproterenol-stimulated glycerol release from fat pads after 30 min preincubation

in the absence {control) or presence of 1 uM TPA

Preincubation

Control TPA
Incubation Glycerol release (umol/g/60 min)
Basal 1.82+0.23 1.64 = 0.32
(90 = 8%, NS)
Isoproterenol (1 uM) 7.52x0.15 7.70 £ 0.20
(103 £ 6%, NS)
Isoproterenol (1 uM) + R-PIA (10 nM) 5.91 +0.33 7.47 +0.33

(126 = 3%, P < 0.05)

Results are mean values = SEM of three different experiments performed in triplicate.
Numbers in parentheses are the percentages of control values. In these three experiments,
¢AMP accumulation in the presence of R-PIA were 47 = 12% and 59 = 8% of the cAMP

found without R-PIA in control and TPA-exposed fat pads, respectively.
NS, not significant,

Table 3. Influence of TPA preincubation on the 30,000g pellet low-K, cAMP
phosphodiesterase activity in fat pads

Preincubation Isoproterenol TPA TPA + isoproterenol
% over basal +28 + 4% +2%9% +6 £ 7% (61 = 12%)
0.005 <P <0.01* N§* NS* P < 0.001%

Fat pads were preincubated in the absence (control) or presence of 1 uM TPA. After
30 min, the incubations were prolonged for 10 min in the absence (basal) or presence of
1 M isoproterenol and the low-K,, cAMP phosphodiesterase measured in the 30,000 ¢
pellet. Each value represents the isoproterenol activation expressed as percentage increase
over the basal vaiues found in controls and are mean values of seven experiments performed
in triplicate. Mean basal activity in controls was 26.9 = 2.8 pmol/mg/min. Numbers in
parentheses represent the percentage inhibition due to TPA of the isoproterenol activatory
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effect.
* Compared to basal value in controls.

+ Compared to isoproterenol value in controls.

NS, not significant.

followed by a 10min incubation with 1uM
isoproterenol resulted in an 85 11% (N=4)
increase in cAMP accumulation in the fat pads.
Addition of 0.3mM acetylsalicylate in the pre-
incubation promoted per se an increase in basal and
isoproterenol-stimulated ¢cAMP accumulation but
failed to alter the promoting effect of TPA. When
ADA was replaced by 200 mM adenosine, similar
potentiation of the isoproterenol response by TPA
was observed (not shown). In contrast, preincubation
with TPA did not modify the basal or IBMX (1 mM)-
stimulated cAMP accumulation. Last, when 0.1 uM
H7 was added with TPA, the promoting effect of TPA
onisoproterenol-stimulated cAMP accumulation was
almost completely antagonized (Table 1). It must be
noted that preincubation with H7 alone had no
influence on the isoproterenol-induced cAMP
response of fat pads (data not shown).

As shown in Table 2, the lipolytic response of fat
pads to isoproterenol was unmodified by a 30 min
TPA preincubation. Varying the preincubation from
0 to 60 min failed to reveal any effect of TPA on the
basal, 1 mMIBMX-stimulatedor1 uMisoproterenol-
stimulated lipolysis (not shown).

This lack of regulatory effect of TPA on lipolysis
seems to be explained by the finding that the pro-
moting action of TPA on cAMP is seen for cAMP
concentrations far over those inducing maximal lipo-
lysis [31, 35). In fact, when cAMP was lowered by
the addition of 10 nM R-PIA, the lipolytic activity in
response toisoproterenol was slightly but significantly
enhanced by TPA (Table 2). These results which can-
not be attributed to a decreased inhibitory effect of R-
PIA on cAMP accumulation (see legend to Table 2),
reveal the existence of a cross-regulation between
TPA and the B-adrenergic stimulated cAMP-depen-
dent lipolytic pathway in fat pads.

As shown in Table 3, in the 30,000g pellet
of unsonicated fat pad homogenates, a 10min
preincubation in the presence of isoproterenol alone
induced a slight but significant increase in the low-
K., cAMP phosphodiesterase activity. In contrast, a
40 min preincubation in the presence of TPA alone
had no effect on this activity. However, when both
TPA and isoproterenol were present in the
preincubation, the stimulation due to isoproterenol
alone was partly suppressed. In addition, the low-
K,,cAMP phosphodiesterase activities in the 30,000 g
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Fig. 1. Adenylate cyclase response to GppNHp in
membranes prepared from TPA- or vehicle-preincubated
fat pads. Results are expressed as percentages of basal
activity. This figure represents the mean values = SEM of
five different experiments performed in triplicate. Basal
adenylate cyclase activities were 82, 69, 38, 61 and 88 pmol
AMP/mg/min in controls and 78, 65, 46, 50 and 22 pmol
¢AMP/mg/min in TPA (1 uM, 30 min) preincubated fat
pads. ECso values for GppNHp were 0.156 = 0.063 and
0.178 + 0.071 uM in controls and TPA preincubated fat
pads, respectively.

supernatant, the P2 and P3 fractions and the
100,000g pellet and supernatant were found
unaltered by a preincubation with TPA. However,
when homogenates were sonicated (30 sec) prior to
being centrifuged, pre-exposure to TPA resulted
in a 47+ 16% increase in the low-K,, cAMP
phosphodiesterase activity of the 30,000 g super-
natant.

Comparison of adenylate cyclase activities in
membranes prepared from undigested fat pads
preincubated for 30 min with or without 1 uM TPA
revealed a promoting effect of TPA:

(i) on the catalytic activity (+37 £ 4%, N = 4) as
shown by the adenylate cyclase response to 2 mM
Mn?*, 100 uM forskolin + 500 uM GDPSS [36];

(ii) on the adenylate cyclase maximal response to
10uM GppNHp (+49+15%, N=7) with no
apparent change in the sensitivity to GppNHp (Fig.
1), an effect which is dose-dependent (Fig. 2);

(iii) on the adenylate cyclase maximal response to
10mM NaF (+28 = 3%, N = 3).

However, no significant effect of TPA could be
observed on the adenylate cyclase response to
isoproterenol as revealed by dose-response curve
studies performed in the presence of either 10 mM
Mg?* (isoproterenol ECs, values 0.41 = 0.21 uM in
control vs 0.34 +0.05uM in TPA-preincubated
pads, N = 4, not significant or 2 mM Mg?* (data not
shown).

Studies on isolated fat cells

Contrasting with the above results, preincubation
with TPA failed to affect basal and isoproterenol-
stimulated cAMP and lipolysis in isolated fat
cells, whatever the experimental conditions used
(preincubation times varying from 0 to 60 min, with
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Fig. 2. Dose-dependent promoting effect of TPA
preincubation (30 min) on the adenylate cyclase response
to 1 uM GppNHp in fat pad membranes. Experimental
conditions are described in Materials and Methods. Results
are mean values = SEM of four different experiments
performed in triplicate. Calculated ECs, value for TPA =
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Fig. 3. Influence of TPA preincubation (1 uM, 30 min) on
the adenylate cyclase response to GppNHp in membranes
prepared from isolated adipocytes. Results are expressed
as percentages of basal activity. This figure represents mean
values = SEM of three different experiments performed in
triplicate. Basal adenylate cyclase activities were: 67, 32
and 81 pmol cAMP/mg/min in controls and 48, 51 and
90 pmol cAMP/mg/min in TPA-preincubated fat cells.

or without H7, in the presence of R-PIA or glucose).
These negative findings pointed to a possible
interference of the collagenase treatment with the
mechanism whereby TPA affected the isoproterenol-
stimulated cAMP pathway in fat pads. To test this
hypothesis, we conducted parallel experiments in
which isolated fat cells were compared to fat pads.
The following results were obtained:

(i) the increased adenylate cyclase response to
GppNHp observed in fat pad membranes after
TPA preincubation completely disappeared after
collagenase digestion (Fig. 3);

(ii) the increased adenylate cyclase catalytic
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activity (2 mM Mn?* + 100 uM forskolin + 500 uM
GDP§#S) seen in fat pads after TPA preincubation
still persisted in isolated fat cells (not shown);

(iii) in the absence of any exposure to TPA,
collagenase digestion reduced by half the low-K,,
cAMP phosphodiesterase activity of the 30,000¢g
pellet (16.5 = 3.2 pmol/mg/min in adipocytes vs
30.3 = 3.7 pmol/mg/min in pads, N =4, P < 0.05),
a result which is in accordance with another report
[37]. However, the collagenase treatment resulted
in a potentiation of the isoproterenol stimulatory
effect which was increased from +28 + 4% in pads
to +63 = 5% (P < 0.001) in isolated adipocytes;

(iv) after collagenase treatment, the TPA-induced
partial reversal of the isoproterenol stimulatory
effect on the low-K,, cAMP phosphodiesterase
activity still persisted but was weaker than in fat
pads (35 = 13% of inhibition, in fat cells vs 61 + 16%
in fat pads).

Finaily, since an intercell cooperation for metabolic
regulation has been described in adipose cells [38],
we could not exclude that the promoting effect of
TPA on isoproterenol-stimulated cAMP seen in fat
pads but not in fat cells might be attributed to
the non-adipose connective cells. However, this
hypothesis could be ruled out because (i) under all
our incubation conditions, cAMP synthesized by the
non-adipose cells was undetectable, and (ii)
coincubation of isolated adipocytes and isolated non-
adipose cells (mixed in the same proportion than in
intact adipose tissue) failed to reveal any effect of
TPA on both isoproterenol-stimulated cAMP
accumulation and lipolysis (data not shown).

DISCUSSION

Our results show a cross regulation between TPA-
activated pathways and isoproterenol-induced cAMP
accumulation and glycerol release in undigested fat
tissue. As a matter of fact, we observed an increase
in pads preincubated with TPA. Moreover, in
membranes prepared from those pads, the adenylate
cyclase stimulatory responses to either GppNHp or
Mn?* + GDPgSS + forskolin were found increased,
whereas the stimulatory effect of isoproterenol on
the low-K,, cAMP phosphodiesterase activity was
partly suppressed. Finally, among these TPA effects,
only the last two could be reproduced in isolated fat
cells, suggesting that collagenase digestion interferes
with some but not all the targets of TPA in adipose
tissue.

From the present data, it seems that the
mechanisms whereby TPA cross regulates the
isoproterenol-stimulated cAMP pathway in fat pads
are: (i) an increase in adenylate cyclase catalytic
activity, (ii) an increase in the interaction between
Gs, the stimulatory regulatory protein and C, the
catalytic subunit of adenylate cyclase and (iii)
a decrease in phosphodiesterase activation by
isoproterenol. In addition, it can be concluded that
these mechanisms are linked to protein kinase C
activation, since, first, the metabolic effects of TPA
are generally assumed to result from protein kinase
C activation [39], and second, H7, a potent inhibitor
of protein kinase C [40], antagonizes the TPA effect
on isoproterenol-stimulated cAMP response.
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The substrates for phosphorylation by protein
kinase C are multiple: in erythrocytes and brain,
phosphorylation of the adenylate cyclase catalytic
subunit by protein kinase C has been shown to result
in an increase in catalytic activity [15], a mechanism
which could also occur in adipose tissue and
adipocytes as suggested by the present study and a
previous report [25). In some cells, S-adrenoceptors
are also phosphorylated by protein kinase C [41]
and this phosphorylation appears to contribute to
receptor desensitization (for a review, see Ref. 1).
Such a mechanism, however, does not seem to occur
in adipose tissue in vitro, since under our incubation
conditions (10 mM Mg2*, or 2mM Mg?* to reveal
uncoupling) adenylate cyclase dose-response curves
to isoproterenol were unaltered by TPA.

Another protein which is also phosphorylated by
protein kinase C is Gi [11, 42]. However, if this also
occurs in adipose tissue, such a phosphorylation does
not seem to play a significant role in the mechanism
whereby TPA enhances adenylate cyclase catalysis
since, under the incubation conditions used (high
Mg?* and GTP concentrations, no Na*) Gi does not
interact with adenylate cyclase. To our knowledge,
there is no report suggesting Gs phosphorylation by
protein kinase C. However, adenylate cyclase
phosphorylation could be sufficient to induce both
the increase in catalytic activity and the potentiation
of the interaction between as and C.

In hepatocytes, TPA was reported to inhibit the
low-K,, cAMP phosphodiesterase activity [43]. This
contrasts with the present study showing that this
activity is selectively increased in the 30,000g
supernatant of sonicated fat pads after exposure to
TPA.

Activation of the low-K,,, cAMP phosphodiesterase
by isoproterenol is well established in adipose tissue
[32, 33, 44, 45]. This activation which appears to be
catalysed by protein kinase A, [46, 47] is, as shown
in the present report, suppressed by TPA. This leads
to the suggestion that this enzyme, or the system
involved in its activation by isoproterenol, could be
a substrate for protein kinase C, but there is so far
no report supporting this suggestion.

In contrast with the above results, the cAMP
content and lipolytic activity of fat pads were found
to be insensitive to TPA when studied under
unstimulated conditions. This can be explained,
however, by the balance between the two opposite
effects of TPA on cAMP metabolism observed in
this study: the activation of the catalytic activity of
adenylate cyclase on one hand and the activation of
the low-K,, cAMP phosphodiesterase on the other
one.

In the isolated adipocytes, TPA preincubation still
increases adenylate cyclase catalytic activity and
also reduces the magnitude of the isoproterenol
stimulation of the low-K,, cAMP phosphodiesterase.
However, no effect of TPA on cAMP accumulation
or glycerol release was seen, a result which confirms
previous studies failing to observe any change in
isolated fat cell lipolytic activity after exposure
to TPA [27-30]. In addition, this paradoxical
observation suggests that collagenase-treatment
interferes with the lipolytic cascade by altering the
interaction between the as and the adenylate cyclase
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catalytic subunits, i.e. between the GDP/GTP
exchange reaction which is fast at 37° [48], and the
GTP hydrolytic step (since our experiments are
performed with the non-hydrolysable GTP analog
GppNHp). One possible explanation is that
collagenase (or a contaminating activity [37] present
in the three different collagenase lots presently used)
may have altered a membranous factor and that this
alteration may no longer allow TPA to promote the
Gs—C interaction. More than Gs itself, this factor
could be an anchoring factor for Gs, or an inhibitor
of the Gs—protein kinase C interaction which could
be released during the collagenase treatment.

Finally, since isolated adipocytes do not present
any modification of their cAMP content and glycerol
release after exposure to TPA, our results suggest
(i) that the amplified as—C interaction seen in TPA-
treated fat pads is crucial in the promoting effect of
TPA on isoproterenol-stimulated cAMP pathway
and (ii) that collagenase digestion is unsuitable for
studies on the cross-regulation between adenylate
cyclase stimulatory receptor-mediated pathways and
the protein kinase C system in adipose tissue.
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