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Abstract Adipocytes can be readily isolated from intact adi-
pose tissue. In adipocytes from hamster and human white
adipose tissue it is possible to demonstrate beta, alpha;, and
alpha; adrenoceptors. Alpha, adrenoceptor activation inhibits
while beta adrenoceptor activation stimulates cyclic AMP ac-
cumulation and lipolysis. The effects of catecholamines on
cyclic AMP accumulation are mediated through regulation of
adenylate cyclase activity, which is activated through beta ad-
renoceptors and inhibited through alpha; adrenoceptors. Ac-
tivation of alpha, adrenergic receptors has been shown to be
associated with elevations of cytosol calcium and increased
turnover of phosphatidylinositol. In white adipocytes, the only
known alpha, adrenergic effects are inhibition of glycogen
synthase and stimulation of glycogen phosphorylase via mech-
anisms distinct from those by which cyclic AMP produces sim-
ilar end effects. In brown adipocytes, alpha, adrenoceptor ac-
tivation stimulates respiration. Thyroid hormones primarily
regulate the sensitivity of adipocytes to beta-adrenergic amines
while having little effect on alpha adrenoceptor sensitivity.—
Fain, J. N., and J. A. Garcia-Sainz. Adrenergic regulation of
adipocyte metabolism. J. Lipid Res. 1983. 24: 945-966.
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I. Separation of catecholamine effects into beta,,
beta,, alpha,, and alpha,

Probably at least four classes of receptors exist for
catecholamines. Ahlquist (1) originally divided the ef-
fects of catecholamines into two groups which he called
alpha and beta. Subsequently it was found that the beta
effects of catecholamines are generally associated with
increases in cyclic AMP (2). Lands et al. (3) subdivided
the beta effects of catecholamines into beta; and beta,
based on structure-activity relationships for agonists.
The beta; adrenoceptors are involved in bronchodila-
tion and are preferentially activated by epinephrine,
while norepinephrine has little activity. In contrast, nor-
epinephrine and epinephrine are equipotent activators
of beta, adrenoceptors in heart and adipose tissue (4).
Compounds with bulky groups (tertiary butyl) on the
amine carbon such as terbutaline and albuterol are pref-
erential beta; agonists, while a compound such as pren-
alterol is more active at beta, sites (4). Ariens et al. (5)
suggested that the beta, effects are due to norepineph-
rine released by sympathetic nerves, while beta; effects
are due to hormonal effects of epinephrine released by
the adrenal medulla (Fig. 1).

Alpha effects of catecholamines are also divided into
alpha, and alpha, types (6-9). There appear to be sep-
arate receptors for the alpha, versus the alpha, effects
(9), which is hardly surprising since they have different
biochemical actions. Wikberg (7) and Fain and Garcia-
Sainz (8) suggested that alpha, effects involve turnover
of phosphatidylinositol and elevation of cytosol Ca?*,
while alpha, effects involve inhibition of adenylate cy-
clase. However, in cells in which the level of cyclic AMP
affects the cytosol Ca?* pool or the biochemical actions
of Ca?*, there will be effects of alphas activation on Ca?*
action (Table 1). These cells are subject to what might
best be called antagonistic control since Ca®* and cyclic
AMP have opposite effects (10). Smooth muscle is a
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Fig. 1. Differentiation of beta, and beta; adrenergic responses.

good example of this since elevation of Ca** by alpha,
receptors or lowering of cyclic AMP by alpha, receptors
both produce contraction while activation of beta re-
ceptors produces relaxation. However, in cells exhib-
iting coordinate control (10), cyclic AMP and Ca®* have
similar effects. In these cells alpha, adrenoceptor acti-
vation elevates Ca®* and this has the same result as ele-
vation of cyclic AMP (Table 1).

McGrath (11) suggested that more than one type of
alpha, receptor might exist. Furthermore, he suggested
that alpha, responses are due to sympathetic release of
norepinephrine at nerve endings. In contrast, epineph-
rine released as a hormone by the adrenal medulla
works more slowly and mediates alphas responses
(Fig. 2).

Alpha,; catecholamine action appears to involve ele-
vation of cytosol Ca** and in every tissue in which alpha,
catecholamine effects can be demonstrated there is an
increase in [*?P]P; uptake into phosphatidylinositol (8,
12). The meaning of this is unknown but is discussed
in the section on alpha, catecholamine action.

A correlation also exists between inhibition of ade-

TABLE 1.

nylate cyclase and alpha, catecholamine effects. In plate-
lets (13) and rat pancreatic islets (14), it has been pos-
sible to demonstrate a reduction of basal cyclic AMP
values under some but not all conditions after addition
of alpha, catecholamines. The poor correlation between
total cyclic AMP and metabolic responses has prompted
interest in the question of whether alphay and beta cat-
echolamines regulate other enzymes besides adenylate
cyclase.

The four types of adrenoceptors are listed in Table
2. The natural agonist for each along with the most
selective agonists and antagonists available as well as the
known intracellular effects are shown in Table 2.

There has been much progress in our understanding
of the nature of the alpha and beta catecholamine effects
on adipocytes over the past few years. Brief reviews on
this subject have been published by Lafontan and Berlan
(15) and by Garcia-Sainz and Fain (16). Fain (17, 18)
has also reviewed in detail the hormonal regulation of
lipolysis by hormones with empbhasis on the role of cyclic
nucleotides, while Kather (19) has reviewed human
adipocyte lipolysis with emphasis on pathogenesis of

Relationship between Ca%* and cyclic AMP as intracellular messengers

Tissue

Alpha; Response

Alphag Response Effect of Cyclic AMP

Antagonistic Smooth muscle Contraction

control
Platelets None
Coordinate Endocrine pancreas None known
control .
Liver Increase glycogen
phosphorylase
Adipocytes Inactivate glycogen

synthase

Little effect on lipolysis

Contraction Relaxation
Aggregation Inhibition of
aggregation

Lower insulin release Increase insulin release

Increase glycogen
phosphorylase

Activate glycogen
synthase

Inactivate glycogen
synthase

Inhibit lipolysis Activate lipolysis
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Fig. 2. Differentiation of alpha, and alpha, adrenergic responses.

obesity. This review covers recent advances in the ad-
renergic regulation of adipocyte metabolism.

I1. Activation of lipolysis via beta adrenoceptors

Activation of beta adrenoceptors in adipocytes is as-
sociated with stimulation of adenylate cyclase, protein
kinase, and triacylglycerol lipase (17-21). Fain (20) sug-
gested 10 years ago that the adrenoceptors in rat adi-
pocytes were of the beta, subtype. This was based on
four findings. I, Norepinephrine is more potent than
epinephrine as an activator of lipolysis. 2, Isoproterenol
is 5-fold more potent than norepinephrine. 3, A com-
pound such as albuterol [alpha-1(t-butylaminomethyl)-
4-hydroxy-m-xylene-alpha,, alphas-diol] is much less
active than isoproterenol as an activator of lipolysis. 4,
Butoxamine, which is a beta, antagonist, is relatively
ineffective as an inhibitor of lipolysis.

Further studies have confirmed this general scheme
while indicating that there are subtle differences be-
tween the beta; adrenoceptors of heart and adipose tis-
sue. Antagonists and agonists do not have the same ef-
fects on adipose tissue as on heart (22-24). However,
there is no evidence for a mixed population of beta,
and beta, adrenoceptors in adipose tissue (4, 19, 22—
24). It has been suggested that the rat adipocyte recep-
tor has a dualistic or hybrid character, somewhat be-
tween the beta; adrenoceptors of the heart and the beta,
adrenoceptors of the trachea (22-24). This is based on
the fact that practolol is considerably less effective than
propranolol as an antagonist of beta, adrenoceptor re-
sponses in human adipocytes as opposed to the heart
(25). Thus, beta adrenergic antagonists that affect car-
diac response have much less effect on human adipocyte
lipolysis. However, beta, selective agonists have so little
effect on adenylate cyclase activity of human adipocyte

ghosts (25) that, from the agonist perspective, the re-
ceptors are rather like the beta, receptors present in the
heart.

Jacobsson et al. (26) recently suggested that two sub-
populations of beta, adrenoceptors exist in human adi-
pocytes. They found that prolonged incubation of hu-
man adipocytes with norepinephrine decreased by 50%
the binding sites for dihydroalprenolol. Furthermore,
in membranes exposed to catecholamines and 1 mM N-
ethylmaleimide for 10 min, approximately 50% of the
binding sites disappeared, while there was no loss due
to exposure to N-ethylmaleimide alone and 14% in re-
sponse to isoproterenol (26). Another interpretation of
the data is that only half of the binding sites for the
catecholamine antagonist dihydroalprenolol are true
beta, adrenoceptors. Whatever the explanation, it is
clear that agonist binding to human adipocyte mem-
branes markedly alters the ability of half the sites to
bind catecholamine antagonists.

The work of Lai, Rosen, and Rubin (27) indicates
that the beta adrenoceptors of the cultured 3T3-L1 fi-
broblasts, which have differentiated into cells that ac-
cumulate triglyceride and are adipocyte-like in appear-
ance, are beta, adrenoceptors. In contrast, the receptors
of preadipocytes (3T3-L1 fibroblasts) are beta; in char-
acter and apparently not linked to any metabolic re-
sponse. The switch in type of beta adrenoceptors (based
on binding studies with iodohydroxybenzylpindolol)
was brought about by addition of dexamethasone, a syn-
thetic glucocorticoid (27). Isoproterenol was able to ac-
tivate adenylate cyclase in membranes from control 3T3
adipocytes, but the log-dose response curve was shifted
to the left by one order of magnitude after dexameth-

asone exposure. However, the maximal activity was un-
altered (27).

TABLE 2. Four types of catecholamine effects
Type of Adrenoceptor Natural Agonist Synthetic Agonist Specific Inhibitors Intracellular Effect
Betaj Norepinephrine Prenalterol Metoprolol Increases cyclic AMP
Betag Epinephrine Terbutaline Butoxamine Increases cyclic AMP
Alpha, Norepinephrine Phenylephrine or amidephrine Prazosin Increases cytosol Ca?*
Alphag Epinephrine Clonidine Yohimbine Lowers cyclic AMP

Fain and Garcia-Sdinz
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The results of Lai et al. (27) suggest that activation -

of either beta, or beta, receptors is associated with ac-
tivation of adenylate cyclase (2, 4). Possibly beta, ad-
renoceptor activation is associated with something other
than adenylate cyclase activation (28, 29). This was
based on the finding that, in incubated pieces of rat
parotid or guinea pig submandibular glands, the addi-
tion of terbutaline (a specific beta, agonist) markedly
stimulated cyclic AMP accumulation while having only
a small effect on amylase release. In contrast, prenal-
terol, a specific beta, agonist, markedly stimulated am-
ylase release while having less effect on cyclic AMP ac-
cumulation than terbutaline. However, this could be
due to a stimulation of cyclic AMP accumulation by
terbutaline in cells other than those involved in release
of amylase. A similar problem in adipose tissue with
regard to prostaglandins of the E series, stimulating
cyclic AMP accumulation while inhibiting lipolysis, was
resolved by the discovery that prostaglandins stimulated
adenylate cyclase activity in the endothelial cells of the
extensive capillary bed while inhibiting that in adipo-
cytes (30). In isolated rat adipocytes, which are a rela-
tively homogeneous population of a single cell-type,
prostaglandins inhibit both lipolysis and adenylate cy-
clase (30).

In adipocytes isoproterenol elevates both cyclic AMP
and lipolysis. However, a low concentration of isopro-
terenol can elevate lipolysis while having no detectable
effect on total cyclic AMP (31). In contrast, with for-
skolin, a diterpene that activates adenylate cyclase in a
wide variety of mammalian cells (32), activation of li-
polysis is only seen if there is an increase in total cyclic
AMP (31). Similar results have been seen in isolated rat
adrenal cells. Forskolin stimulation of steroidogenesis
was associated with increase in total cyclic AMP while
ACTH stimulated steroidogenesis at concentrations
that had no effect on total cyclic AMP (33). In adrenal
cells and adipocytes, a low concentration of forskolin
potentiated the effects of the target hormones on both
cyclic AMP and the physiological response (31, 33).
These results could be explained by hormonal activation
of another enzyme in addition to adenylate cyclase, or
by postulating that hormones preferentially increase
cyclic AMP in a compartment where the triacylglycerol
lipase is localized.

Possibly, the receptor subunit of cyclic AMP-depen-
dent protein kinase is loosely bound to the hormone
receptor as a peripheral protein. Thus, when the hor-
mone receptor complex activates adenylate cyclase,
there is a high local concentration of inactive cyclic
AMP-dependent protein kinase. The cyclic AMP binds
to the regulatory subunit of this kinase, which results
in release of the catalytic subunit that diffuses through
the cytosol to activate triacylglycerol lipase. In contrast,
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when adenylate cyclase is activated by forskolin, there
are fewer protein kinases around as it bypasses the hor-
mone receptors. However, when cyclic AMP increases
sufficiently, the soluble cyclic AMP-dependent protein
kinase is activated and the triacylgycerol lipase is phos-
phorylated. This hypothesis would not require any
other effect of beta catecholamines besides activation
of adenylate cyclase.

Alternatively, beta-adrenoceptor activation could ac-
tivate some other process. Fain (17) suggested that ac-
tivation of substrate for lipolysis through a cyclic AMP-
independent mechanism might be involved in hormonal
activation of lipolysis. If this occurs it is likely to be
through a process that potentiates the action of cyclic
AMP, since forskolin activates lipolysis and potentiates
catecholamine action (31).

II1. Beta, vs. beta, catecholamine effects on
adipocyte cyclic AMP accumulation and lipolysis

In studies with rat adipocytes, no evidence was found
that a specific beta, agonist such as prenalterol did any-
thing other than elevate cyclic AMP (Fig. 3). Rat adi-
pocytes were incubated with various concentrations of
prenalterol or terbutaline either without or with aden-
osine deaminase plus theophylline. Lipolysis was mea-
sured after 60 min and cyclic AMP at 5 min. Prenalterol
was a less effective stimulus of both lipolysis and cyclic
AMP accumulation than was terbutaline, but the rela-
tionship between the two parameters was the same in
the presence of prenalterol as with terbutaline.

The results in Fig. 3 also demonstrate the typical
correlation seen between measurements of total cyclic
AMP and lipolysis in adipocytes (34-36). Cyclic AMP
values between 25 and 35 pmol/10° cells were asso-
ciated with no detectable lipolysis up to half-maximal
activation of lipolysis. Cyclic AMP values in excess of
50 pmol/10° cells or more were associated with maxi-
mal activation of lipolysis. Cyclic AMP values as high
as 5000 pmol/10° cells were seen but no further acti-
vation of lipolysis was seen. These data suggest that
cyclic AMP is related to lipolysis but that it is very dif-
ficult to accurately measure the small increases that reg-
ulate lipolysis.

The effects of selective beta agonists on adenylate
cyclase are shown in Fig. 4. Prenalterol activated ade-
nylate cyclase but less effectively than terbutaline. Ter-
butaline in turn was considerably less potent than iso-
proterenol as an activator of adenylate cyclase (Fig. 4),
which is expected if rat adipose tissue has typical beta;
adrenoceptors. We conclude from these data that, in
rat adipocytes, there is no evidence that beta, agonists
have any different effects on adenylate cyclase activation
or lipolysis than beta; agonists.
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Fig. 3. Correlation between total cyclic AMP and lipolysis in rat adipocytes. Isolated rat adipocytes (2 X 10°) were incubated for 5 min (cyclic
AMP determinations) or 60 min (lipolysis) in 1 ml of medium containing 3% albumin and varying concentrations (10~° to 107* M) of prenalterol
(circles) or terbutaline (triangles). The open symbols are for cells incubated without and the solid symbols are for those incubated with 1 ug/mi
of adenosine deaminase and 100 uM theophylline. Cyclic AMP is in pmol/10° cells and lipolysis (glycerol release) is in gmol/10° cells. Cyclic
AMP was also measured after 60 min incubation and the maximal values were 13-20% of those seen at 5 min, but in every case in which cyclic
AMP was elevated over basal at 5 min, it was similarly elevated at 60 min. The values for each point are the means of two paired experiments

(unpublished studies, J. Fain).
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Fig. 4. Activation of rat adipocyte plasma membrane adenylate cyclase activity by isoproterenol, prenalterol,
and terbutaline. Isolated rat adipocytes were homogenized in isotonic sucrose containing 10 mm Tris (pH 7.4)
and 1 mm EDTA. The precipitate obtained after centrifugation at 15,000 g for 15 min was resuspended in
isotonic sucrose and layered over 32% sucrose. The interface material obtained after centrifugation was used
as the plasma membrane fraction. Adenylate cyclase activity was assayed in the presence of 1 umM Gpp (NH)p
over a 20-min incubation at 30°C. Cyclic AMP accumulation is expressed as pmoles of cyclic AMP formed per
mg of protein over 1 min and the values are the means of three paired experiments. Basal activity of adenylate
cyclase was 330 and is shown by the line marked basal (unpublished studies, J. Fain and C. O’Donnell).
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Adipocyte lipolysis appears to correlate with phos-
phorylation of the hormone-sensitive lipase. Belfrage et
al. (21) have reviewed the evidence for the presence of
a triacylglycerol lipase in adipose tissue that is directly
activated by phosphorylation via a cyclic AMP-depen-
dent protein kinase and inactivated via dephosphory-
lation due to a protein phosphatase. Corbin et al. (37)
and Huttunen, Steinberg, and Mayer (38) first pub-
lished in 1970 that rabbit muscle protein kinase in the
presence of cyclic AMP and ATP enhanced triacylglyc-
erol lipase activity. Recently the triacylglycerol lipase
has been purified and found to have a M, of around
84,000 (39).

Our laboratory engaged in a collaborative study with
that of Belfrage to compare the effects of beta adreno-
ceptor activation on lipolysis, total cyclic AMP accu-
mulation, and phosphorylation of the triacylglycerol li-
pase. A concentration of norepinephrine (0.1 uM),
which gave almost 80% activation of lipolysis, increased
2P uptake into the triacylglycerol lipase by almost 50%
but had little effect on total cyclic AMP accumulation.
Increasing the concentration of norepinephrine to 0.5
uM gave maximal activation of lipolysis and of >?P up-
take into lipase (120% increase) and transiently elevated
cyclic AMP at 1 and 3 min. By 5 min, total cyclic AMP
in the presence of 0.1 uM norepinephrine had returned
to control values but the degree of phosphorylation of
the enzyme was further elevated.'

These data suggest that while cyclic AMP may be the
major factor regulating lipolysis, there is probably some
compartmentation of cyclic AMP in adipocytes as men-
tioned earlier in this section. We conclude that no good
evidence exists that disproves the hypothesis that beta,
and beta, effects of catecholamines are secondary to
elevation of adenylate cyclase although other mediators
might be involved.

IV. Inhibition of cyclic AMP accumulation and
lipolysis through alpha, adrenoceptors

A. General aspects. About 15 years ago Turtle and
Kipnis (40) suggested that alpha-adrenergic effects were
mediated through inhibition of adenylate cyclase. How-
ever, in many tissues alpha-adrenergic activation did not
decrease cyclic AMP accumulation. Furthermore, un-
der some circumstances alpha-adrenergic activation ac-
tually increased production of cyclic AMP. The general
confusion about the effects of alpha-adrenergic amines
on adenylate cyclase was clearly expressed in a review
in 1980 in which the author stated: “In summary, it
appears that alpha agonists can inhibit, stimulate, or be
without effect on adenylate cyclase, depending on the
tissue or condition” (41).

! Belfrage, P., and J. N. Fain. Unpublished studies.
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The availability of selective agonists and antagonists
for alpha, and alpha, adrenoceptors has aided our un-
derstanding of which alpha effects are involved in in-
hibition of adenylate cyclase. Furthermore, some in-
creases in cyclic AMP due to alpha-adrenergic activation
are secondary effects due to prostaglandin generation
mediated through alpha, adrenoceptors (42, 43).

Sabol and Nirenberg (44) first demonstrated that the
inhibition of adenylate cyclase by catecholamines in
membrane preparations derived from neuroblastoma-
glioma cells was mediated through alpha, adrenocep-
tors. It has been suggested that all alpha, catecholamine
effects are due to inhibition of adenylate cylase (7, 8).
Kato and Nakaki (45) suggested that the alpha, adren-
ergic inhibition of insulin release was exerted at a step
distal to cyclic AMP generation. However, this conclu-
sion was based on the assumption that if dibutyryl cyclic
AMP-induced insulin release was inhibited by clonidine,
this indicated an affect elsewhere than on adenylate cy-
clase activation.

There are many cells in which inhibition of adenylate
cyclase by alpha, catecholamines can be demonstrated
(Table 3). It is likely that inhibition of insulin release
and stimulation of platelet aggregation are due to in-
hibition of adenylate cyclase. Since basal cyclic AMP
values are low in these cells it is difficult to demonstrate
decreases in cyclic AMP if most of the cyclic AMP is
bound and inactive. Therefore, there could be a 50%
drop during alpha, adrenoceptor activation of the cyclic
AMP pool involved in regulation of function but, if this
pool is only a small fraction of total cyclic AMP, the
decrease may be difficult to detect.

In rat pancreatic islets, Yamazaki, Katada, and Ui
(56) found an excellent correlation between levels of
cyclic AMP and insulin release due to alpha, adreno-
ceptor activation if all experiments were done in the
presence of 0.5 mM isobutyl methylxanthine (IBMX)
and 16.5 mM glucose. These are conditions in which
cyclic AMP values are high and lowering cyclic AMP
reduces insulin release. Rabinovitch, Cerasi, and Sharp
(57) also found a good inhibition of insulin release and
cyclic AMP if islets were stimulated with either glucagon
or 0.1 mmM IBMX and 3.3 mM glucose. However, they
suggested that since it took more epinephrine in their
hands to inhibit basal cyclic AMP formation than to
inhibit insulin release, something else was involved be-
sides cyclic AMP. They measured the accumulation of
labeled cyclic AMP in cells where the ATP pool had
previously been labeled by incubation with tritiated ad-
enine. This may be more sensitive than measuring total
cyclic AMP. The difficulty of correlating dose response
curves for stimulation of cyclic AMP accumulation due
to catecholamines has been discussed previously. It re-
mains to be determined whether alphas-adrenergic ac-



TABLE 3. Cells showing alphag-adrenergic effects and relationship to inhibition of adenylate cyclase
Inhibition of
Tissue Adenylate Cyclase Metabolic Effect and Relationship to Decrease in Cyclic AMP

Hamster adipocytes Yes (46-48) Inhibition of hormonal activation of lipolysis and of cyclic AMP (49-51)

Human adipocytes Yes (52, 53) Same as hamsters (53-55)

Pancreatic islets Yes (56) In the presence of methylxanthine and glucose, an excellent correlation
is seen between inhibition of insulin release and cyclic AMP
accumulation (40, 56). In the absence of methylxanthine, there is little
detectable effect on basal cyclic AMP but insulin release is still
inhibited by alphag adrenoceptor activation (14, 56, 57).

Human platelets Yes (58, 59) Inhibition of basal cyclic AMP formation seen if platelets were prelabeled

with adenosine and formation of radioactive cyclic AMP was examined
(13). However, platelet aggregation readily seen even if total cyclic
AMP was not decreased (13).

tivation has effects other than inhibition of adenylate
cyclase, but this accounts for alpha, effects just as stim-
ulation of adenylate cyclase accounts for beta effects.

B. Adenylate cyclase regulation in adipocytes. It is cur-
rently accepted that at least two molecular entities are
involved in activation of adenylate cyclase by hormones,
i.e., the receptor and a stimulatory guanine-nucleotide
binding ““N,” protein in addition to the catalytic unit
of the enzyme. Similarly, two entities seem to be in-
volved in inhibition of adenylate cyclase by hormones,
i.e., the receptor and an inhibitory guanine-nucleotide
binding protein “‘N;”’. Hormonal activation of adenylate
cyclase involves binding of GTP at the stimulatory gua-
nine-nucleotide regulatory site of the “N;”" protein and
inactivation of the cyclase may be due to hydrolysis of
GTP at the regulatory site by GTPase (60). Consistent
with this, Jakobs and coworkers (48, 61) have shown
that inhibition of adipocyte adenylate cyclase by hor-
monal factors is associated with acceleration of the turn-
off reaction (48) and activation of the low K,, GTPase
activity (61). GTP exerts a biphasic effect on adipocyte
adenylate cyclase, i.e., activation is observed at low con-
centration whereas inhibition is produced at high con-
centrations (62). Mercurial treatment abolishes the ac-
tivatory phase but not the inhibitory effects of GTP
(62). In addition, studies using radiation inactivation
suggest that structures of different size (63) are involved
in inhibition and activation of fat cell adenylate cyclase
by GTP.

High concentrations of sodium (100 mM) enhance
the inhibition of adenylate cyclase by hormonal factors
in hamster fat cell ghosts (46, 47, 64). Therefore, it has
been suggested that a requirement for sodium may ex-
ist. However, inhibition of cyclic AMP accumulation by
several hormonal factors can be clearly observed in
hamster adipocytes incubated in medium without so-
dium (65). These data raise doubts about an absolute
requirement for sodium in the medium.

Fain and Garcia-Sdinz

Forskolin activates adenylate cyclase and increases
lipolysis in rat (31) and human (66) adipocytes. The
stimulatory effects of forskolin on lipolysis and cyclic
AMP accumulation in human adipocytes were inhibited
by alpha, adrenoceptor activation (66). Direct inhibition
of forskolin-activated adenylate cyclase by alpha, ad-
renergic amines was also observed in human adipocyte
ghosts (66). These results indicate that the alpha, ad-
renoceptor, after binding to the N; protein, is able to
inhibit adenylate cyclase activated by nonhormonal
agents (forskolin).

C. Pertussis toxin inhibition of alpha, catecholamine in-
hibition of adenylate cyclase. Administration of pertussis
vaccine to hamsters markedly diminishes the sensitivity
of their adipocytes to hormonal factors that inhibit ad-
enylate cyclase (67). It was suggested that the toxin also
known as IAP (islet-activating protein) present in the
vaccine blocks the inhibitory effects of alpha, adrenergic
receptor activation on adenylate cyclase (67). Hazeki
and Ui (68) and Katada and Ui (69) have obtained sim-
ilar results using other experimental models. More re-
cently, Katada and Ui (70, 71) found that pertussis toxin
ADP-ribosylates a protein with a different molecular
weight than the protein that is ADP-ribosylated by chol-
era toxin. It is thought that this is the so-called inhibitory
guanine-nucleotide binding protein (N;) involved in in-
hibition of adenylate cyclase by adenosine, alpha, cat-
echolamines, and prostaglandins. These agents only af-
fect adenylate cyclase activity in the presence of GTP
(44, 46, 48, 62, 63). Recently, we found that the inhib-
itory effects of guanine nucleotides on adenylate cyclase
activity of rat adipocyte membranes were abolished by
pertussis toxin (72).

The administration of pertussis vaccine (which con-
tains the toxin) to rats did not elevate their basal levels
of plasma fatty acid or those seen 30 min after the in-
Jjection of epinephrine (73). However, chopped epididy-
mal fat pads from pertussis-treated rats had a high rate
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of basal lipolysis that was blocked by beta adrenergic
antagonists but not by prostaglandin E (74). The ad-
dition of norepinephrine to the chopped fat pads from
normal rats gave about the same rate of lipolysis as that
seen under basal conditions in fat pads and was blocked
by prostaglandin E,. We have seen a similar increase in
basal lipolysis in adipocytes from pertussis toxin-treated
rats which was accompanied by a 10- to 100-fold in-
crease in the sensitivity of the cells to the stimulation
of cyclic AMP accumulation and lipolysis by both nor-
epinephrine and forskolin.? The adipocytes from toxin-
treated rats had a normal response to insulin both with
respect to inhibition of lipolysis and stimulation of glu-
cose metabolism.2 However, the inhibitory effects of
N®(phenylisopropyladenosine) were abolished by toxin
treatment as noted previously in hamster adipocytes
(67).

The tremendous enhancement of the lipolytic re-
sponse to catecholamines in rat adipocytes by pertussis
toxin suggests that the inhibitory guanine-nucleotide
binding protein plays a very important role in the phys-
iological regulation of lipolysis by hormones. Studies are
in progress to examine the role of this protein in the
response to thyroid hormones, glucocorticoid, and
growth hormone, which all regulate lipolysis through
unknown mechanisms (17, 18, 20). In rat adipocytes
there are no alpha, adrenergic responses, which leaves
adenosine, nicotinic acid, and prostaglandins as agents
that work through the inhibitory guanine-nucleotide
binding protein. The effects of pretreatment with per-
tussis toxin are remarkably similar to those that can be
produced by the addition of adenosine deaminase to the
medium (75). These data support the suggestions of
Fain (76) and Schwabe, Ebert, and Erbler (77) that aden-
osine is important in the regulation of adipocyte lipolysis
and cyclic AMP accumulation. There is no evidence as
yet that hormones stimulate adenosine formation or
release in adipocytes, rather there appears to be enough
in isolated adipocytes to restrain hormonal activation of
adenylate cyclase (78-80), which is supported by the
pertussis toxin studies.

The administration of pertussis toxin to hamsters in-
creased the basal levels of plasma free fatty acids by 3-
fold and elevated liver triacylglycerols, plasma triacyl-
glycerols, and ketone bodies (81). These are much
greater effects than reported in rats and may be related
to the fact that hamster adipocytes have inhibitory al-
phay adrenergic receptors that are not present in rat
adipocytes. This could be interpreted as suggesting that
alpha, adrenoceptors are important in the regulation
of lipolysis in hamsters. In contrast, in rats, inhibition

% Moreno, F. J., I. Mills, J. N. Fain, and J. A. Garcia-Sainz. J. Biol.
Chem. In press.
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of just the adenosine and prostaglandin response can be
compensated for in the intact animal so that in vivo
lipolysis is restrained. Whether this is the correct ex-
planation or not, the studies with pertussis toxin have
opened up new avenues for the exploration of adipocyte
metabolism.

The effects of cholera and pertussis toxins are sum-
marized in Fig. 5. Cholera toxin mimics the effects of
beta adrenoceptor activation on adenylate cyclase. Per-
tussis toxin blocks alpha, adrenoceptor action as well as
that of adenosine. Both toxins ADP-ribosylate proteins
but not the same ones (70, 71). Both toxins also mark-
edly increase activation of adenylate cyclase by GTP.
However, only cholera toxin markedly increases basal
adenylate cyclase activity (70, 71).

D. Desensitization. Prolonged activation of receptors
that stimulate adenylate cyclase often leads to a de-
creased responsiveness of the target cell. This complex
phenomenon is known as desensitization and in some
cases is associated with loss of receptors. In hamster
adipocytes exposed to an alphag-selective adrenergic
agonist, such as clonidine, for periods up to 2 hr, no
adrenergic desensitization was seen.®> Burns and co-
workers (82) recently reported that exposure of human
fat cells to isoproterenol resulted in a decreased beta
adrenergic responsiveness and loss of beta adrenocep-
tors. However, exposure of human adipocytes to epi-
nephrine did not alter the alpha, adrenergic respon-
siveness or the number of alpha; adrenergic receptors
(82). Why interaction of inhibitory receptors with the
cyclase did not produce desensitization is unclear.

E. Alpha, catecholamine inhibition of cyclic AMP and li-
polysis in hamster and human adipocytes. The first report
on alpha adrenergic inhibition of human adipocyte li-
polysis was that of Burns and Langley (83) in 1970.
Subsequently it was demonstrated that cyclic AMP lev-
els were reduced by alpha adrenergic stimulation in
adipocytes (50, 51, 53-55, 65, 84) as well as adenylate
cyclase activity of fat cell ghosts from hamster or human
adipocytes (46, 47, 52, 53, 66). Adipocytes from dogs
and rabbits (15) also have alphas adrenoceptors but rat
adipocytes do not seem to have functional alpha, ad-
renoceptors (51, 85). In addition to this difference be-
tween species there is also variation in the alpha, ad-
renergic sensitivity of adipocytes from different regions
of the body (15, 86). Furthermore, the alphay adren-
ergic responsiveness and the number of alpha; adreno-
ceptors seem to increase with age in hamster adipocytes
(87). The physiological significance of these variations
remains to be established. Alpha; adrenergic activation
antagonizes beta adrenergic activation of phosphorylase
(49) and stimulation of glucose oxidation (88) in hamster

® Garcia-Séinz, J. A. Unpublished observations.
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Fig. 5. Regulation of adenylate cyclase by cholera toxin and pertussis toxin.

adipocytes. It is reasonably clear, therefore, that alpha,
and beta adrenoceptors mediate opposing effects on the
metabolism of hamster and human adipocytes. The bal-
ance between these receptors could be a point of reg-
ulation that determines the final effect of the natural
catecholamines on adipocytes in vivo.

Kather and Schroder (89) found that adipocytes iso-
lated from the hypertrophic adipose tissue of humans
with multiple symmetric lipomatosis had a normal al-
pha; and beta-adrenergic responsiveness with respect
to lipolysis. Their studies were made possible by the
development of a sensitive bioluminescent assay for
glycerol, permitting multiple samples to be assayed us-
ing the limited number of adipocytes that can be isolated
from needle biopsies of humans (90). A normal adren-
ergic responsiveness agrees with the finding of an un-
changed adenylate cyclase sensitivity to beta catechol-
amines in multiple symmetric lipomatosis (91, 92). One
report, based on a single subject, had noted a complete
block in the lipolytic action of catecholamines (93).
However, this might reflect some of the normal varia-
tions encountered in studies on human adipocyte lipol-
ysis. Thus, the bulk of the evidence is for unchanged
sensitivity to catecholamines in multiple symmetric li-
pomatosis.

F. Identification of alpha, adrenoceptors in adipocytes.
Pecquery, Malagrida, and Giudicelli (94) initially re-
ported the identification of alpha adrenoceptors in ham-
ster adipocytes using [*H]dihydroergocryptine which

Fain and Garcta-Sdinz

was later confirmed by us and others (51, 53, 95, 96).
Dihydroergocryptine bound to a homogeneous class of
receptors with a B, in the range 300-1200 fmol/mg
protein and Kp, in the range 2.5 to 15 nM. Later, it was
reported that dihydroergocryptine binding was biphasic
due to two types of receptors with different affinities for
this ligand (97). In our hands, dihydroergocryptine
binding was to a homogeneous class of receptors of in-
distinguishable affinity (51, 53, 95). Competition dis-
placement studies on [*H]dihydroergocryptine binding
by the selective ligands, prazosin and yohimbine, re-
vealed the presence of both alpha, and alpha, adreno-
ceptors in hamster adipocytes (51). Alpha, adrenocep-
tors represented 20-30% of the sites whereas alpha,
adrenoceptors represented the great majority of the
sites (70-80%). Similar proportions of sites have been
obtained by others in hamster adipocytes (97, 98). The
large variations in the number of alpha, adrenoceptors
may be due to differences in the preparation of mem-
branes and the age of the animals employed; i.e., the
number of alpha adrenoceptors in hamster adipocyte
membranes changes from 180 fmol/mg of protein at
45 days of age to 1700 fmol/mg protein at 10 months
(87). Guanine nucleotides do not affect either the bind-
ing of dihydroergocryptine nor its displacement by al-
pha adrenergic antagonists (99). However, guanine nu-
cleotides severely decrease the overall binding affinity
of alpha; adrenoceptors for agonists (99), indicating that
guanine nucleotides promote the conversion of the high
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affinity state of the receptor to a low affinity state. Stud-
ies on the binding of [*H]norepinephrine to alpha ad-
renoceptors are in agreement with those on antagonist
binding to hamster adipocytes (98).

Direct determination of alpha, adrenergic receptors
in human adipocytes has been performed using
[*H]dihydroergocryptine, which is a nonsubtype selec-
tive alpha antagonist (53). Specific alphas-selective ag-
onists such as [*H]clonidine (100) or [*H]para-amino-
clonidine (53) and [*H]yohimbine, a relatively specific
alpha, antagonist, have been used more recently (101).
Numerous discrepancies exist in alpha, adenoceptor
binding data that may be linked to differences in age
of the humans from which adipose tissue was obtained,
degree of obesity, and even to membrane storage con-
ditions or the composition of buffers used in binding
studies. Nevertheless, the ratio of [*H]yohimbine bind-
ing sites to [*H]clonidine or [*H]para-aminoclonidine
binding sites is always larger than 1, suggesting that
alpha; antagonists label a larger number of sites than
alpha, agonists. Studies on [*H]yohimbine binding dem-
onstrated that two affinity states of the receptor are ap-
parently involved in the binding of alpha, agonists
(101). Furthermore, the affinity of the alpha, receptor
of human fat cells for agonists is decreased in the pres-
ence of sodium and guanine nucleotides while that for
antagonists is unaffected (101, 102).

V. Elevation of cytosol Ca** and
phosphatidylinositol turnover via alpha, receptors

A. Introduction. In the initial burst of enthusiasm after
the discovery of cyclic AMP, all effects of catechol-
amines were attributed to this second messenger. How-
ever, in studies in our laboratory on gluconeogenesis in
rat liver hepatocytes, it was found that alpha adrenergic
antagonists markedly reduced the increase in glycogen
phosphorylase due to epinephrine without affecting cat-
echolamine stimulation of cyclic AMP accumulation
(103). Previously Sherline, Lynch, and Glinsmann (104)
had noted similar findings with perfused rat liver but
thought that the alpha catecholamine effects were due
to vasoconstrictors that elevated AMP. Subsequent
studies have confirmed that alpha catecholamine effects
on both glycogen phosphorylase and gluconeogenesis
involve some second messenger other than cyclic AMP
(105-110).

Studies from many different laboratories have sug-
gested that Ca®* rather than cyclic AMP or cyclic GMP
is the second messenger for alpha catecholamine stim-
ulation of glycogenolysis and gluconeogenesis in rat
hepatocytes. Several reviews of this subject have ap-
peared during the past few years (41, 111-114). How-
ever, the mechanisms by which alpha catecholamines
elevate intracellular Ca®* remain to be elucidated. In
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rat hepatocytes, under physiological conditions, all al-
pha effects of catecholamines are mediated through al-
pha; receptors (115-118).

There are alpha, catecholamine effects on phospha-
tidylinositol turnover in hepatocytes (115) and adipo-
cytes (119, 120). In fact, in almost every cell in which
a transmembrane signal is believed to elevate Ca®*,
there is also an increased turnover of phosphatidylino-
sitol (12, 121). The question of whether there is a causal
relationship between these two events is being actively
investigated at this time. One group believes that phos-
phatidylinositol turnover is secondary to elevations in
cytosol Ca?* (122); another group believes that hor-
mones accelerate the breakdown of polyphosphoinosi-
tides which causes the release of bound Ca®* (123); while
we think that hormones directly activate phosphatidy-
linositol breakdown, which is linked in some unknown
way to the elevation in cytosol Ca®*, but is not secondary
to elevations in Ca** (12, 124).

B. Alpha; adrenoceptors in adipocytes. Alpha,; adreno-
ceptors have been detected using *H-labeled WB4101
(Bimax» 303 fmol/mg of protein; K, 0.86 nM) in human
adipocyte membranes (53). They have also been de-
tected indirectly using prazosin displacement of
other ligands ([*H]dihydroergocryptine and [*H]-
norepinephrine) in hamster adipocyte membranes (51,
97, 99). The alpha, adrenoceptors represent 20-30%
of the total alpha adrenergic receptors.

Activation of alpha, adrenoceptors increases the la-
beling of phosphatidylinositol and its precursor phos-
phatidic acid in hamster (51), human (53), or rat adi-
pocytes (119, 120) and modulates glycogen metabolism
(120, 125, 126). However, attempts to directly dem-
onstrate alpha adrenoceptors in rat fat cell membranes
have been unsuccessful. There are sites labeled with
prazosin or dihydroergocryptine in rat adipocyte mem-
branes (127). The binding is rapid, reversible, saturable,
and of high afhnity but the sites do not have all the
pharmacological properties expected in alpha adreno-
ceptors (127). The authors concluded that true alpha
adrenoceptors do not exist in rat fat cells and that the
binding sites they detected represented phylogenetic
remnants of true alpha-adrenoceptors (127). The phar-
macological characteristics of the phosphatidylinositol
effect in rat fat cells indicate that the receptor involved
has the expected characteristics for alpha, adrenocep-
tors (119, 120). However, the direct determination of
alpha, adrenoceptors in rat fat cells remains a challeng-
ing goal.

C. Alpha; catecholamine effects on adipoctye glycogen me-
tabolism. There are alpha; catecholamine effects on
adipocytes from human, rat, hamster, sheep, and other
species. The physiological meaning of these effects is
unclear since the effects have little to do with regulation



of lipolysis. Rather it is the enzymes of glycogen me-
tabolism that are affected by alpha catecholamines as
depicted in Fig. 6. Lawrence and Larner (125, 126)
found that alpha catecholamines activate glycogen phos-
phorylase and inactivate glycogen synthase in rat adi-
pocytes.

The most likely mechanism for regulation of these
enzymes by alpha catecholamines is through elevation
of cytosol Ca®*. Khoo (128) found that the phosphor-
ylase kinase of adipose tissue is a Ca®**-dependent en-
zyme which suggests this is a site for Ca** action. Law-
rence and Larner (126) found that the alpha-adrenergic
inactivation of glycogen synthase was not seen in the
absence of extracellular Ca®** and was mimicked by the
divalent cation ionophore A-23187. The inactivation of
rat adipocyte glycogen synthase by catecholamines has
been shown to be an alpha, effect (120). However, in
hamster and human adipocytes a decrease in cyclic AMP
accumulation is seen in response to alpha, adrenergic
stimulation which would activate glycogen synthase. In-
sulin has effects on glycogen synthase which do not ap-
pear to be adequately explained by changes in cyclic
AMP or Ca?* (126).
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The role of Ca®" in regulation of adipocyte metab-
olism is rather unclear except for the enzymes of gly-
cogen metabolism. One of the key regulators of intra-
cellular Ca?* dynamics is the plasma membrane ATPase
which presumably pumps Ca?* out of cells. A direct
inhibitory effect of insulin on this enzyme has been re-
ported in adipocyte plasma membranes (129). This
would presumably elevate intracellular Ca®* just as al-
pha; adrenoceptor activation is postulated to do. Since
insulin and alpha, catecholamines have opposite effects
on glycogen synthase there must be other factors in-
volved in insulin action.

The known effects of alpha, adrenoceptor activation
on rat adipocytes are shown in Table 4. Only the in-
activation of glycogen synthase and *?P uptake into
phosphatidylinositol have been shown to be alpha, cat-
echolamine effects (120). Since there is general agree-
ment that no alpha, adrenoceptors or responses exist
in rat adipocytes, it is probable that K* efflux and ac-
tivation of glycogen phosphorylase are alpha; effects.

D. Insulin vs. catecholamine effects on phosphatidylinositol
turnover. Catecholamines increase *?P uptake into phos-
phatidylinositol via alpha, adrenoceptor activation in
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Fig. 6. Effects of catecholamines on adipocytes. Synthetic amines which are relatively selective for each type
of receptor are shown on the left and the two major responses in adipocytes on the right. Cyclic AMP can also
inactivate glycogen synthase, but Ca®" has little effect on the triacylglycerol lipase.

Fain and Garcia-Sdinz

Adrenergic regulation of adipocyte metabolism 955



TABLE 4.

Effects on rat adipocytes attributed to activation of alpha; adrenoceptors

Effect Mechanism

Reference

Stimulation of 4?K* efflux
Activation of glycogen phosphorylase

Inactivation of glycogen synthase

Increase in 32P uptake into
phosphatidylinositol and phosphatidic acid

Elevated cytosol Ca%*
Elevated cytosol CaZ*

Elevated cytosol Ca%*

May be secondary to release of Ca?* from
the endoplasmic reticulum to cytosol

Perry and Hales (130)
Lawrence and Larner (125)

Lawrence and Larner (126), Garcia-Sainz
and Fain (120)

Stein and Hales (131), Garcia-Sdinz and
Fain (119)

human (53), hamster (51), and lamb perirenal adipo-
cytes.* The relationship between this event and the
elevation of cytosol Ca?®* is not known. However, in cells
in which alpha, catecholamines, muscarinic cholinergic,
or other agents elevate Ca®*, an increased uptake of *?P
into phosphatidylinositol can be readily observed
(12, 121).

Insulin stimulated the labeling with [*P]P; of all phos-
pholipids in rat adipocytes (119). However, if adipocytes
were incubated in Ca®*-free medium containing EGTA,
the effect of insulin was specific for labeling of phos-
phatidylinositol and phosphatidic acid; interestingly,
ionophore A23187 mimicked this effect (119). If 2.5
mM CaCl; was added to the buffer containing EGTA,
there was still a stimulation of phosphatidylinositol la-
beling by alpha, catecholamines but the effects of insulin
and A23187 were reversed and these agents now
slightly inhibited phosphatidylinositol labeling (119).
One explanation for these results is that in the absence
of extracellular Ca®* all three agents cause net move-
ment of Ca®* out of the endoplasmic reticulum which
stimulated phosphatidylinositol synthesis. In contrast,
if Ca®* was present in the medium, net movement due
to insulin and A23187 could be in the opposite direc-
tion, resulting in increases in Ca?* content of the en-
doplasmic reticulum. Fain (12) has suggested that it is
the level of Ca?* in the endoplasmic reticulum that reg-
ulates phosphatidylinositol synthesis.

The effects of insulin on phospholipid turnover are
most complex and today there is more confusion than
clarity. We do not know why insulin can mimic the effect
of alpha catecholamines on phosphatidylinositol turn-
over in the absence of extracellular Ca®* but not in the
presence of Ca®* and EGTA. Kiechle et al. (132) have
recently suggested that phosphatidylserine might be re-
leased into the cytosol after interaction of insulin with
plasma membrane receptors. This was based on the
finding that this phospholipid mimicked effects of in-
sulin on activation of adipocyte cyclic AMP phospho-
diesterase and pyruvate dehydrogenase.

* Mohell, N., and ]J. N. Fain. Unpublished studies.
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Even more interesting was the report that after less
than 30 min incubation with insulin, the net level of
total phosphatidylinositol, polyphosphoinositides, and
phosphatidic acid in adipocytes was increased by 50%
(133). These results could be explained by an increased
synthesis or a decreased breakdown; however, it is hard
to imagine how insulin exerts effects large enough to
account for a 50% increase in 30 min. These findings
will serve as a stimulus for an extensive investigation of
insulin effects on phospholipid metabolism in adipo-
cytes.

Michell et al. (123) and Fain (12) have pointed out
that measuring effects of alpha, catecholamines and
other agents on *?P uptake into phospholipids is rela-
tively easy but is probably a secondary event. Ideally
inferences about the relationship between phosphati-
dylinositol breakdown and the release and/or entry of
Ca®* into the cytosol should be based on direct mea-
surement of breakdown. There are several problems
that complicate studies on the breakdown of plasma
membrane phosphatidylinositol in response to hor-
mones. If the hypothesis is correct that breakdown of
plasma membrane phosphatidylinositol is linked to ele-
vation of intracellular Ca®*, then it would appear likely
that only a small fraction of the total plasma membrane
phosphatidylinositol is broken down in response to hor-
mone. Furthermore, the plasma membrane pool is only
a small fraction of total cellular phosphatidylinositol. In
fly salivary glands previously labeled by incubation with
arachidonic acid (134), inositol (135, 136), or *?P (134—
136), most of the newly synthesized phosphatidylinositol
equilibrated with a small pool which was probably less
than 5% of total phosphatidylinositol. After addition of
the hormonal stimulus, breakdown of over 80% of the
prelabeled phosphatidylinositol was seen without any
demonstrable change in total phosphatidylinositol (136).
In other systems it has been difficult to preferentially
label and separate the plasma membrane pool of phos-
phatidylinositol.

In hepatocytes isolated from rats injected with triti-
ated inositol 18 hr previously, there was a breakdown
of about 5% of the labeled phosphatidylinositol during



the first 5 min after addition of vasopressin (123, 137).
" Lin and Fain (137) found that the breakdown of pre-
labeled phosphatidylinositol in the plasma membrane-
rich fractions was about 16 to 19% after exposure to
vasopressin for 5 min but there was no breakdown of
phosphatidylinositol in the endoplasmic reticulum. Re-
cently it was found that the direct addition of vaso-
pressin to rat liver plasma membranes resulted in an
increased disappearance of total phosphatidylinositol
(124, 138). Furthermore, the effect was independent of
Ca®* since the studies were done in the complete ab-
sence of Ca** as the membranes were incubated in the
presence of 0.5 mM EGTA. Harrington, Davis, and
Eichberg (139) obtained similar results after the addi-
tion of norepinephrine to rat liver plasma membranes.
These results suggest that either the hormone is acti-
vating a Ca®*-independent phospholipase C or is in-
creasing accessibility of phosphatidylinositol to an en-
dogenous phospholipase C present in the Neville prep-
arations of liver plasma membranes.

In adipocytes it has as yet been impossible to get
enough label into phosphatidylinositol under the con-
ditions used for labeling hepatocyte phosphatidylinosi-
tol. It should be possible to obtain direct stimulation of
phosphatidylinositol breakdown of adipocyte plasma
membrane after addition of alpha, catecholamine ag-
onists. However, the available methods for determina-
tion of total phosphatidylinositol breakdown are not
sensitive enough to permit these experiments to be
readily done.

The five major effects of alpha, catecholamines are
summarized in Fig. 7. Entry of extracellular Ca®* is not
required for alpha, catecholamine activation of glyco-
gen phosphorylase in hepatocytes (107, 115, 140).
Whether this is also true in adipocytes is unclear. How-
ever, the other four effects are generally seen after hor-
mone addition and the figure suggests the most prob-
able sequence of events. Question marks are placed by
each arrow to indicate that the scheme outlined is a
hypothesis.

V1. Regulation of adrenergic sensitivity
by thyroid hormone

Thyroid hormones modulate adipocyte responsive-
ness to catecholamines. Adipocytes from hyperthyroid
animals display an increased sensitivity to all lipolytic
hormones including catecholamines and the opposite is
true for cells from hypothyroid animals (17, 18, 141).

The effect of thyroid status on the alpha-adrenergic
responsiveness of adipocytes is unclear. Rosenqvist et
al. (142) suggested that hypothyroidism resulted in a
marked shift in the balance between alpha and beta
adrenergic receptors in human adipose tissue. Giudi-
celli, Lacasa, and Agli (143) reported that hyperthy-
roidism decreased by 35-45% the number of alpha ad-
renoceptors in hamster adipocytes. In contrast, we ob-
served no reduction in the number of alpha
adrenoceptors in fat cells of hyperthyroid hamsters or
of the alphay adrenergic responsiveness (95).
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Fig. 7. Events involved in alpha, catecholamine action on target cells.
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The defective accumulation of cyclic AMP observed
in adipocytes from hypothyroid rats is probably due to
an impaired beta adrenergic response rather than to
changes in alpha responses. Rats do not have functional
alpha, adrenoceptors in their adipose tissue and there
are no known effects of alpha, adrenoceptors on lipol-
ysis (17, 18, 141). Alpha, adrenoceptors do regulate
adipocyte glycogen synthase. The inhibition by beta cat-
echolamines as well as the stimulation by insulin of gly-
cogen synthase was markedly reduced in adipocytes
from hypothyroid rats (120). In contrast, the alpha, ad-
renoceptor inactivation of glycogen synthase was little
affected by thyroid status.

The mechanism by which thyroid hormones regulate
lipolytic sensitivity is not yet established. Since sensitivity
to all hormones is affected, it is unlikely that thyroid
hormones specifically regulate the number of beta ad-
renoceptors (17, 141). In agreement with this, Malbon
et al. (144) found little effect of thyroid status
on the number or affinity of binding sites for
[*H]dihydroalprenolol, a beta-adrenergic antagonist.

The ability of catecholamines to elevate cyclic AMP
accumulation is markedly reduced in adipose tissue
from hypothyroid animals (141). This is probably due
to an impaired activation of adenylate cyclase by hor-
mone-receptor complexes (141, 144). There was a re-
duction in hormonal activation of adenylate cyclase in
isolated membranes from hypothyroid rats under some,
but not all, conditions (141). This may reflect a differ-
ential loss of the factors involved in regulating the in-
teraction of all hormone receptor complexes with ad-
enylate cyclase. A guanine-nucleotide binding protein
is involved in this coupling and may be the site of thyroid
hormone action. One of the most impressive effects of
thyroid status on isolated adipocyte membranes is the
change in catecholamine agonist displacement of antag-
onist binding which was greater in adipocyte mem-
branes from hyperthyroid rats as compared to euthyroid
controls. In membranes from hypothyroid rats, agonist
displacement was reduced (145). Interestingly, guanine
nucleotides did not inhibit catecholamine displacement
of antagonist (dihydralprenolol) binding in membranes
from hypo- or hyperthyroid rats as was seen in mem-
branes from euthyroid controls (145). Much remains to
be learned about how thyroid hormones regulate ade-
nylate cyclase.

The increase in cyclic AMP phosphodiesterase activ-
ity seen in adipocytes from hypothyroid rats is probably
due to a decrease in growth hormone secretion. Peake,
Birge, and Daughaday (146) found that growth hor-
mone levels were hardly detectable in serum from hy-
pothyroid rats. This might explain the increased hexose
transport activity (147, 148) and cyclic AMP phospho-
diesterase activity (149, 150) seen in hypothyroid rats.
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Similar increases are seen in hypophysectomized rats
and are normalized by growth hormone treatment (151,
152). Schoenle, Zapf, and Froesch (151) found that thy-
roid hormone administration to hypophysectomized
rats did not affect the elevated cyclic AMP phospho-
diesterase activity observed in adipocyte homogenates.
These data suggest that thyroid hormone effects on
cyclic AMP phosphodiesterase are mediated through
growth hormone.

It is possible that thyroid hormones might regulate
the ratio of stimulatory to inhibitory guanine-nucleotide
binding proteins shown in Fig. 5. In isolated adipocyte
membranes from hypothyroid rats there appeared to be
more N; protein which could be ADP-ribosylated by
cholera toxin (153). Pertussis toxin markedly increases
lipolysis and cyclic AMP due to forskolin or catechol-
amines in adipocytes from hypothyroid rats.’

VII. Effects of obesity, age, and nutritional status
on adrenergic responsiveness

The cyclic AMP response to epinephrine and nor-
epinephrine can depend on the relative ratio of alpha,
to beta effects. In adipocytes taken from obese individ-
uals fasted for 3 days, there was a reduction in epi-
nephrine-induced lipolysis and cyclic AMP accumula-
tion (154). This reduction was attributed to a decrease
in beta adrenoceptor activation of lipolysis rather than
to an increase in alphay processes (154).

The influence of obesity on the ratio of alpha to beta
adrenoceptor activity has not been carefully examined
in humans. However, no inhibitory alpha, responses can
be seen on adipocytes from normal dogs, while a marked
anti-lipolytic effect of alpha, adrenoceptor activation
can be seen in cells from obese dogs (155). Similar re-
sults have been seen in old obese rabbits (15).

In subcutaneous adipose tissue obtained from obese
humans after a 7-day fast, the addition of norepineph-
rine actually reduced basal cyclic AMP by 23% and li-
polysis by 24% (156). In adipocytes obtained from the
same individuals just prior to onset of the fast, the ad-
dition of the same amount of norepinephrine elevated
cyclic AMP by 68% and lipolysis by 66%. The inhibition
of basal cyclic AMP by norephinephrine was greatest
in the tissues with the smallest size adipocytes. These
data were based on incubation of adipose tissue in the
absence of albumin and presence of 10 mM theophylline
for the cyclic AMP studies. Obese humans have a sub-
stantial alpha, inhibitory response to norepinephrine or
epinephrine and starvation apparently reduces beta ad-

% Mills, I., J. N. Fain, and J. A. Garcia-Sdinz. Unpublished experi-
ments.



renoceptor sensitivity much more than alpha adreno-
ceptor sensitivity (154, 156).

Regional differences exist in the ratio of alpha to beta
adrenoceptors in humans (86, 157, 158). There is a
smaller alpha, component in regulation of lipolysis and
cyclic AMP accumulation in omental as compared to
epigastric subcutaneous adipose tissue of fed humans
(157). There was also a more marked alpha, inhibitory
component in femoral than in hypogastric subcutaneous
adipose tissue after a 7-day fast in morbidly obese hu-
mans (157). These regional differences suggest that it
might be possible through the use of alphag agonists and
antagonists to affect preferential loss of certain lipid
depots during starvation.

An increased level of alpha, adrenoceptor activity
could be a causative feature in the development of obe-
sity but this is a rather speculative hypothesis. Curtis-
Prior (159) suggested a somewhat similar hypothesis in
1975 in which overproduction of prostaglandins inhib-
ited lipolysis in individuals prone to obesity. Prosta-
glandins, like adenosine and alpha; adrenergic agonists,
are all thought to work through an inhibitory guanine-
nucleotide binding protein (Fig. 5) to inhibit adipocyte
adenylate cyclase (46, 47, 63). There is little evidence
that prostaglandins are physiological regulators of adi-
pocyte lipolysis during short-term studies (17, 18, 79).
It has also been difficult to prove that adenosine is a
physiological regulator of lipolysis (17, 18, 78-80).
However, all three agents are potent inhibitors of ad-
enylate cyclase and anything that increases their levels
in adipose tissue should theoretically inhibit lipolysis.
Recently we found that in adipocytes from rats or ham-
sters treated with pertussis toxin, basal lipolysis was el-
evated and the sensitivity of the cells to forskolin and
catecholamines was increased 10- to 100-fold.? Pertussis
toxin blocked the inhibition of lipolysis by adenosine,
prostaglandins, and alpha, catecholamines.?

The effects of aging on adipocyte metabolism are
often difficult to dissociate from the effects of obesity.
Most studies have been done with male rats from strains
that have a progressive increase in fat cell size and num-
ber with age. In one study, the number of binding sites,
but not the affinity, for the beta catecholamine antag-
onist dihydroalprenolol changed with age (160). In 1-
month-old rats there were approximately 11,000 bind-
ing sites per cell which increased to 40,000/cell at 8
months and then slowly declined to 7,000 sites per cell
at 24 months (160). The log-dose response curves for
activation of adenylate cyclase by norepinephrine or iso-
proterenol reflected the number of receptors per cell.
It was less clear what effect aging has on lipolysis, as the
response to only a single concentration (0.1 um) of nor-
epinephrine was tested and the values were expressed
per gram of cell lipid rather than per cell. If the lipolytic
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response to 0.1 uM norepinephrine was expressed per
cell, there was a dramatic decline in the adipocytes from
the 8-month-old rats as compared to those from 1-
month-old rats and no lipolysis in adipocytes from 30-
month-old rats (160).

Some effects of aging have been separated from those
of obesity (161, 162). In male Fischer rats maintained
on a restricted food intake, longevity is increased by
49% and adipocyte hypertrophy is not seen. At 6
months of age, there was a similar lipolytic response to
catecholamines in both groups (162). However, by 12
months of age there was a selective loss in catecholamine
responsiveness in adipocytes from the obese rats fed ad
libitum (162). In adipocytes from rats whose food intake
was restricted, there was a much smaller loss of respon-
siveness to catecholamines with age (162).

Dax, Partilla, and Gregerman (163) found no loss in
adenylate cyclase responsiveness to epinephrine with
aging. They used male Wistar rats and, even in adi-
pocytes isolated from 24-month-old rats (the median life
span for this strain fed on laboratory chow), there was
no change in beta-adrenergic antagonist binding sites,
maximum cyclic AMP accumulation, or adenylate cy-
clase activity as compared to adipocytes from 6- to 12-
month-old rats. The adipocytes from the 24-month-old
rats were rather fragile and if centrifuged during iso-
lation there was considerable breakage. The only effect
of aging was to markedly decrease maximum lipolysis
in response to epinephrine (163). It has been suggested
that some of the changes with aging in lipolytic sensi-
tivity of adipocytes from mice were due to changes in
fat cell size (164). However, in the studies of Dax et al.
(163), this did not account for the changes in lipolytic
sensitivity to epinephrine noted at 24 months.

The effects of aging appear to be rather variable.
However, a large part of this may be due to differences
in species, strains, and diet as well as failure to dissociate
changes due to obesity in rodents from those of aging.
Furthermore, the marked fragility of adipocytes from
senescent rodents may influence results as the products
released during cell lysis can have deleterious effects on
the surviving adipocytes. There does appear to be a
decrease in lipolytic sensitivity of adipocytes from se-
nescent rats to epinephrine (160, 163) which cannot be
explained by decreases in the ability of catecholamine-
receptor complexes to activate adenylate cyclase. In ef-
fect, there is a dissociation between cyclic AMP for-
mation and lipolysis in adipocytes from senescent rats.
The defect is either in the ability of cyclic AMP to ac-
tivate lipolysis or in unknown factors involved in lipo-
lytic regulation.

Starvation of rats has effects similar to those of aging
and obesity on catecholamine-induced lipolysis. Male
rats (140-160 g) were starved for 72 hr, which resulted
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in loss of 40-65% of their adipose tissue weight (165).
Crude membrane preparations derived from adipocytes
had more beta adrenoceptors and were more sensitive
to activation of adenylate cyclase by isoproterenol per
mg of protein. However, the lipolytic response of adi-
pocytes from starved rats was markedly reduced on a
per cell basis to isoproterenol, ACTH, and dibutyryl
cyclic AMP (165). Thus, starvation of the rat, like aging,
uncoupled adenylate cyclase activation from lipolysis.

Hopefully, future studies will examine the effects of
nutritional status and aging on alpha receptors and re-
sponsiveness. One problem in such studies is that it is
not yet clear how to measure alpha; adrenoceptors in
rat adipose tissue, as there are problems with dihy-
droergocryptine and prazosin binding (127). While it
is possible to use dihydroergocryptine for measurement
of alpha adrenoceptors in hamster adipocytes (51, 96,
97), it is rather difficult to obtain yohimbine binding to
white® or brown” adipocytes.

Clonidine is quite effective in inhibiting lipolysis and
cyclic AMP accumulation in intact hamster (95, 166)
and human (53, 54) adipocytes. While clonidine is al-
ways more potent than epinephrine in displacing labeled
yohimbine binding from human adipocyte ghosts (102),
it has been reported to be a poor inhibitor of adenylate
cyclase activity in adipocyte membranes from hamsters.
Furthermore, in the presence of guanine nucleotides
and high NaCl concentration, the ability of epinephrine
to displace yohimbine binding was reduced 100-fold
(102). In contrast, clonidine displacement of yohimbine
binding was reduced only 6-fold by guanine nucleotides
in the presence of NaCl. These discrepancies point out
the variations encountered in studies on the binding of
labeled agonist and antagonists from one species to the
next and possibly even in different types of adipose tis-
sue within a given animal. A further problem is that the
only thing that can be readily measured is high affinity
binding sites for antagonists. The binding of labeled
hormones to membranes is reduced by guanine nucleo-
tides that are also required for coupling of the hormone
receptor complexes to adenylate cyclase as first pointed
out by Rodbell and associates (167, 168). This suggests
that the highest affinity site for binding may be one in
which receptors are not linked to any function, while
the interaction of hormone-receptor complex with gua-
nine-nucleotide binding protein in the presence of GTP
results in activation of adenylate cyclase as well as a
reduction in binding affinity for the hormone.

VIII. Effects of adrenoceptor activation
in brown adipocytes

Brown adipocytes differ from white adipocytes in
having multiple lipid droplets and many mitochondria

6 Lafontan, M. Personal communication.
7 Mohell, N. Personal communication.
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with tightly packed cristae (169). The major function
of brown fat is thermogenesis due to oxidation by the
abundant mitochondria of fatty acids released during
lipolysis (169). In brown fat mitochondria, oxidative
phosphorylation is readily uncoupled by free fatty acids.
The sequence for thermogenesis is beta adrenoceptor
activation of adenylate cyclase, increased phosphoryla-
tion of triacylglycerol lipase, and finally, increased res-
piration due to oxidation of free fatty acids released
during lipolysis.

In brown adipocytes from hamsters there are beta,
adrenoceptors that bind dihydroalprenolol (170). There
are also alpha adrenoceptors that bind dihydroergo-
cryptine (171) and prazosin (172). The latter ligand la-
bels only alpha, adrenoceptors. There are alpha, effects
on uptake of *?P into phosphatidylinositol (172-174)
and on respiration in adipocytes isolated from brown
fat of hamsters (172). The evidence for alpha, cate-
cholamine responses in hamster brown adipocytes is less
clear. One group could detect no effects (175), while
others saw an inhibition of lipolysis and cyclic AMP ac-
cumulation (176).

Thyroid hormones affect catecholamine responsive-
ness of brown adipocytes. In adipocytes from hypothy-
roid mice the stimulation of respiration by catechol-
amines (177) and the state of pyridine nucleotide re-
duction after catecholamine addition to adipocytes from
hypothyroid rats (178) were markedly reduced. Hypo-
thyroid rats are unable to maintain sufficient non-
shivering thermogenesis to survive cold exposure
(179, 180).

The best explanation for the data is that thyroid hor-
mones have opposite effects on thermogenic capacity in
brown fat as opposed to catecholamine sensitivity. In-
deed, Seydoux, Giacobino, and Girardier (178) found
that the metabolic response to octanoate was enhanced
by hypothyroidism. This agrees with the finding that
GDP binding was enhanced in cells from hypothyroid
rats where the reduction in overall basal metabolic rate
is compensated by an increase in brown fat thermogene-
sis (181). In hypothyroid rats there is an increase in
thermogenin and of heat production by brown fat to
compensate for the general decrease in basal metabolic
rate seen in other tissues (181). This raises the question
of what regulates thermogenesis at ambient tempera-
tures in brown fat. If it is catecholamines, the rate of
their release must be greatly accelerated in hypothyroid
animals. It is unclear how thyroid hormones regulate
the amount of mitochondrial thermogenin that binds
GDP and apparently compensates for the reduced sen-
sitivity of these animals to catecholamines. The data
suggest that thyroid hormone regulation of catechol-
amine sensitivity is relatively unimportant in regulation
of mitochondrial thermogenesis except during cold ad-
aptation (181, 182).



Currently there is a lot of interest in diet-induced
thermogenesis in brown fat. The administration of a
diet high in carbohydrate and low in protein induces
hypertrophy of brown fat in rodents and an increase in
catecholamine-induced thermogenesis (183). A role for
thyroid hormone has been suggested since plasma levels
of trilodothyronine were 27% higher in rats fed a hy-
percaloric diet (184). This may play a role in increased
catecholamine sensitivity but some other factor is prob-
ably responsible for the increase in mitochondrial ther-
mogenesis. Brown fat mitochondria from rats fed a
high-carbohydrate diet bound three times more purine
nucleotides than mitochondria from control animals
(184). The dietary-induced changes were originally seen
after feeding rats a *‘junk-food diet” consisting of highly
palatable food items to humans such as cookies, sand-
wiches, and sugar-coated cereals. It is now clear that
this results in a diet for rodents that is deficient in pro-
tein and high in carbohydrate, thus requiring extra ca-
loric intake in order to obtain sufficient protein for
growth (184). It is sufficient to supplement the ordinary
diet of rodents with sugar in the drinking water to re-
produce the changes with the “junk-food diet” (185).

Conclusion

Only recently has it been realized that there are al-
pha; and alpha, effects of catecholamines on adipose
tissue. Alphay effects are linked to regulation of ade-
nylate cyclase as are the beta effects. In contrast, alpha,
responses are linked to Ca®* but have little effect on
lipolysis. However, much remains to be learned about
the physiological role of alpha adrenoceptors and espe-
cially in human adipocytes. Bl
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