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ABSTRACT A partially purified hormone-sensitive
triglyceride lipase of human adipose tissue was found to
be activated twofold by the addition of cyclic 3,5-AMP,
ATP, and magnesium ions. Lipase activities against
diolein and monoolein were not affected. Addition of
protein kinase inhibitor at zero time completely in-
hibited activation, and this inhibition was prevented by
prior addition of an excess of exogenous protein kinase
(from rabbit skeletal muscle). Addition of protein
kinase inhibitor during the activation step blocked the
activation process without a time lag, suggesting that
protein kinase operates directly on hormone-sensitive
lipase. Further purification yielded a fraction free of
protein kinase, and lipase activation in this fraction
depended absolutely on addition of exogenous kinase.
Incubation of human fat with epinephrine or isopro-
terenol stimulated lipolysis and caused conversion of
nonactivated hormone-sensitive lipase to its activated
form, as indicated by a decrease in the activation
subsequently obtainable in fractions prepared from such
hormone-treated tissues. These findings strongly sug-
gest that the stimulation of lipolysis by hormonal treat-
ment is the consequence of the activation of hormone-
sensitive triglyceride lipase by cyclic 3,5-AMP-de-
pendent protein kinase.

INTRODUCTION

Studies from a number of laboratories indicate that ac-
tivation of hormone-sensitive lipase in rat adipose tissue
is probably linked to cyclic AMP (1-5). Recently, the
immediate activating step has been shown to be cata-
lyzed by cyclic:AMP-dependent protein kinase (6, 7) and
to involve the transfer of the terminal phosphate of
ATP to the lipase (8). Human adipose tissue differs in
several respects from rat adipose tissue. Basal lipolytic
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activity is lower, as is sensitivity to catecholamines (9,
10). The spectrum of hormone responsiveness is quite
different; whereas glucagon, ACTH, and growth hor-
mone are effective stimuli for lipolysis in rat adipose
tissue, these hormones have little or no effect on human
tissue (11-13). Further, human adipocytes appear to
have an e-adrenergic receptor mechanism that suppresses
lipolysis, while such receptors appear to be lacking in
rat adipocytes (14). While there are thus several prop-
erties that differentiate hormonal control of human and
rat adipose tissue, there are also important parallels.
Lipolysis in both is stimulated by theophylline, a phos-
phodiesterase inhibitor, and by dibutyryl cyclic AMP
(14, 15). Also, increases in cyclic AMP production have
been demonstrated in both species in response to lipolytic
hormones (3, 14). Thus, the qualitative differences
noted above may relate exclusively to the pattern of
primary receptor sites; the quantitative differences are
not, per se, incompatible with the operation of an activa-
tion mechanism in human tissue analogous to that in the
metabolically more active rat adipocyte.

The present studies describe the partial purification
and characterization of hormone-sensitive lipase from
human adipose tissue and the demonstration of its acti-
vation by cyclic AMP-dependent protein kinase. The
properties of the activation system are described, and
evidence is presented to support identification of the
protein kinase activation mechanism, demonstrated in
cell-free preparations, as the physiologic mode of lipase
activation in intact human adipose tissue. Preliminary
studies have been reported elsewhere (16, 17).

METHODS

Human subcutaneous adipose tissue was obtained at the
time of surgery from three grossly obese subjects under-
going ileo jejunal bypass (L. S., female, age 40; N. S.,
female, age 28; H. B., male, age 34) and from a 54-yr-
old woman (M. H.) undergoing mastectomy. The patients
had nothing by mouth after 6 p.m. the night before surgery.
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The biopsied tissue obtained was minced within 1 h and
incubated at 37°C in Krebs-Ringer bicarbonate buffer con-
taining 4% bovine serum albumin under 95% O::5% CO:.
for 1 h. The tissue was then either studied at once or
frozen in liquid N. and stored at —80°C for as long as
1 mo. The tissue was homogenized in a Waring blendor
(Waring Products Div., Dynamics Corp. of America, New
Hartford, Conn.) with 2 vol of a solution containing 0.25
M sucrose, 1 mM EDTA, and 10 mM Tris buffer, pH
7.4, at 4°C. The homogenate was subjected to low-speed
centrifugation to remove cell debris and the bulk of the
fat. The extract was then centrifuged at 100,000g for 30
min. Lipase activity recovered per gram tissue in the
100,000g supernatant fraction was, as expected, much lower
than that found in the equivalent fraction from rat adipose
tissue—i. e,, 50-100 vs. 2,000-4,000 nmol free fatty acid
(FFA)'/g per h. The particle-free supernatant fraction
was carefully adjusted to pH 5.2 with 0.1 N acetic acid.
The precipitate formed was centrifuged down at 1,000g,
redissolved in a small volume of buffer containing 20%
glycerol, and stored at —20°C. This fraction (designated
5.2 P fraction) was used in all the studies to be described
unless otherwise specified. Its specific activity was 6-19
times that of the 100,000g supernatant fraction, and re-
coveries ranged from 60 to 100%. The specific activity of
this fraction ranged from 98 to 250 nmol FFA released/
mg of protein per h. In one experiment, the enzyme was
further purified by taking up the 52 P fraction in a
solution containing 0.25 M sucrose, 1 mM EDTA, and 10
mM Tris, pH 7.4, and subjecting it to gel filtration on a
4% agarose column. Over 53% of the activity emerged in
the void peak. The effluent was adjusted to density 1.15 by
addition of sucrose and was centrifuged in a Beckman-
Spinco 40.3 rotor (Beckman Instruments Inc., Spinco Div.,
Palo Alto, Calif.) at 40,000 rpm for 48 h. Over 90% of
the activity was recovered in the top 1.5 ml of the cen-
trifuge tube. The specific activity of this floated fraction
was 29 times that of the original 100,000g supernatant
fraction.

Some lipoprotein lipase activity was recovered in the
5.2 P fraction. Its contribution to observed triglyceride
lipase activity was minimal at pH 7.0 in the absence of
activator. However, by adding serum or a specific lipo-
protein apoprotein activator (apoLp-Glu) and by assaying
at pH 8.2, significant lipoprotein lipase activity was mea-
surable.

Unless otherwise stated, the activation of lipase fractions
was carried out in a volume of 0.2 ml at 30°C for 10
min at pH 80, which was shown to be the pH optimum
for the activation step. The system consisted of 50 mM
Tris, pH 8.0, 1 mM dithiothreitol, 0.5 mM ethyleneglycol-
bis (B-aminoethyl ether) N,N’-tetraacetic acid (EGTA), 5
mM magnesium acetate, and 1.0 mM theophylline, either in
the absence (incomplete system) or in the presence (com-
plete system) of 0.5 mM ATP and 0.01 mM cyclic AMP.

The pH-activity curves for both the nonactivated and
activated preparations were indistinguishable, showing a
rather broad peak between pH 6.8 and 7.4. Therefore,
assays of lipase activity were routinely carried out at pH
7.0. Assay of hormone-sensitive lipase was initiated by

t Abbreviations used in this paper: apoLp-Glu, the apo-
protein with C-terminal glutamic acid isolated from human
very low density lipoprotein; EGTA, ethyleneglycol bis-
(B-aminoethyl ether) N,N’-tetraacetic acid; FFA, firee
fatty acid.
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TABLE I
Magnesium Ion Requirement for Lipase Activation
by Endogenous Protein Kinase

Mg?2t Incomplete Complete
concen- system* system* Percentage
tration (minus Mg?*) (minus Mg?*) activation
mM nmol FFA/mg protein per h
0 224,219 (222)% 227,231 (229) 0
0.1 235,239 (237) 233,234 (234) 0
0.5 229,237 (233) 257,266 (262) 13
1.0 243,237 (240) 480,481 (481) 100
5.0 249,251 (250) 502,511 (506) 102
10.0 243,248 (246) 505,510 (508) 107
20.0 250,246 (248) 507,522 (515) 107

* Composition of activation mixtures as described under
Methods, except that Mg?* was omitted and replaced by the
concentrations of Mg?* shown in the first column.

1 Results of duplicate enzyme assays; mean values in

parentheses.

adding to the activation mixture 2 ml of a substrate mix-
ture containing 0.42 mM [*C]triolein (238,000 cpm/umol),
30 mM EDTA, 40 mM Na-phosphate buffer, pH 7.0, and
2% bovine serum albumin (Fraction V, Armour Pharma-
ceutical Co., Chicago, Il1l.) and incubations were carried out
at 30°C for 1 h. The reactions with complete and incom-
plete systems were linear for 90 min, at which time no
more than 18% of the triolein had been hydrolyzed. The
rate of triolein hydrolysis increased linearly with increas-
ing amounts of the 5.2 P fraction over the range of en-
zyme activities studied. The reactions were stopped by
adding 5 ml of Dole’s extraction mixture (18). Fatty acids
were isolated from the heptane phase by the resin method
of Kelley (19), as modified by Huttunen, Ellingboe, Pitt-
man, and Steinberg (20). The excellent reproducibility of
the lipase assay is indicated by the representative results
shown in Table I. Duplicate assays (14 pairs) agreed
within 1.8+0.2% (mean percentage difference =SEM). The
assays of nonactivated enzyme (incomplete system) yielded
a mean value of 240+=4 nmol FFA/mg protein per h. This
is a maximum estimate of the error, since there may have
been a small effect of Mg* at concentrations above 1 mM.

Labeled triolein, diolein (a mixture of 1,3 and 2,3 iso-
mers), and monoolein (presumably an equilibrium mixture
of 1 and 2 isomers) were obtained from DHOM Products,
Ltd.,, North Hollywood, Calif. [1-*C]oleic acid was dis-
tributed randomly among the acylated position in all the
labeled substrates. Nonradioactive triolein, diolein, and
monoolein were obtained from Sigma Chemical Co., St.
Louis, Mo. Triolein emulsions were prepared by sonifica-
tion of a mixture of [*C]triolein and unlabeled triolein in
5% gum arabic, as previously described (20). Diolein
emulsions were prepared in the same way. Since monoolein
did not yield a homogeneous emulsion with 5% gum arabic,
the emulsion was prepared by mixing it with 10 mM
taurodeoxycholate, pH 7.0, on a Vortex mixer (Scientific
Industries, Inc., Queens Village, N. Y.) as previously de-
scribed (21).

Glycerol was determined enzymatically by the method of
Wieland (22). The NADH formed was read in a Far-
rand spectrofluorometer (Mark I, Farrand Optical Co.,
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Ficure 1 ATP dependence of hormone-sensitive lipase
activation. Lipase was activated with the incomplete sys-
tem (see Methods) plus cyclic AMP (10 xM) and increas-
ing concentrations of ATP (from 0 to 100 xM) at 30°C
for 5 min. No exogenous protein kinase was added. The
activation was terminated by adding 2 ml of substrate
mixture, and lipase activity was assayed for 1 h at 30°C.

Inc, Valhalla, N. Y.). Glycerokinase and a-glycerolphos-
phate dehydrogenase were purchased from Sigma Chemical
Co. Protein was determined as described by Lowry, Rose-
brough, Farr, and Randall (23).

Protein kinase was purified from rabbit skeletal muscle
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Fieure 2 Cyclic AMP (cAMP) dependence of hormone-
sensitive lipase activation. Activation was carried out in
the presence of 0.5 mM ATP and increasing concentra-
tions of cyclic AMP. Other conditions were as described
in the legend to Fig. 1.
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by the procedure of Walsh, Perkins, and Krebs (24)
through the first DEAE-cellulose chromatography step. It
was devoid of lipase activity. Protein kinase inhibitor was
also purified from rabbit skeletal muscle according to the
method of Walsh et al. (25). The lipoprotein apoprotein
with C-terminal glutamic acid (apoLp-Glu), generously
provided by Dr. W. Virgil Brown, was purified from
the very low density lipoprotein fraction of a patient with
type V hyperlipoproteinemia (26).

RESULTS

Characteristics of the activation system. Activation
of partially purified hormone-sensitive lipase (5.2 P
fraction) required addition of three primary cofactors:
Mg*, ATP, and cyclic AMP. Omission of any one of
these three primary cofactors markedly reduced or
abolished activation, as shown below.

The requirement for Mg® is demonstrated by the re-
sults in Table I. Under the activation conditions used,
with 0.5 mM EGTA present, 1-5 mM added Mg* yielded
maximum activation. Higher concentrations of Mg*, up
to 20 mM, did not inhibit the activation process, nor did
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FiGure 3 The effect of protein kinase inhibitor on the
activation of hormone-sensitive lipase. Lipase in the pH
5.2 precipitate fraction was activated as described under
Methods. The indicated amounts of protein kinase inhibitor
were added just before the addition of the 5.2 P fraction
(final volume 0.2 ml). Lipase assay was initiated by the
addition of 2 ml of substrate containing 0.42 mM [“C]-
triolein.



they inhibit either the nonactivated or the activated
form of the lipase.

Activation as a function of increasing concentrations
of ATP from 1 #M to 100 M at a constant concentra-
tion of cyclic AMP (10 #M) is shown in Fig. 1. Half-
maximal activation was obtained at about 8 #M. Acti-
vation as a function of increasing concentrations of cy-
clic AMP from 0.25-2.5 «M in the presence of a con-
stant concentration of ATP (0.5 mM), is shown in
Fig. 2. Half-maximal activation was obtained at about
3 X 107" M. Activation specifically required ATP and
cyclic AMP. Substitution of ITP, GTP, thymidine tri-
phosphate (dTTP), or UTP for ATP or substitution of
cyclic GMP, cyclic IMP, or cyclic UMP for cyclic AMP
yielded little or no activation (data not shown).

Protein kinase dependency of the activation. To prove
that the activation by cyclic AMP and ATP-Mg* was
due to endogenous protein kinase in the 52 P fraction,
a specific inhibitor of protein kinase was used (25).
Addition of 7.8 ug of the protein kinase inhibitor to the
complete system completely blocked activation (Fig. 3).
The inhibitory effect was a function of the amount of
protein kinase inhibitor added, 509 inhibition being
obtained with addition of about 2 ug (final concentration
10 ug/ml) (Fig. 3). This inhibition could be overcome
by adding back purified protein kinase from rabbit skele-
tal muscle as shown in Fig. 4, thus ruling out nonspecific
effects of the protein kinase inhibitor fraction. The
maximal activation of hormone-sensitive lipase due to
the addition of even large amounts of exogenous protein
kinase did not exceed that obtained in the absence of
protein kinase inhibitor, indicating that there was suffi-
cient endogenous protein kinase in the 5.2 P fraction to
completely activate during the 10-min preincubation pe-

100 -

§ ?“NO PK INHIBITOR

> 80,

2 |

'—

< 60

> |

= |

Q

< 40 |

& |

b

a 20 |

- |

0o 4! ADDITION OF 7.8 ug PK INHIBITOR

I T T = =
0 25 50 75 100

ADDED PROTEIN KINASE, ug

FIGURE 4 Reversal of the effects of protein kinase (PK)
inhibitor by addition of exogenous purified protein kinase.
Various amounts of purified protein kinase were added at
zero time to a series of tubes containing lipase together
with 7.8 ug of protein kinase inhibitor.
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FiGure 5 Requirement for added protein kinase for hor-
mone-sensitive lipase activation in a more highly purified
fraction (1.15 floating fraction; see Methods). Lipase was
activated in a total volume of 0.4 ml (0.2 ml of d 1.15
floating fraction plus 0.2 ml of complete activation system).

riod. When the enzyme in the 5.2 P fraction was further
purified by gel filtration and by flotation at density 1.15,
as described under Methods, activation depended ab-
solutely on the addition of exogenous protein kinase, as
shown in Fig. 5.

The activation of human hormone-sensitive lipase by
protein kinase could be an indirect process analogous to
the system for activation of phosphorylase. In that case,
cyclic AMP-dependent protein kinase activates phos-
phorylase kinase, which then in turn, activates phos-
phorylase in a reaction not dependent on cyclic AMP
(24). To test for the possible participation of a lipase
kinase analogous to phosphorylase kinase, protein kinase
inhibitor was added during the course of the activation
step. If there were an intermediate enzyme (“lipase
kinase”), activation might be expected to continue for
some time, even after the protein kinase activity had
been completely inhibited. As shown in Fig. 6, when
protein kinase inhibitor was added at 10 min, the acti-
vation process was immediately and completely blocked.
Addition of an excess amount of protein kinase (80 pg)
overcome this inhibition and allowed activation to con-
tinue (Fig. 6).

Conversion of lipase to the activated form by hor-
mone treatment of imtact tissue. If the activation of
hormone-sensitive lipase by cyclic AMP-dependent pro-
tein kinase reflects the physiologic process of activation,
it would be anticipated that homogenates prepared from
tissues previously incubated with lipolytic hormones
would contain lipase predominantly in the activated
form and therefore show a smaller percentage increase
in activity in response to the cyclic AMP system. Pieces
of human fat were incubated for 1 h with epinephrine
or isoproterenol. At the end of the incubation, the tissues
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TaBLE TI

Effects of Previous Incubation of Intact Tissue with Hormones on Cyclic
A MP-Dependent Activation of Lipase in Cell-Free Extracts

Rate of
glycerol
release from
Hormone added intact tissue

nmol/g
tissue per h

Exp 1 (subject N. S.)

None 228
Epinephrine (1 pM) 458
Isoproterenol (1 pM) 688

Exp 2 (subject M. H.)
None —
Epinephrine (10 M) —

Activation in the 5.2 P fractions prepared from

tissue at end of incubation

Incomplete Complete Percentage
system system activation
nmol FFA/mg protein per h -
221 439 99
268 419 56
349 394 13
109 166 52
164 183 12

were homogenized and 5.2 P fractions were prepared
from each. Then the percentage activation obtainable
with cyclic AMP-ATP was determined.

As shown in Table II, the percentage activation ob-
tained in tissues incubated in the presence of hormone
was sharply reduced. In exp 1 it fell from 999, to 139,
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FIGURE 6 Arrest of the activation process on addition of
protein kinase inhibitor and restoration of activation on
addition of excess protein kinase. Activation of lipase was
initiated using the standard complete system, and lipase
activity was determined at 10 min intervals (O). At 10
min, an aliquot was added to a tube containing protein
kinase inhibitor (7.8 ug). At 20 min and 30 min, aliquots
of this mixture were assayed (A). At 20 min, an excess
of protein kinase was added (80 pg) and lipase activity
was determined at 30 min ([J).
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after incubation with 1 M isoproterenol, a potent
B-adrenergic agent (12). Epinephrine at 1 uM was less
effective. At 10 uM (exp 2), epinephrine reduced ac-
tivation from 52 to 129,. The minimal activation seen
in fractions from hormone-treated tissue (13 and 129;)
suggests that almost all of the lipase was converted to the
activated form during incubation with the hormones.

Effects of the activation system on hydrolysis of dio-
lein and monoolein. As shown in Table III, the 5.2 P
fraction contained much higher levels of activity (about
10-fold higher) against diolein and monoolein than
against triolein. However, only the lipase activity against
triolein was enhanced by the activation system (110%),
whereas the lipase activities against diolein and mono-
olein were virtually unaltered.

Effects on lipoprotein lipase. It has been proposed that
cyclic AMP might be involved in regulation of lipo-
protein lipase, the effect being in a direction opposite to
that of its effects on hormone-sensitive lipase (27). In
the present studies, the lipoprotein lipase content of the
tissue was reduced by incubation of the tissue before
homogenization, as previously described (20), but there

TasLE II1
Effects of Activation System on Enzymatic Activities
against Tri-, Di-, and Monoolein

Lipolytic activity

Incomplete Complete Percentage
Substrate system system change
nmol FFA/mg protein per h
Triolein (0.43 mM) 98 208 +110
Diolein (0.5 mM) 1,240 1,150 -7
Monoolein (0.5 mM) 870 920 +6




TABLE 1V
Effects of Serum and ApoLp-Glu Peptide* on the Activatability of
Lipase by Endogenous Protein Kinase

Lipolytic activity

Incomplete Complete Absolute Percentage
Additions system system change change
nmol FFA/mg protein per h
None 120 200 80 +67
Serum (50 pl) 486 532 56 +9.5
ApoLp-Glu peptide (10 ug) 470 520 50 +10.6

* ApoLp-Glu peptide (glutamic acid C-terminal apoprotein isolated from very low density
lipoproteins) is a potent activator of lipoprotein lipase (27).

was still some residual lipoprotein lipase activity in the
5.2 P fraction. Even though lipase assays were carried
out at pH 7.0, one might therefore anticipate some con-
tribution from lipoprotein lipase if activator were added.
As shown in Table IV, addition of serum or of the
lipoprotein apoprotein activator, apoLp-Glu (26),
markedly enhanced triglyceride lipase activity. An at-
tempt was made, then, to determine whether the cyclic
AMP-dependent protein kinase system affected this
lipoprotein lipase activity.

As shown in Table IV, the addition of cyclic AMP
and ATP-Mg" in the absence of a lipoprotein lipase
activator enhanced lipolytic activity by 67%. Addition
of either serum or apoLp-Glu increased basal lipase
activity almost fourfold, the large increment presumably
being due to lipoprotein lipase in the preparation. How-
ever, the incubation with cyclic AMP and ATP-Mg*
had little or no effect on this activity (i.e., there was no
apparent deactivation). If anything, there was a slight
increase in activity, the absolute magnitude of which was,
within experimental error, the same as that seen in the
absence of serum or apoLp-Glu. The results suggested
that the hormone-sensitive lipase in the preparation was
activated in the usual way but that lipoprotein lipase
activity was unaffected by the cyclic AMP-dependent
protein kinase system.

DISCUSSION
The results presented are compatible with the scheme
for hormone-regulated activation of lipase shown in
Fig. 7. Previous studies established that hormone-re-
ceptor interaction leads to increased adenylate cyclase
activity and the generation of higher levels of cyclic
AMP, Sutherland and Rall’s ubiquitous “second mes-
senger” (28). Our studies link second messenger gen-
eration to lipase activation through the action of a
cyclic AMP-dependent protein kinase. Mediation of cy-
clic AMP action by way of protein kinase was first
demonstrated by Walsh, Perkins, and Krebs in the ac-
tivation of phosphorylase kinase (24) which then in
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turn activates phosphorylase, and by Larner and Villar-
Palasi in the conversion of glycogen synthase from the
I to the D form (29). The properties of protein kinase in
human adipose tissue have not been elucidated, but in
a variety of other tissues its activation has been shown
to be effected by binding of cyclic AMP which causes
dissociation of a receptor unit-catalytic unit complex
(inactive in the absence of cyclic AMP), liberating the
free catalytic unit (cyclic AMP-independent) (30).
The specificity of the endogenous protein kinase with
regard to cyclic nucleotide and nucleoside triphosphate
cofactor requirements was similar to that of rabbit
muscle and rat adipose tissue protein kinase. Corbin,
Brostrom, Alexander, and Krebs have pointed out the
general similarities of cyclic AMP-dependent protein
kinases from different sources (31). Quantitative com-
parisons are not too informative considering the limited
purity of the systems studied, but it can be noted that
half-maximum rates of activation were obtained at about

HORMONE-RECEPTOR
INTERACTION
\\
hY
N,
ADENYLATE
CYCLASE

ATP

cAMP

PROTEIN
KINASE
ATP-Mg?*

TG
NONACTIVATED ACTIVATED (rate-timiting)
HORMONE-SENSITIVE HORMONE-SENSITIVE
LIPASE LIPASE DG + FFA
LOWER
" GLYCERIDASE (MG + FFA
ACTIVITY GLYCEROL + FFA

(not rate-limiting; -
not protein kinase-
regulated)
Fi1Gure 7 Scheme for activation of hormone-sensitive
lipase in human adipose tissue. TG, triglyceride; DG, di-
glyceride; MG, monoglyceride; and cAMP, cyclic AMP.
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8 uM ATP and 3 X 10" M cyclic AMP, values similar
to, but somewhat higher than, those reported for the
activation of the rat enzyme by exogenous (rabbit
muscle) protein kinase (8).

In Fig. 7, the protein kinase is shown acting directly
on the lipase. The possibility that protein kinase instead
activates an intermediate enzyme (analogous to phos-
phorylase kinase) which then in turn activates the
lipase could not be ruled out a priori in this only
partially purified system. However, the fact that addi-
tion of protein kinase inhibitor during the activation
process abruptly and completely arrested further activa-
tion rules against such a possibility (Fig. 6).

Is the increase in lipolytic activity induced by hor-
mones in intact adipose tissue effected by the activation
system demonstrated in our cell-free extracts? If so,
the lipase in homogenates prepared from tissue previ-
ously exposed to lipolytic hormones should already be
largely in the activated form and consequently undergo
little or no further activation by the cyclic AMP-de-
pendent system. This was shown to be the case (Table
IT), strengthening the conclusion that activation in the
intact cell is indeed linked to cyclic AMP-dependent
protein kinase. The characteristic action of cyclic AMP-
dependent protein kinase, of course, is to phosphorylate
acceptor proteins. This has been explicitly demonstrated
in the case of three enzymes: phosphorylase kinase (24),
glycogen synthase (30), and rat hormone-sensitive lipase
(8). A similar mechanism would be anticipated in the
case of the human hormone-sensitive lipase, but direct
examination of this must await more extensive purifica-
tion of the enzyme.

The 5.2 P fraction contained high levels of activity
against diolein and monoolein, but neither of these was
affected by cyclic AMP-ATP under conditions that
doubled activity against triolein. We conclude, as shown
in Fig. 7, that the splitting of the first ester bond in
triglycerides is rate limiting. The high basal activity of
the lower glyceridases is evidently ample to maintain
FFA and glycerol production at a rate determined by the
fully-activated hormone-sensitive triglyceride lipase.

On the basis that reciprocal changes in lipoprotein
lipase activity and hormone-sensitive lipase activity are
observed in adipose tissue under certain conditions (hor-
monal stimulation of FFA mobilization, starvation, re-
feeding), it has been postulated that lipoprotein lipase
activity might also be regulated via cyclic AMP, (i.e., it
might be inactivated in the presence of elevated cyclic
AMP levels) (27). However, we found that the ac-
tivity of lipoprotein lipase in the 5.2 P fraction was not
altered perceptibly by addition of cyclic AMP and
ATP-Mg". Attempts to demonstrate an effect of cyclic
AMP-dependent protein kinase on lipoprotein lipase
extracted from acetone powders of human adipose tis-
sue and released from rat fat pads into a heparin-con-
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taining medium have been negative. We have also ex-
amined the effects of cyclic AMP-dependent protein
kinase on lipoprotein lipase from acetone powders of
human milk-and from human post-heparin plasma, and
these preliminary results have again been negative (un-
published results). These results lend no support to the
proposition that cyclic AMP-dependent protein kinase
is involved in regulation of lipoprotein lipase activity.
That cyclic AMP may have some other role (e.g., in
regulation of enzyme biosynthesis) remains a real
possibility. Alternative explanations for the reciprocal
variation in activities of these two lipases have been
proposed. Thus, Patten (32) has noted correlations be-
tween falling ATP levels and falling levels of lipopro-
tein lipase. Nikkila and Pykilisto (33) have noted an
inverse correlation between FFA levels in adipose tis-
sue and lipoprotein lipase activity.

Hormone stimulation of lipolysis in human adipose
tissue appears to be effected by a mechanism basically
similar to that in rat adipose tissue (8). Sidhu and
Emery have reported activation of lipolytic activity in
crude homogenates of bovine adipose tissue by addition
of cyclic AMP and ATP-Mg® (34). We have recently
demonstrated marked activation of lipase in cell-free
fractions of chicken adipose tissue (unpublished re-
sults). Thus, it may be that many of the reported spe-
cies differences in hormonal response patterns relate
primarily, if not exclusively, to differences in the speci-
ficity of plasma membrane receptors and their linked
adenylate cyclase systems. The mechanism for conversion
of lipase to its activated form, on the other hand, may
be basically the same in all species. The interesting dif-
ference between human f{at and rat fat with regard to
a-adrenergic receptors observed by Burns and Langley
(14) may again relate to regulation of cyclic AMP
levels via the receptor-adenylate cyclase complex and
does not necessarily require postulation of an inde-
pendent mechanism for regulation of lipase activity.
Burns and Langley showed that in human fat (but not
in rat fat) epinephrine, in the presence of a p-adrenergic
blocker (propranolol), reduces the rate of glycerol re-
lease well below basal values. The implication is that
a-receptors mediate a decrease in lipase activity. In the
context of the present results, this would imply that
even in the basal state a significant fraction of the hor-
mone-sensitive lipase is maintained in its activated form
and that stimulation of e-receptors decreases cyclic AMP
levels. However, the possibility that suppression of lipo-
lytic activity in human fat by a-adrenergic agonists
represents an alternative mechanism for control or ex-
pression of lipase activity cannot be ruled out.
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