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INTRODUCTION

Previous Work

The understanding of the morphology and physiology of adipose
tissue has changed markedly in the last thirty years. The fat stores
of adipose tissus are no longer thought of in the role of merely
insulating the body against heat loss or in giving support to other
tissues, but rather in a new metadolic role 6! maintaining the calorie
homeostasis of the body.

The importance of this tissue was long overlooked because early
histological preparstions showed 955 of the adipose tissue to de a
foam-1ike cluster of fat droplets and the remaining 5¢ to be connective
tissue and dlood vessels. Actually, only a very fev capillaries could
be sighted and there seemed to be & virtual absence of nerves. It
seemed very likely that this tissue was metadolically inert, partiei-
pating only in sluggish and pessive reactions. The eytoplasm, consti-
tuting sbout 2% of the wet veight and later to be recognized as the
metabolically active portion of the fat cell, was nearly invisiile and
its significance therefore obuurod

Until the late 1940's, adipose tissue remained secondary in
importance to the liver as the predominant organ of metabolism of
lipids. .An increasing number of investigations 414 not conform to
this opinion and research workers began to attribute s greater
1lpoftanet to adipose tissue. Rosenfeld (1) and Gierke (2) ascribed
an important role to adipose tissue for the eonversion of carbohydrates
to fat and glycogen. WVassermann (3) concluded on the basis of hi-io-

logical and embryological studies that adipose tissue vas unique in



the accumulation and mobilisation of fat, and a clear demonstration

by the vork of Schoenheimer and Rittenberg (k) of a turnover of fat

in the body indicated the involvement of fat in the dynemie energy
processes of the body. Wertheimer and Shapiro (5), in a classical
reviev, sought t0 stress the importance of adipose tissue as a meta-
bolically active organ influenced by nutritional, nervous and endocrine
factors. The conclusions expressed by these authors provided the
impetus for an unprecedented interest in sdipose tissue.

The acoumulation of results obtained with both the light and
electron microscopes confirmed the new concept of adipose tissue and
substantiated the fact that triglyceride transformation and other
diochemiecal resctions oeccur in the aytoplasm of the fat cell (6).

The finer observations of the fat cell possible with the electrom
microscope have clearly demonstrated accumulation and mobilization of
fat in adipose tissue and the acknowledged presence of mitochondria,
ribonucleoprotein particles, endoplasmic reticulum or microsomes,
1iquid droplets and vesicles serves to emphasize that fat is an
active metabolie tissue (7,8). RElectron micrographs of differentiated
vhite adipose cells revealed the existence of a large central lipid
mass surrcunded by & thin rim of grtoplasm. The cell is enclosed by
& Ddasement menbrane and the nucleus is displaced to a peripheral
position. -Ctpilluriu have been observed closely applied to the
surface of fat c¢ells and neural elements have been located in the
vicinity of cells, but rarely present intracellularly (9).

Barrnett and Ball (10) initially cbserved inveginations in the
lurfuo of the fat ¢ell membrane and vesicles in the eytoplasm of fat

cells previocusly incubated with insulin, They suggested that fat
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transport occurred through the formation of these pinocytotic vesicles.

A munber of investigators have reported marked alterations of
the fat c¢ell under & variety of experimental conditions. Observation
of fat pads from animals eitder acutely starved or on a chronie low
food inteke (7,11,12) indicated a decresse in the cell volume and
an extensive loss of lipid stores, the latter, being nearly absent
in some fat cells. In addition, & marked increase in vesicular
formations occurs uniformly along the plasma membrane indicating
augnented pinocytotie activity. .

The demonstration by electron microscopy of glycogen accumu~
lation in the cytoplasm of cells from diabetic rats treated with
insulin or from refed, fasted rats supports the wvork of Fawcett (13)
with the light microscope. The presence of these glycogem granules
indiecated the adility of the fat cell to incorporate earbohydrate
during the synthesis of new fat.

The organelles, mitochondria and microscmes, are thought to
be {ntimately involved with glyceride synthesis in adipose tissue.
Microscopie examination of & cell-free preparation df rat adipose
tissue capsdle of synthesizing glycerides from the added precursors,
s-glycerophosphate and fatty acids vas showm to contain nitochqndria.
microsomes and membrane-enclosed lipid droplets (14,15). The removal
of the mitochondria and/or microscmes from this cell-free preparation
markedly altered the esterification rate (16). The intracellular
localization of newly synthesized 1lipia-C!% from glucose-u-C!* in free
adipose cells was found in the mitochondria, microscmes, lipid droplets
and the 1ipid mass or bulk lipid (17). It wvas postulated that these lquid
droplets are the transport form of the glycerides from the sites of
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synthesis to the sites of storage.

The mechanisms of morphological changes associated with lipolysis
end lipogenesis in fat cells are not clearly defined st this time,
however the modern concept suggests that adipose tissue is a two-
compartmental system, (a) a large storage compartment vith a slow .
turnover rate and (b) a smaller compartment possessing & rapid turn- )
over rate. The location of the adipose tissue cell near capillaries H
and nervous innervation serves to supplement this concept of adipose
tissue as an active center of energy metabolism.

A fundemental barrier to the understanding of adipose tissue
metabolism and its relationship to the functions of the whole organism }
vas the lack of knowledge of the mechanisms of fat mobilization and }
transportation to 'othor tissues. PFavarger (18) had postulated that
free fatty acids might be the mobilized form of fat in the body. Free
fatty acids (FFA), also known as unesterified fatty acids (UFA) or
nonesterified fatty acids (NEFA) smong others, were known to exist
in small quantities in dlood plasma and dound to umltlbmin but
had been dismissed as nhtinly insigrificatt in the mobilization
process partly because of inadequate quantitative procedures. It
vas not until 1956 when Gordon and Cherkes (19), and Dole (20)
independently reported fluctuation of plasma FFA levels vith changes
in the nutritional state of human subjects that the importance of
this plasma frection wvas realized. It vas observed that feeding of
carbohydrate or injection of insulin caused & fall in plasme FFA
levels vhereas fasting or injection of epinephrine csused & rise in
plasma FFA. Thus, the FFA released in response to increased energzy |

requirements of the body provide & readily transportable source of
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energy to other tissues for oxidation or biosynthesis.

The FFA in the plemma have a concentration of about 0.6 moles
per liter accounting for approximately 2-3% of the total plasma
lipids. The adility to transport large smmounts of FFA to tissue
cells is mainly attridbuted to & rapid turnover rate in the plasma.
The turnover rate of FFA in the bloodstresa is asbout 20-50% per ,
minute in dogs (21) and in man (22) and up to 100% per minute in the

rat- (23). Calculations bdased om the half-life of FFA, the plasma

e -~

level of FFA and the plasma volume indicate that a 200-gram rat
relesses enough FFA to acecount for npproxint.ily 25% of the calorie
requirements of the fasting state. In man, the flux of FFA through
plasma during twventy-four hours can account for about 60% of the
daily energy requirements.

When the energy reserves of adipose tissue are modbilized es
FFA into the blood stream, they enter a physiclogical fatty acid
transport eyecle (2i). These FFA are bound to albumin (25) and -
transported $0 other tissues to be oxidised or stored vhere the
uptake of the FFA by the tissues is strongly influenced by the plasma
concentration, Liver assimilates about 305 of the FFA presented to
it, transforming them to triglycerides, phospholipids and cholesterol
esters. At the same tine, liver secretes lipoproteins econtaining
triglycerides. The extent to vhich these lipoprotein triglycerides
are utilised as an energy substrate is unknown, however, Besman,
Felts and Havel (26) have reported uptake of lipoprotein triglycerides
into adipose tissue. The return of some of the lipoprotein to de
redeposited in adipose tissue completes the cycle. The imlment‘

of the FFA with liver is representative of a homeostatic state drought
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into pley when the mobilization of FFA exceeds the immediate energy

requirements. _

The two major fuels for oxygen consumption in the body are
carbohydrates and lipids., With the exception of the bdrain, all
peripheral tissues are suited for the uptake and the use of FFriA for
oxidative needs. The regulation and availability of the energy
substrates, FFA and glucose, to tissues is dependent upon the nutri-
tional state of the orgenism. The Plasma levels of YFA are elevated
during fasting (19,20), production of fear or discomfort (27,28), ortho-
stasis (29), trauma (30) or exercise (31,32), which, in turn, are
influenced by the glucose comcentratiom in the blood.

The relationship of glucose and PFA is particularly evident
during marate feeding or fasting. Elevated dlood glucose
concentrations depress plasma FFA and a decrease in blood glucose
increases the plasma FPA. Injection of labeled FFA in men (22),
rat (33) and dog (34) followed by the recovery of expired COp and
messurement of C/%0, verified the fact that the plasms FFA are utilized
88 & major energy substrate in food deprivation, Fasting subjects
expired significantly more c1'0, than the earbobydrate-fed subjects.
Respiratory quotient values of 0.7 during fasting and 1.0 after
glucose feeding, determined in dogs, serves to emphasisze that the
availability of the energy substrates, FFA and glucose, in the dlood-
stream are dependent upon the nutritional state of the animal.

Adipose tissue is the primary source of the Plasma FFA and the
mobilization is dependent upon the htmouﬁllr FFA eoncentration
in adipose tissue eells (6,35,36,37). The eontrnl of plasma FFA hl
dependent upon two major varisbles, the dreskdown of triglycerides
or lipolysis and the synthesis of triglycerides or esterification.
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These processes are in dynamic equilibrium and mobilisation of FFA
is schieved by the alteration of lipolysis and/or esterificatiom
rates. The triglycerides stored in adipose tissue are hydrolysed to
FFA and glycerol by the actiom of lipases (38,39,40). The reaction
{s not reversidle, hovever, since the end products are not the immedi-
ate precursors for the esterification process. The FFPA must first de
sctivated to form fatty acyl eoenzyme A derivatives vhich cambine
with a-glycerophosphate (not glyeercl) initiating the synthesis of

- triglycerides. The intracellular free fatty acids, then, may de

re-esterified to triglycerides, released to the plasma or oxidized
by adipose tissue as an energy source.

The suppression of plasma FFA by gluccse feeding is a result
of an increased synthesis of triglycerides. Ledoeuf’ et al. (k1)
established that the rate of esterification depends upon the smount
of a-glycerophosphate available im adipose tissue and that glucose
is an excellent precursor of this obligatory substrate for esterifi-
cation. The adipose ¢ell, therefore, is a site of cardohydrate and
fat metabolism and the output of FFA is modulated Dy the metabolism
of glucose, o |

The influence of the autonomiec nervous system, and in particular
the sympathetic nervous system, hes an important role in lipid
metabolism and transport. Dole (20) and Gordon and Cherkes (19),
denonstrated elevation of plasma FFA in human subjects following
the injection of the sympathetie hormone, epinephrine. White and
Engel (42) and Gordom end Cherkes (43) demonstrated the release of
YFA by epinephrine with epididymal adipose tissue, in vitre. The
hormones, norepinephrine and epinephrine, were found %o bde equally
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sctive and adipose tissue has shown specificity for the physiological
| {somer, in vitro (ki). The intasct sympathetic system is necessary for
the mobiliszation of energy substrates in a stressful enviromment.
This §s {llustrated by the fact that s large mmber of sympathetic
blocking agents are capsble of depressing lipid mobilization induced
by the eatecholsmines or the sympathetic nervous system hormones and
‘eertain stress procedures (45). HNavel and Goldfien (46) proposed
that the sympathetiec nervous system exerts a tonic action on the
modilization of fatty seids from adipose tissue. The ganglionie
‘bloeking sgents, hexeamethonium and trimethaphan, have decreased dasal
plasna FFA levels in both dog and men. Purthermore, the adrenergie
blocking agents, phentolamine, dibensyline, ergotamine, dibensmine,
dichloroisoproterencl and nethalide have been shown 0 inhibit the
release of FFA induced by eatecholamines from adipose tissue, in vitro.
The depression of sympathetic sctivity in vivo has deen less successful
bDecause most of the antagonists found to be active in vitro acutely
raise plasma FFA levels vhen ndninisitrod in vivo.

The measurement of norepinephrine content in sdipose tissue
wes the first direet evidence supporting the concept that the mobili-
sation of FFA vas \mdcr the influence of the sympathetic nervous system.
Paclett! et al. (VT) found significant emounts of norepinephrine,
dut practically mo epinephrine. The morepinephrine eontent of wvhite
epididynal fat tissue has been reported by several groups to be in
the renge of 0.05-0.12 micrograms per gram of tissue (48,49). WVhen
expressed in terms of microgrems per milligram protein, this coneen-
tration is similar to that of morepinephrine im the heart and drain.

It is now generally agreed that norepinephrine in adipose tissue
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is contained in storage sites associated wvith nervous tissue. The
treataent of rats with reserpine or syrosingepine, alkaleids known

to deplete catecholamine stores in other body tissues, also depletes
adipose tissue (47,50). Btoek and Westermann (50) reported that
syrosingopine depleted adipose tissue and heart at the same rate,
pﬁ'rldinc evidence for the similarity of the storsge of norepinephrine
in the two tissues. An increase in norepinephrine content in adipose
tissue wvas obtained by treatment of the animals with a moncamine
oxidase inhiditor, nialamide, and a parallel elevation of norepinephrine
occurred in the tissues of the heart and brain.

The mobilization of FFA dy the stimulation of adrenergic nerves
supplying this tissue fimly estadlished the physiclogicel role of
norepinephrine in adipose tissue. Correll (51,52) electrically
stinulated nerves leading to isclated adipese tissue and measured
the mcumdlprodunion of FFA. Starvation, Iknm to sensitize
adipose tissus to catecholamines, incressed the response to stimulation
tvo-fold as eompared to the response of fod rats. Sympatheetomy,
timed t0 allowv nerve degenerstion, or the presence of the antagonist,
dibensmine, markedly lowered the output of FFA after electrical
stimulation. These studies estedblished that adipcse tissue is an
effector organ ecapadble of funetioning under the neural influence of
syxpathetie origin.

| The peripheral catecholsmines play an important role im the
modbilization of energy substrates via the sympathetie nervous system.
The relesse of FFA and glucose a8 energy substrates in response to
e0ld stress has been studied for the elucidation of this role of the
sympathetic nervous system (53,54). A normal rat, placed in a cold

room st 49C., maintains thermal homeostasis by piloerection, vasocon-



striction and the mobilization of the energy substrates, FFA and

glucose. A rat, depleted of peripheral stores of catecholamines by
chemical sympathectomy and exposed to eold, is unadle to mobilize the
substrates and eventuslly dies. If the chemically sympathectomized
rat has been pretreated vwith epinephrine prior to cold exposure, the
animals again show thermal homeostatis, thus the admipistration of
epinephrine restored the normal response to cold stress.

The sympathetic nervous system eontrols the output of FFA
resulting from cold stimulus through the activation of an adipose
tissue lipase, presumably by the release of norepinephrine at the
terminal nerve endings in this tissue. Maickel et al. (55) vere sble
%0 correlate the plasma FPA concentrations with lipase activity in
adipose tissue. Elevation of plasma FFA and activation of lipase
were cbserved in (a) an {ntact rat injected with catecholemines, (b)
an intact rat injected with the ganglionie stimulant, 1,1-dimethyl-
M-phenylpiperasinium (IMPP) or (e) an intact rat exposed to cold at
L9C. No ehanges in FFA and lipase activity occurred iam (a) an
{ntect rat pretreated with the ganglionic blocking sgent, chlorisond-
amine and exposure to cold, or (b) a chemically sympathectomized rat
exposed to cold. The administratiom of DMPP to chemically sympathecto-
mized animals 414 not change these responses. The activation of
lipase and mobilization of FFA are therefore dependent upon the
presence of & functional sympathetic mervous system.

In eddition to the catecholsmines mentioned sdbove, seversl
hormones have been reported to enhance the mobiligation of FFA in
en intact animal er with slices of adipose tissue, in vitro. Adipose

tissue responds to these hormones by an increase in the activity of an
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intracellular lipase, the production of glycercl, and the production

of FFA (6,40). Adrenocorticotrophic hormone (ACTH), thyroid stimu-
lating hormone (TSH), growth hormone (GH) and glucagon enhance the
mobilization of FFA from rat adipose tiliﬁ, in vitro (57). Insulin,
on the other hand, a major regulator of carbohydrate metadbolism in the
boly, depresses the mobilization of FFA from adipose tisswe, in vivo
and in vitro (20,58,59,60).

Epinephrine, ACTH, glueagon and TBH have been shown to modbilise
FFA by markedly stimulating the breakdown of triglycerides, and
secondarily, to oppose the release of FFA by increasing the rate of
esterification. In adipose tissue, there is an increase in incorpor-
ation of ¢} from glucose into glyceride-glycerol in the presence of
these lipolytic hormones (6,k1,61). Glyeercl, a produet of lipolysis
in adipose tissue, is not reutilized and is released into the
incubaticn medium. The measurement of glycerol is a gquantitative
index of lipolysis and the measurement of FFA is a net result of the
rates of lipolysis and re-esterification. Vaughan and Bteinberg (62)
simultanecusly measured the production of FFA and glycerol, finding
an increase in the rates of lipolysis and esterification. A net.
release of FFA observed vith these hormones wvas dus to the noticeadble
increase in the turnovar rate of the triglycerides.

The lipolytic sctions of norepinephrine and epinephrine are
attributed to the activation of a hormone-sensitive lipase and two
assay procedures have been used to measure the lipolytic activity
of adipose tissue following the administration of hormones. The
first involved the sssay of lipolytic activity in crude or ecentrifuged
homogenates of adipose tissue utiliszing artificial triglyceride



lubltratci (38,63), and secondly, by & measurement of glycerol

production (41,61). These experimental approaches have clearly
established that the action of epinephrine is mediated Dy an increase
{n the rate of lipolysis.

Hormone-sensitive lipese has been studied in detail in the
epididymal fat ped and differentiated from other intracellular lipases
by studies in homogenates (38,39,40,64,65). This lipase system has
been isclated in a subcellular fraction sedimenting out vith micro-
somes. Purthermore, these studies have distinguished tvo lipase
activities associated with lipolysis in adipose tissue, & monogly-
ceride lipase showing sonsiderable activity om lover glycerides and
e lipase active om triglycerides. The triglyceride-splitting lipase
is particularly responsive to the hormones ACTH, TSH, gluéngon,
porepinephrine and epinephrine. Until appropriste fractionation
procedures are developed, it is impossible to delegate the lipase
activity to one or more specific ensymes,

A partial purification and separstion of lipases based on sub-
strate specificity, pH optimum, hormone and inhibitor characteristics
has been reported (66). Ususlly 60-T0S of the total lipase activity
was found associated wvith the fat cake after centrifugation of adipose
tissue homogenates prepared im 0.15 M KC1 or 0.25 M sucrose. Lipase
measurenents prepared from the lower portion of the fat cake exhibited
lipolytic activities of the monoglyceride and triglyceride-splitting
lipases. Vaughan et al. (40) separated lipsse activity from fresh
rat and readbit homogenates by preparing acetone powders and found &
large fraction of monoglyceride lipase activity with only negligidle
activity on diolein or triglyceride sudbstrates. Strand et al. (39)

extracted 95-99% of esterified fatty acids from homogenates of adipose
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tissue vith peroxide-free ethyl ether leaving appreciadle lipase
activity on exogencusly added mono-, di-, and triglyceride sudbstrates.
The uwse of suitable assay conditions of these preparations employing
exogenous glycerides has permitted the differentiation of at least
$wvo intracellular lipases. Norepinephrine and epinephrine produced

& marked inerease in the utiutiﬁ of the triglyceride lipase ss
compared %0 the monoglyceride lipolytic sctivity. The triglyceride-
splitting lipase exhibited a pH optimum at 7.5, responded to the
hormonal stimulation and was inhibited dy isopropancl. The mono-
glyceride lipase exhibited sctivity against mono- and diglyceride
exogenous substrstes, possessed a pE optimum of about 8.0 and ves less
responsive to the addition of norepinephrine. Based on presently
svailable data, the triglyceride lipease appears to de similar, 4f not
identical to the hormone-sensitive lipase 1i| the intact tissue.

| Interest in the effects of catecholamines on lipid metadolism
was preceded by the studies of the catecholamines in carbohydrate
metabolism. Sutherland and Rell (67,68) had extensively explored the
glycogenclytie mechanism of the catecholamines and other hormones

in liver preparations. They found that epinephrine appears to inter-
act wvith adenyl oyclase, & oyclising enzyme vhich catalyses the
formation of adenosine 3',5'-monophosphate (3',5'-AMP) from adenosine
triphosphate in liver homogenates. The oyclic nucleotide, 3',5'-AMP,
stimulates the activity of dephospho-phecsphorylase kinase which, in
turn, catalyses the formation of an active phosphorylase. The degrada-
tion of the 3',5'-AMP to yield 5'-AMP and orthophosphate is catalysed
by the enzyme phosphodiesterase. The methyl xanthines, ecaffeine

and theophylline, have been shown to have an inhibitory effect upon
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phosphodiesterase and thus, vhen added to the system, prevent the
metebolie degradatiom of 3',5'-AMP., The distridbutiom of the phospho-
diesterase and adenyl cyclase enzymes is widespread and includes
sdipose tissve.

Several hormones have been shown to elevate the concentration
of the ayclic mucleotide in adipose tissue. These {nclude the
catecholamines, glucagon, vasopressin and ACTH (69,70). Vaughan (1)
Yeported the enhancement of phosphorylase activity and the subsequent
release of PFA by several of the hormones. In addition, she found
that serotonin increased the 3',5'-AMP levels and phosphorylase
activity, but produced no modbiliszatiom of FFA. This spperent discrep-
ancy was resolved vhes it wvas found that either pretreatment of
sdipose tissue vith a monosmine oxidase inhibitor (72) or increasing
the concentration of serctonin (66) elevated the release of FFA to s
measuresbls extent.

The participation of 3',5'~-AMP im lipolysis was indirectly
substantiated by results from studies vith caffeine and theophylline.
Caffeine and theophylline potentiate hormone-induced ﬂl;lll of FFA
vhen added to adipose tissue, in vitro (62,64,73,7h). Fynie et al.
(T4) found that theophylline evokela 1lipolytie response that increased
with the concentration of xanthine and reached & maximm effect three
times that of norepinephrine. It is spparent from these and other
studies that the rate of lipolysis is controlled dy the steady state
concentration of the cyeclie nucleotide, vhich is further regulated by
the relstive sctivities of adenyl cyclase and phosphodiesterase.

The sddition of the ayeliec nucleotide to adipose tissue estad-

1ished a cause-effect relationship for the actionm of epinephrine.
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| Early attempts to demonstrate the lipolytie action of 3',5'-AMP om the
fat pad in vitro failed (T1), im part due to the poor penetrability
and high susceptibility to inactivation of 3',5'-AMP, This finding
led to the synthesis of less labile derivatives. The analogue, 16—2'-
O-dibutyryl eycliec 3',5'-AMP, wvas shown to stirmulate lipolysis in
{ncubated fat peds and also in isclated fat cells (56,75). Later
Rodbell (T6) and Maickel et al. (T7) reported the stimulation of
1ipolysis by 3',5'-AMP in isolated fat cells, in vitro. The more
stable anslogue vas at least ten times as active as the cyeclic
pucleotide im this preparationmn.

- The diagrsm below represents & summary of the probable inter-
relationships of adenyl cyclase, 3',5'-AMP, lipase and the eatechol-

amnines:

Catecholamines Methyl Xanthines

' A
Adenyl ' =1 Phosphodiesterase .,
AP~ Jese 3',5'-AMP —+5'~AMP

+
Inactive Lipase <+ Actin Lipase

!righuridu 0 Free Fatty Aclds

The catecholamines initiate the nobinntim of FFA 'by interaction
with the mnvl cyclase system which in turn olovv.m t.ho lml of
3' $'-AMP. The cyclic nucleotide converts an inactive lipase to an
active lipase vhich then increases the rate of lipolysis. The presence
of a methyl xanthine to inhibit the metabolic degradation of the eyclie
pucleotide facilitates the mobiliszstion of FFA. .

Yor w years, investigators distinguished betveen the inhibi-

tory and excitatory effects of sympathomimetic amines as established

¢
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by Dale (T78). This classification wes never satisfactory and Ahlquist
(79,80,81) in 19k8 differentisted two types of adrenergic receptors,

called alpha and beta, on the basis of responses to a variety of

sympathomimetie smines on peripheral organs. Today, this oconcept has

been modified to include antagonists of the alphs and bets receptors.

In general, the alpha receptors are more sensitive to norepinephrine

and epinephrine than to iscpropyl arterenol and are blocked by the F

antagonists, phentolamine and dibensyline., The beta receptors are ‘

 more sensitive to isopropyl arterenol and are blocked by the antag-

onists, pronethalol and dichloroisoproterenocl. Although exceptions
%o this classification have led to scme criticism, the use of the
terns alpha and beta receptors provides a useful frame of reference
in the discussion of adrenergic effects.

The metabolic effects of the catecholsmines, glycogenolysis
and lipolysis, 4o not conform to the pattern of either a pure alphs
or & pure beta receptor. The attempts to classify the fat mobilizing
actions of the catecholamines has met with mumerous difficulties
and the effects have been attributed to alpha (82) or beta (83)
adrenergic receptors, or to a yet mluuiﬁoﬂ type of receptor
(8k,85).

The sdrenergic adipose tissue system responds more favoradbly to
beta agonists. Rm-m investigations have reported that the three
main catecholamines, isopropyl arteremol (86,87,88,89), norepinephrine
(89,90,46,44) and epinephrine (89,44,19,20,43) are very active in the
nobilisation of FFA, in vivo and in vitro. The beta agonist,
isopropyl arterencl has been reported as the most potent of the three

catecholamines, in vitro (89,91,92). An incressed potency in &
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" homologous series of catecholsmines and oxedrines(2-smino-1-p-
hydroxyphenylethanol derivatives) with progressively larger N-alkyl |
substituents has substantisted the tendency of the receptor in adipose
tissus to respond more favorably to the beta agonists, since these
results are characteristic of the beta adrenergic receptor (93). Inm
s recent study vith hemster adipose tissue, the eompounds methoxemine,
sephentersmine, phenylpropanolamine and hydroxyamphetamine, all
containing a strong alphs component of sction, were much less active
than the estecholamines (94). Purthermore, the pure alpha agonist,
phenylephrine, wvas found to be nearly devoid of lipid mobilising
activity, in vivo (95) and in vitro (91,92).

The beta antagonists exhibit a greater degree of effectiveness
and specificity than the alpha antagonists in the inhidition of lipia
mobilization. Btudies have reported that several adrenergic dlocking
sgents inhibit the catecholsmine-induced rise of FFA from adipose
tissue, in vivo and in vitro. Although the alpha antagonists,
didenzyline (96,97), dibenamine (46,96), phentolamine (84,96,98)
and ergotaaine (99) are effective on catecholmmine-induced FFA
mobilization, the beta antagonists, dichloroisoproterenol (8h,87,100,
103,104), pronethalol (83,101,103,10k,105) and propsnalol (102,10k)
are capadle of dlocking the mobilizatiom by the catecholamines, both
in vivo and in vitro. The i{nhibition by alpha antagonists is regarded
as nonspecific and noncompetitive vhereas the beta antagonists exhibit
s competitive inhibition in the presence of variocus sgonists. The
effectiveness of both types of antagonists has produced eonflicting
vievs concerning the character of the adrenergic receptor.

The complexity of the classification has been i{increased by
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recent developments. Many of the alpha and beta antagonists including
phentolmmine, dibenzyline, d4ichloroisoproterencl and pronethalol were
found 0 bde ineffective against the elevation of FFA during fasting
(83,87,99,106,107)., N-isopropylmethoxsmine snd butoxamine, which are
eclassified neither as alpha nor bets antagonists, effectively blocked
the elevation of YFA induced by fasting and catecholamines (108,109),
but behaved like beta antagonists, in vitro (110). The sdrenergic
mechanism for the mobilization of FFA appeared to be involved with
more than a one receptor system.

SBtock and Westermann (110) have classified two sites of action
for sagonists and antagonists in adipose tissue. The beta antagonists
inhibit the formatiom of the eyclie mucleotide (3',5'-AMP) whereas
the alpha antagonists inhibit the sction of the eyclie nucleoctide.
The beta antagonists, Ko 592, dé-impea (1-(p-nitrophenyl)-2-isopropyl-
mainoethanol), and l-inpea ccmpetitively blocked norspinephrine-
induced lipolysis and dlocked the lipolysis of ACTHE noncompetitively.
In eontrast, the alphs antagonist, phentolsmine, wvas shown $0 inhibit
the actions of norepinephrine noncompetitively, indicating that the
sites of action are different. Maickel et al. (111) supported this
yelationship when they demonstrated that dichloroisoproterencl, in
concentrations which effectively block the formation of the ecyclic
nuclectide by norepinephrine, failed to blosk the lipolysis of
theophylline. Phentolsmine exhibited a marked inhidbition against
theophylline-induced lipolysis. Coupled with results of other (75,
112), the actions of the beta antagonists are apparently mediated by
an inhibition of the adenyl cyclase system while the alpha antagonists

4nhibit the action of the eyelic nucleotide prior to lipase activation.
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nﬁo data suggest that adrenergiec mobilization behaves like a
deta receptor and the activation of adenyl cyclase followed by the
formation of cyelic 3',5'-AMP and lipase activation is the probeble
mechanism of adrenergic sgonists in adipose tissue.

Present Studies

e

The motivation for this research steas from the importance of

o
Sy,

PFA a8 & primary energy source im the dbody and as & contriduting
fagtor in certain disease states. Changes in tho normal rate of
1ipid mobiliszation have been associated with obesity (113,11k), lipomas ‘
(116), aiadetes mellitus (115), eardiovascular diseases (119),
pheochromoeytome (117) and hyperthyroidism (117,118). To slleviate |
or correet these metabolic abnormalities associated with lipiad =
metabolism, videspread interest has been placed wpon studies designed
to elucidate the econtrolling mechanisms of FFA mobilisation from
adipose tissue. |

An incressing smount of evidence indicates that the sympathetic
nervous system may have am important role in the mobilization of
lipids from adipose tissue depots. It has bDeen shown that stimulation
of sympathetiec nervous supply to the epididymal fat pad results in a
mobilisation of FPA (51,52) and that the injection of epinephrine or
norepinephrine increases plasma FFA levels (19,20,46). The addition
of these catecholsmines to an incubation medium containing adipose
tissue slices results in a conversiom of inactive lipase to an active
lipase (40,56,64), vhich in turn leads to an increased mobilization

of TFA. Based on the lipolytie activity possessed by the catechol-
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smines, interest was directed towards the effects of other phenethyl-
smines in adipose tissue,

Although many studies have reported the effects of catecholamines
on lipid metabolism, fev have defined the structure-activity relatiom-
ships involved with the interaction of varicus phenethylamines and
the adrenergic-adipose tissue receptor system. The following study
presents information eoncerning the chemical specificity of sgonists,
and in particular, the substituted phenethylamines with the rat
epididymal fat tissue, in vitro. This k.wlrhdn’ is deemed important
for the future development of therapeutic agonists and antagonists of
T7A mobdilization and for sn incressed understanding of agonist-receptor

intersstion in this tissue.




EXPERIMENTAL

Materials
Chemicals. The chesicals® employed in this study and their sources
are as follows: $-phenylethylamine, tyrsmine hydrochloride, Dl-meta-
nephrine hydrochloride, dopamine hydrochloride, l-phenylephrine
hydrochloride, phenylpropanolamine hydrochloride, isopropyl arterenol
hydrochloride, and DIL-3-methoxy-h-hydroxymandelie acid (Mann
Research Laboratories); 3,k-dihydroxymandelic acid, 2-isopropylsmino-
ethanol, adrenalone hydrochloride, octopamine hydrochloride, N-a-
methylbenzylmonoethanolsmine, and &-smphetamine sulfate (K. & K.
Laboratories); l-nordefrin, l-ethylnorepinephrine 4-bitartrate mono-
hydrste, l-epinephrine bitartrate (Sterling Winthrop Research
Institute); metaproterencl sulfate (Geigy Pharmaceuticals); Nile Blue
A indicator (Chicego Apparatus); l-norepinephrine bitartrate,
norepinephrine, and bdovine albumin, fraction ¥ (Futritional Biochem-
fcal Corp.); norphemylephrine hydrochloride, and N-benzylethanol-
snine (Aldrich Chemicals Coupany); homarylamine hydrochloride,

- phenisonone hydrobromide, metaraminol bitartrate, and ephedrine sulfate
(Merck, Sharp and Dohme Laboratories); smidephrine methylsulfate and
isoxuprine hydrochloride (Mead Johnsom Company); mylidrim hydrochloride
(U, 8. Vitamin Corp.); and protochylol hydrochloride and N-methyl-
epinephrine hydrochloride (Lakeside Laboratories); and reserpine
phosphate (Ciba Laboratories). All concentrations expressed in this
study refer to the free dase or free acid.
¥ihe author thanks eclleagues in the pharmaceutical industry for

generously supplying many of the chemicals used in this study.
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Methods

Animals, White male Sprague-Dawley and Holtzman rats weighing between
200 and 250 grams vere employed in all experiments. The rats vere
maintained in our animal quarters for one week prior to use. Non-
fasted rats roco:lve.d Purina rat chow and water ad 1libitum, vhereas
fasted rats received access to water only. In studies with fasted
animals, both pretreated and control reats vere deprived of food for

sixteen hours preceding the experiments.

In Vitro Free Fatty Acid Assay. Immediately after the animals were

sacrificed by stunning and decapitation, the abdominal cavity was
opened. The anterior one-third of each epididymal fat pad, devoid of
large blood vessels, was excised, rinsed to remove contaminants, and
transferred to a solution of freshly prepared Krebs-Ringer bicarb-
onate buffer, pH T.h. Pollowing the removal of fat pads from at
least four rats per experiment, the tissue was minced with a small
scissors to slices weighing approximately 5-10 mg.

Into each 30 ml. narrovw neck incubation flask containing 9.0 ml,
of k% bovine albumin in Krebs-Ringer bicarbonate buffer, 600 mg. of
tissue slices were added. All flasks prepared for the experiment
vere placed into a Dubnoff metaboliec incudbator maintained at 371°C.
and oscillating at 110-120 revolutions per minute. Inhibitors were
preincubated with the adipose tissue slices for 15 minutes prior to |
gassing, vhereas catecholamines and other agonists were added in small
volumes (0.05~0.40 ml.) and followed immediately by the gassing
procedure.

Each incubation flask was then fitted with a rubber stopper
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assembly through which were placed hypodermic needles (#20) fitted
with PE 60 Intramedic polyethylens tudbing to serve as vents for the
gassing procedure and for use in sampling the media i{n the assay for
free fatty acids (FFA). After all flasks vere gassed vith & 95% 0,/5%
CO, atmosphere for ten minutes and each incubation system closed in
this oxygen-rich enviromment, 0.5 ml. samples vere vithdrawn &t 0, 20,
k0, and 60 minutes and transferred 0 a centrifuge tude containing
S ml. of an extraction mixture (composed of b0 parts isopropyl
alcchol, 10 parts of heptane, and 1 part 1 ¥ naso,'). This system was
divided into twvo phases by mixing into it an edditional 2 ml. of
heptane and 3.5 ml. of water, vhich separated rapidly after shaking
to form a sharp interface between an upper heptane phase and a lower
agusous phase.

The titration solution is comprised of tvo phases prepared by
the combination of a 2 ml. aliquot of the upper heptane phase and 1
ml. of an alccholie Nile Blue A indicator solution. The procedure
for the assay of YFA is a modification (120) of the method of Dole
(20), employing the indicator Nile Blue A in the titration mixture.
The Nile Blue A aliguot is prepared as & 1:10 dilution of an aqueocus
20 mg. per eent stock solution with adbsolute ethyl alecohol. The stock
solution of the &ye vas vashed vith three equivalent volumes of heptane
to remove impurities. Nitrogen gas, delivered to the bottom of the
titration solution through a eapillary tube, was allowed to dubdle

freely to expel the CO, from the ssmples and keep the solution mixed

2
during the titration with the titrant, epproximately 0.02 N NaOH,
being delivered with s microburet syringe. The alkali, prepared vith

coz—rrn wvater and stored iz a tightly stoppered container, vas
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calibrated by extraction and titration of & known myristate standard

(1 ueq./ml.) in heptane. A color change from blue to a persistent pink
~ 4a the alccholiec phase was utilised as the endpoint of the titratiom.
The determined concentrations of the FFA in each of the times

) sazpled were plotted versus time and the rate of FFA release, expressed
as WM./gn./nr. (micromoles FFA released per gram of tissue per hour

of incubatiocn) was calculated from the slope of the line obtained.
Controls (no agonist present) were run in each experiment and the
smount of FFA released in the adsence of agonist vas sudbtracted from

the amount relessed in the presence of the agonist.



RESULTS AND DISCUSSION

Standard Dose-Response Relationship. Preliminary experimentation
{ndicated that catecholamine-induced release of free fatty acids
(FFA) was linear with respect to time for approximately two hours.
It vas observed, hovever, that the deviations from linearity were
most frequent i{n the 90 to 120 minute period, and therefore the
initisl rate period of 0 to 60 minutes was chosen for all assays.
The shorter time period also minimized errors dues to degradation of
_ gatecholamines, as has been previously reported by Vaughan and
Steinberg (62).

In Pigure 1, the response of adipose tissue to various concen-
trations of norvepinephrine is {llustrated. It can be seen that the
response rate is linear with respect to time for the 60 minute time
period and as the concentration of norepinephrine is increased from
0.65 x 10~T M to 5.2 x 10~T ¥, there occurs an increase in the rate
of YFA release. The maximum release rate found in the initial studies
was found to de 18.0 micramoles per gram of tissue per hour (18 uM./
ou./hr.) and vas constant irrespective of the agonist employed. A
more recent investigation of norepinephrine and other sgonists in the
adipose tissue system indicated s somevhat larger maximum release
figure, calculated to be 22.2 yM./gm./hr. These maximm relesse rates
were employed to calculate the per eent responses of the adipose
tissue systems in all studies descrided herein. In Figure 2, the
dose-response curves for norepinephrine ecorresponding to these two

maxismum rate figures are presented for purposes of comparison. Dose-

-as-

-
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response relationships similer to that shown in Figure 1 for norepine-
phrine vere deternined !‘or. each agonist and the rates of YFA release

caleulated as described previously. (See Methods)

Dose-Response Relationships for Other Phenethylsmine Agonists. The

dose-response relationships of s number of strueturally related phen-
cthu'hn:lnu were determined in an attempt to establish the degree of
chemical specificity shown by the adipose tissue system. These
relaticnships represent the resultant of the {nteraction of the agon-
{sts with ecomplementary tissue ecmponents (receptors) in sdipose
tissue. In order to elicit s stimulus st least two properties are
nocﬁury for the drug molecule: (a) affinity or the sbility to

{nteract with the tissue receptors and (b) intrinsic activity

(efficacy), the sbility to interact in an effective manner to elicit
the response (121). The -son:llt-nd.ipoci tissue receptor intersctions
{pvolved with the mobilization of FPA eonform to the relationship
expressed by the mass action law or the Langmuiy sdsorption isctherm
(122). Ariens (123) described an equation relating the relative
response of & tissue to an sgonist and the concentration of agonist

employed vhich has been nodified slightly to yield

I(A
R= re

Ka
where R: is the response of the tissue measured as the rate of FFA
release/mn. of tissus/hr., I is the intrinsic activity (meximal
response obtained st infinite econcentration of the sgonist), A is the
gonceniration of agonist employed, and Ka is the apparent dissociation

constant of the agonist-receptor tissue complex. This mathematical
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expression provides s means of ealculating the affinity and intrinsie
activity of the agonist, The affinity is proportiomal to the recipro-
cal of that eomcentration of the drug that gives a response equal to
half the maximal response obtainedle with the drug and the intrinsie
ut:lﬂ.tr is proportional to the maximal effect obtainable with the
drug being employed. In these dose-response relationships, differ-
ences in affinity are shown by & shift of dose-response curves of the
sgonist along the log-dose axis, vhereas s change in intrinsie
activity results in an increase or decrease in the maximal effect
obtainadle with the compound. R may also be expressed (as has been
done in these studies) as a per cent of the maximal response obtainsble
in the system, | |

The dose-response relationships obtained for these agonists are
presented in Figures 3-9. The structure of esch compound is illus-
trated in Table II. It is appsrent from these data that with the
exception of the ecmpounds phenylephrine (Figure 6) and phenylpropano-
smine (Pigure T), all sgonists vere capsdle of producing & maximal
release of FPA, thus, the agonists possess identical intrinsie
activities. These agonists, however, differ in their relative affin-
{ties as shown dy shifts in the dose-response curve. Structural
modifications of the ecatecholamine molecule have produced marked
changes in FFA mobilising ability of agonists in adipose tium- slices
and are discussed with particular reference to the positions as
designated bdelow:

;
-aT
'
_.'a.
/n\

meta
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Kodiﬂccfion of the Amino Nitrogen. In Pigure 3, the dose-response
curves of the catecholamines protochylol, morepinephrine, epinephrine,
isopropyl arterenol and ¥-methylepinephrine are shown. These agonists
differ only in the sudstituents present on the nitrogen atom of the
side ehain. With the exception of N-methylepinephrine, the sctivity
of the other compounds vas enhanced by the substitution of alkyl groups
as ¢an de seen dy comparing the dose-response curves of protochylol
and isopropyl arterencl with the other sgonists. Indeed, the large
N-substituent as found in protochylol, the most potent agonist studied
in this system, enhanced its affinity to a value spproximately two-
£014 over isopropyl arterenol and was found $o0 be 13 times that of
epinephrine and norepinephrine. lethyhtion of norepinephrine
(epinephrine) did not produce & significant slteration in the dose-
response curves, howvever, methylation of epinephrine to form the
tertiary amine, N-methyl epinephrine, produced a marked decrease in
affinity., This single modification resulted in a greater than 1600~
£014 decresse in the molecule's ability to mobilise FFA. It is
apparent that the ability of catecholamines to mobilize FFA is best
associated with primary and secondary catecholamines, these rindingi
being in agreement with the conclusions expressed by other investi-
gators (94,95). To & lesser degree, the tertiary catecholamines are

cspable of eliciting & maximal response in this adipose tissue system.

Modification of the Beta Carbon on the Ethylamino-8ide Chain. Results
obtained vith the paired compounds norepinephrine and dopanine,
epinephrine and adrenalone, octopamine and tyrsmine are 1llustrated

in Pigure b, Norepinephrine and dopamine, and octopsmine and tyramine,
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differ in the presence or absence of a hydroxyl function on the beta

carbon. The removal of this chemical group from norepinephrine resulted
in & 250-f0ld decrease in affinity as shown by the dose-response curve
of dopamine, as compared to that of norepinephrine, whereas the removal
of the hydroxyl function of octopamine eompledy abolished the ability
of the molecule to modilise FFA a8 indicated Dy the results odtained
with tyramine, Adrenalone differs from epinephrine only in the
conversion of the beta-hydroxyl group to & ketone function, yet these
tvo compounds show a marked difference in their ability to release

YFA. Adrenalone, possessing the ketone function, i{s about 400 times

- less effective than epinephrine, The presence of the side chain

hydroxyl thus appears to enhance the mobilizing properties of the
phenethylamine molecule and must play an important role in the binding
of phenethylamine agonists to receptor material in adipose tissue.

Modification of the Alpha Carbon of the Ethylamine-Side Chain. In

Pigure 5, ethylation at this position, as ean de seen with ethyl-
mp;ncphrino. resulted in a significant shift of the dose-response
curve to the right, vhereas methylation of the alpha carbon (nordefrin)
414 not influence the FFA mobilizing effect as is showvn by comparison
with the dose-response curve of norepinephirine. Ethylnorepinephrine
was found to be approximately 20 times less effective than the agonists
nordefrin and norepinephrine. The plotted results with the latter
agonists are indistinguishiable in this system, and therefore are

regarded as being equipotent.

Modifiecstion of the Para- or M-Position of the Phenyl Nucleus. As

shown in Pigure 6, the results obtained with the catecholamines
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porepinephrine, epinephrine and nordefrin were not found to be
significantly different in the mobilization of FFA from adipose tissue
slices. On the other hand, the non-eatecholamines norephenylephrine,
phenylephrine and uf.nr.inol. differing by the absence of phenclic
group at the h-position, show marked changes in their dose-response
curves. The absence of this phenoliec moiety produced a parallel
shift in the curves to the right indicating & decrease in the affinity
for the adipose tissue system, in vitro. Metarmminol was about 80-
£014 less effective and norphenylephrine was approximately 800-fold
less active than nordefrin and norepinephrine, their corresponding
hydroxylated anslogues. Phenylephrine, in addition to a marked
decrease i{n affinity as compared to epinephrine, was unable to
maximally stimulate the release of FFA in this system. It is evident
that removal of the pars- er h-hydroxyl function from the phenyl
nucleus decreases the ability of the molecule to mobilise FFA.

The compounds phenylephrine and phenylpropanoclamine (showa in
" Pigure T) possess properties which sharply differentiate them from
the cther sgonists studied. These ecmpounds exhibit the phencmena of
autodrhidition which manifests itself in & decressed FFA relesse as
the mc;ntratton of agonists is increased deyond s certain value.
m (124) and Wenke et al. (91) have reported that catecholamines,
in very high doses, slso exhidit auto-inhibition in sdipose tissue,
in vitro. Auto-inhibition has been explained by the further
existence of interdependent receptors vhich interact in the presence
of higher ccncentrations of sgonist and antagonise the maximal
response in the system (125). No attempt was made to exsaine the

nature of this property in these compounds in this study.
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Modification of the Meta— or 3-Position of the Phenyl Kucleus. In

Figure T, the results obtained vith the paired compounds norepinephrine
and octopamine, dopamine and tyramine, metaraminol and phenylpropano-
smine, and opin;phrinc and metanephrine are presented. The removal

of the Retssiphenolic group from the phenyl nucleus of norepinephrine
resulted in & 125-f0ld decresse in effectiveness as is illustrated by
the results found vith octopamine. The importance of this sanme
modification is also evident from the results obtained with tyramine
and phenylpropanolamine. Tyramine, lacking the meta-hydroxyl group,

4{s unadble to mobilize FFA to & measuresble level in this system whereas
dopamine is able to mobilise FFA maximally. The loss of this group
from metaraminol, as in phenylpropanolamine, markedly altered the
dose-response relationship. In additionm, methylation of the meta-
hydroxyl group of opinephr;.u as in metanephrine ecompletely abolished

FFA mobilising activity.

Modification of Isopropyl Arterenocl. Marked differences in affinities

are noted in the dose-response curves obtained for the agonists
isopropyl arterenol, metaproterenol and phenisonone as is shown in
Figure 8. A 30-fold difference in effective concentrations of the
compounds metaproterenol and isopropyl arterencl was obtained, yet
these compounds differ only in that metaproterencl has the two
hydroxyl groups in the meta-positions of the phenyl nucleus. Pheni-
sonone, an anslogue of isopropyl arterenol which possesses & beta
ketone and an alpha methyl group on the side chain, is about 10,000
times less effective. These data substantiate the importance of the

para-phenclic group and the presence of beta~-hydroxylation on the
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etﬁyl-imi.d- chain in the 1Mutim of sgonist and receptor in
the adipose tissue system. |

Removal of the phenyl nucleus of isopropyl arterencl a8 in 2-
. 4sopropylsminoethanol completely abolished FFA mobilizing activity.
Increasing the size of the substituent on the smino nitrogen of
ethanclemine failed to elevate FFA to a messuresble level as indicated
by the results obtained with B-benrylethanolsmine and ¥-a-benzyl-

nonoethanclanine.

Modification of the Amino Hitrogen of Non-Catecholamines. In Figure 9..
. the results obtained for the ecapounds nordefrin, nylidrin, isoxuprine
end octopamine are showvn. A narked increase in FFA mobilizing activity
is noted with the nm—cmeholninn nylidrin and isoxuprine s
eompared vith the dose-response ecurve of octopsmine, another non-
eatecholamine which lacks & substituent on the nitrogen and alpha
carbon atoms of the ethylamino-side chain. The activity of these
agonists sppears to be associsted vith the presence of a large aralkyl
substituent on the nitrogem atom, Nylidrim is equipotent with the
catecholamines morepinephrine, epinephrine and nordefrin vhereas isexu-
prine is spproximately one-fifth ss sctive. Nordefrin, possessing the
gstechol moiety, 'but 1acking en W-substituent, vas included for
comparative purposes wvith 1a&uprlm'und nylidrin.

The present study has shown that all eatecholsmines verse capable
of inducing & meximal FFA relessing response in the adipose tissue
system, in vitro. Modification of the dasic catecholamine structure
produced marked changes 4n affinity and to s wuch lesser extent, in
intrinsic sctivity. It is apparent that any model system designed to

{1lustrate the interaction of various substituted phenethylamines, and
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in particular the eatecholsmines, with the sdrenergic-adipose tissue
receptor system must take into account the presence or sbsence of
chemical groups on the nitrogen atom, the alphs. eand beta carben atoms
of the side chain, snd the mets- and pars-positions of the phenyl
nucleus. The observed decreases in FFA mobilising activities resulting
from the removal of a phenolie group or bete~-hydroxyl group from the
catecholsmine molecule are in agreement vith the studies by Mueller
and Horvits (95) in human subjects and Rudman et al. (94) 1n hemster

adipose tissue, in vitro.

Effect of Tyramine on Catecholamine-Induced Lipolysis from Adipose
m{gsue Elices. BSeveral scmpounds including tyrsmine, smphetanine and

ephedrine vere found to be {ncapable of elevating FFA to & measuresble
level in this system (See Table I). The megative results cbtained vith
tyramine confirm earlier reports by love et al. (100) snd others (s0,
126). In additicn to their structural similarities to the more potent
phenethylamines, these gompounds vere chosen because one of their
proposed mechanisms of action is an indirect action mediated by the
release of endogenous catecholamines (127). Bince Pacletti et al.
(47) and others (h8,k9) have shovn that sdipose tissue contains
sppreciable quantities of endogenous norepinephrine, it vas expected
that some sctivity would be observed with the hldiriﬂt acting compounds
at the high concentrations employed in this study.

The absence of an observadble response with these eampounds may de
interpreted in at least two ways: (1) the inadility of these eompounds
to stimulate the release of FFA in vitro may be due to a failure of

these compounds to reach the endogenous stores of norepinephrine or
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(2) if they reached norepinephrine stores, they failed to cause the
release of sufficient amounts of endogencus catecholamine. The former
poesibility suggests that the ecompounds failed to diffuse through
sdipose tissue or that they were accumulated preferentially by the
tissue, thus bYeing effectively removed from the agqueous phase vithin
the cells. The latter alternative, involving the failure of these
eompounds to cause release of sndogenous catecholamines is in direct
opposition to the currently offered explanation of the mechanisam of
action of these compounds. In an attempt t$0 explain the lack of a
measureable response, tyramine was exmmined for its effect om norepin-
ephrine-induced lipolysis.

Various concentrations of tyramine were preincubated prior to the
addition of a high concentration of norepinephrine (5.2 x 10"7 M) and
the FFA release rate determined. It is apparent from the data shown
in Figure 10 that tyramine effectively anteagoniszed norepinephrine-
induced lipolysis and that the release of FFA was inhibited by
wproximhl;,biinthomof,xm‘&ltyruim. The observed
antagonis:m precludes the possidbility that tyramine failed to diffuse
through the fat tissus. Howaver, these data 4o suggest that the
tyraxine vas indeed incapadble of releasing the endogenous eatecholamines
found in the adipose tissue and further imply that the adipose tissue
systen differs to some extent from the adrenergic systems of heart,
drain, ete. vhere tyramine has been shown to release endogencus
catecholanines. Thus, it has been shown that tyramine interacts with
the adrenergic receptor system in adipose tissue and ean best de

described as an antagonist rather than an agonist.
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Effect of Reserpine Pretreatment on Metaramincl and Octopsmine

Mobilisation, in vitro. In addition to tyrsmine, ephedrine and mmphet-

smine, the agonists nordefrin, octopamine and metarsminol also have
been reported to have an indirect component of sgtion. Although the
storage sites for norepinephrine im sympathetiec neurons are relatively
specifie, these agonists possess the structural requirements necessary
to displace norepinephrine and ocoupy the storage sites of norepine-
phrine (128). Recent evidence suggests that this indirect action
resides more specifically in the L(+) {scmers of metaraminol and
nordefrin, vhereas the direct eomponent of action is ﬁnocittcd vith
the D(-) iscmers (129). It was of interest to determine the FFA
mobilising effects of these agents in adipose tissue depleted of
norepinephrine eontent by pretrestaent with reserpine. Reserpine has
been shown to deplete catecholamines from adipose tissue as vell as
other tissues (L7T,h8,%9).

Animals were pretreated with mu-flm (s ulxs. 1.p.) and
fasted for 16-20 hours prior to the experiment. Animals not given
reserpine vere treated similarly and served as eontrols. The pretreated
animals exhibited marked visual signs of ptosis, sedation, salivation
and defecation, all characteristic of the syndrome produced by
reserpine snd associated with depletion of bdiogenic amines. Twvo
concentrations of each agonist vers employed in the in vitro phase of
this experiment as c¢an de seen in Figure 11. Although the results
with metaraminol st & ecncentration of 1.66 x 10~> M, differed
significantly from those obtained with the comtrols, the data support
the concept that these compounds aet primarily by s direct mechanism
and not by the release of endogenous norepinephrine. Thus, the
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response obtained in the mu-piml treated tissue was approximately
the same as that obtained in the eontrols.

The above experiments conduected wvith the indirect acting sympath-
omimetics suggest that the mobilisation of FFA from adipose tissue may
represent an adrenergic system unique in the storage of catecholamines.
The indirect-acting sympathomimetics employed in this study were
either insctive in mobilizing FFA (tyrsmine, smphetemine, ephedrine)
or did not have their activity decreased by chemical sympathectomy
(metaraminol and octopamine). This should not de construed to imply
that the physioclogical amounts of catecholamines in adipose tissue are
negligidble in their functional aspects, since an sbundance ef evidence
points to the importance of the sympathetic nervous system in the
mobilization of FPA (4S,M6,47,48,50,51,53,54,55).

Double Reciprocal Relationships. The data illustrated in the dose-

response relationships (Figures 3-9) ean be presented graphically in a
form identical t0 the Linevesver-Burk doudle reciprocal plot so eommon
to ensyme systems (130). Taking the reciprocal of each side of the

equation presented previously (See page 30) ylelds:

Plotting the data as 1/R versus 1/A yields s linear function with a
slope numerically equal to Ka/I and an intercept of 1/I. Analysis of
the data in this manner provides an efficient means of calculating the
tvo parameters of agonist-receptor interactions, the intrinsie activity
(I) and the affinity constant (1/Ka) from the intercept and the slope

of the line, respectively. With the exceptioa of phenylephrine and
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phomlproﬁmlnim, the data cbtained with the egonists in these
studies were plotted in this manner and are shown in Figures 12-15.

| The data for norepinephrine are included in Figures 12-1h for
comparative purposes, since a different scale for the adscissa vas
enployed to permit plotting of other agonists. It is apparent from
these graphs that (a) the lines representing the sgonists all
extrapoclate to an identical ordinate intercept, indicating the same
{ntrinsie sctivity for all eompounds and (b) thet the majority of
agonists differ in the slopes of their lines, indieniﬁ differences
in affinity for the adipose tissue system. The plotting of the data
in this manner serves as check on the general agreement of the data
vith the equation expressed on page 30 and facilitates the calculation
of the intrinsic sctivity and affinity constants.

Intrinsic Activity and Affinity Constants. The structure-activity

relationships obtained in this study are susmarized in Table I. Buch
& tabulation of the dats permits a quantitative and visusl eomparison
of the effects of the various agonists employed. The intrinsic
activity constants have been expressed as the ratio of the maximal
response obtainable with the particular agonist to the mhn response
obtainable in this system (123), and the affinity constants (the
reciprocal of the apparent drug-receptor dissociation constant, 1/Ka)
are expressed as the pDy values of Miller, Becker and Tainter (131)
defined as the negative logarithm of the agonist concentrationm
required to produce a response equal to 50% of its maximal response
in this system. These constants can de derived either from the dose-
response relationships or directly from the slope and intercept value
of the lines from the double reciprocal plots. As shown in the table,
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with the exception of amidephrine, phenylpropanclamine and phenyl-
~ephrine, all active compounds were able to maximally stimulate FFA
release and therefore possess an intrinsic activity constant of unity
(1.0). Amidephrine, in the highest eoncentration employed, ves able ..
to mobilise approximately 50% of the maximum relesse of the systeam and
thus is represented by an intrinsic activity eonstant of 0.50. On the
other hand, structural modification produced marked changes in the

pD2 values, ranging from 3.6 for N-methylepinephrine and phenisonone
to 7.9 for the most potent agonist, protochylol. All inactive
compounds employed are included in the data and are represented by an
intrinsic activity constant of sero (0.0). For eclarificetion of
structural modifications of the varicus phenethylsmines, the chemical
structures of all compounds ere illustrated im Table II.

The data in Tadble I indicate the effect structural modification
of the basic phenethylamine nucleus had on the sdbility of a ecmpound
to stimilate the mobilization of FFA from adipose tissue, in vitro,
The parent compound, phenethylamine, vas found to be completely
{nsctive {n this system. Alpha-methylation (mmsphetamine) or pars-
hydroxylation (tyrsmine) of phenethylamine did not inerease activity
t0 a measureable level, vhile beta-hydroxylation along with alpha-
methylatiocn had varisble results (compare the slightly sctive phenyl-
propanolamine with the inactive ephedrine). Placing a meta-hydroxyl
group on the phenyl ring of tyramine (dopsmine) or phemylpropanolsmine
(metaraminol) significantly increased the FFA mobilizing activity.
Pars-hydroxylation of metaraminol (nordefrin) or the combination of
pars-hydroxylation and N-substitution of phenylpropanclamine (isoxu-
prine and nylidrin) markedly enhanced the lipolytie sctivity

possess=d by the agonist moleculs.
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TABLE II. Chemical Structures of Compounds Utilized
in this Study

1. Protochylol

O~
Pt

HO CHCH2NHGH- CHz

HO CH

2. Isopropyl arterenol

SHs
HO(i:::>CHCHaNHCH
HO Ju NCHa

4. Epinephrine

Ho<<:::>qHCH2NHCH3
HO OH

6. Nylidrin

HO gH-gHNHQHCHQCHaceHs
OH CHs CHs

8. Metaproterenol

HO CHs
cacHzNHCH”

HO OH “CHs

10. Metaraminol

GH-GHNHz2
HO OH CHs

CH3

3. Norepinephrine

’
wod g
HO OH .

5. Nordefrin

HO- CH—C;HNHQ

1
HO OH CHga
T. Isoxuprine

HO QH-qHNHCHCHQOCBHs
OH CHs 3

9. Ethylnorepinephrine

HO CH"C'HNHQ
HO CH CHaCHs

11. Octopamine

Ho4<:::>>qHCHaNHa
SH



TABLE.II (bontinued)

12. Dopamine

HO-@ CHzCHzNH2
HO }

14. Norphenylephrine

16. N-methylepinephrine

/FHa
HO CHCI‘IQN\
HO dH CHs

18. Phenylephrine

13. Adrenalone

0
"
H04<:::>C—CH2NHCH3
HO

15. Phenisonone

Q /Cﬂs
HO -~CHNHCH
i N\
HO CHs CHs

17. Phenylpropanolamine

QH-QHNﬂz
OH CHg

19. Amidephrine

H OH CH3 SOz NH OH

20. Phenethylamine

22. Tyramine

HO@ CH2CH2NH2

24 . Ephedrine

Gai-GrTCHs
OH CHs

21. Metanephrine

HO-@CHCH:;NHCI—IS
CHsa dH

23. Homarylamine

IO CH>-CH2NHCH3
CH>~0

25. Amphetamine

CH2CHNH2
CHa



TABLE II (continued)

26. 3,4=-dinydroxymandelic acid

HO -CHCOOH
HO OH

27 . 3-methoxy,4-hydroxymandelic acid

HO C:HCOOH
CH3zO0. OH

28. N—c%:—methylbenzylmonoethanoiamine

q32CH2NH9H“<::::>
OH CHs

29. 2-isopropylaminoethanol

SHa
. C.;I'IQCI-IaNHCH N\
OH CHa

30. N-benzylethanolamine

C;I'Iz CI-IzNHCHa-@
OH
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It is evident that deta-hydroxylation eoupled with the presence

of the estechol nucleus eonveys optimal aetivity upon the phenethyl-
smine moleculs as can be seen by the large pDy values possessed by
these type compounds (e.g. epinephrine, mmincphrini. and nordefrin).
The affinity of the basic eatecholsmine molecule (norepinephrine) wvas
enhanced by the presence of large or dbulky alkyl or aralkyl functions
upon the mitrogen stom of the side chain (protochylol and isopropyl
arterenol).

A significant decrease in the pDp values by structural modi fica-
tion of the catecholamines (norepinephrine, epimephrine, isopropyl
srterencl, and nordefrin) vas noted: (1) by the presence of a tertiary
amine group (N-methylepinephrine), (2) by the absence of either ome of
the ring hydroxyl functions (metarsminol, octopamine, and norphenyl-
ephrine), (3) by the absence of the beta-hydroxyl group {dcpamine) or
by the presence of a ketonme function (phenisonone and sdrenalone) om
the ethylamino-side chain, (k) by the substitution of an ethyl group
on the alpha carbon of the ethylamino-side chain (ethylnorepinephrine),
(5) by an alterstion in the positions of the tvo-hydroxyl functions
on the phenyl ring (metaproterencl), and (6) by the absence of the
phenyl nucleus (N-a-methylbensylmonoethanoclamine, E-bensylethanolamine
and 2-isopropylsminoethanol).

It may also be noted in Table I that methylation of the mete~
hydroxyl group (metanephrine) and/or the removal of the nitrogen atom
(3,h-dinydroxymandelie acid and 3-methoxy,M-hydroxymandelic acid) of
epinephrine completely sbolished FFA mobiliszing activity and that
phenethylamine molecules lacking a free phenoliec function (nid;phrim,

homarylsmine, smphetamine, phenylpropanclamine and ephedrine) possess
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little or no FFA mobilizing setivity. These data support the proposal
that the catechol nucleus and nitrogen stom are necessary chemical
groups for optimal activity of the phenethylamine molecule in this
adipose tissue system.

Analysis of these data reveal that an enhancement of affinity
(an increase in pDy values) was noted by the following structural
modifications of the phenethylsmine molecule: (a) an increase in the
size of alkyl or aralkyl monosubstituents en the nitrogen atom of the
ethylamino-side chain, (b) the presence of an alcoholiec or beta ecarbon
hydroxyl fumction on the ethylamino-side chain, vhereas its absence *
or the presence of a ketone function is incompatible with potent FFA
releasing activity, (¢) the presence of a meta- or 3-hydroxyl group
on the phenyl nucleus, (d) the presence of s pars~ or Ahydroxylation
on the phenyl nucleus, and (e) 4n the absence of an alkyl substituent
larger than a methyl group om the alpha earbon of the side ehain.
A partial or complete loss of FFA mobilizing activity as indicated
by decreased affinity and/or intrinsic activity constants was observed
in the following structural modificetions: (a) in the adbsence of the
catechol group on the phenethylamine molecule, (b) in the abaence of
the phenyl nueleus, (¢) in the absence of the nitrogen atom on the
ethylsmino-side chain, and (d) By the presence of a tertiary amine

group on the amino nitrogem of the side e¢hain.

Bummary. The increasing importance of the mobilization of FFA as &
contridbuting factor in certain disease states and as a primary energy
source in body metabolism has led to comnsidersble emphasis being

placed on the role of adipose tissue in FFA transport. The sympe-
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thetic mul system and in particular, the adrenergic neurchormones
play s significant role in the control of 1ipid metabolism. Recent
work has shown that catecholamine-induced lipolysis occurs along path-
vays similar to the processes elucidated by Butherland and Rall (67,
68), thit is, & stimulation of the conversion of sdenosine triphosphate
(ATP) to 3',5'-cyelic-AMP, which in turn, catalyses the transformationm
of an inactive lipase to an active lipase in adipose tissue (40,56,6L).
The activated lipase enzsyme further catalyses the hydrolysis of
triglycerides to FFA intracellularly. A better understanding of the
chemical specificity of the substituted phenethylamine molecule was
sought for futun development of therapeutic agents modifying FFA
nobilization.

The log dose-response and doudble reciprocal relationships for
agonists reported herein conform to the theory of interaction
{nvolving receptor end agonist in & reversidle complex (121,123).

The ealculations of the intrinsic activity and affinity econstants for
the adrenergic-adipose tissue receptor system, in vitro, are useful
parameters of the agonist-receptor- iwiu %0 determine the
structural features pertinent to FFA mobilising activity.

The structure-activity relationships cer be discussed with
reference to alpha~ and beta-type adrenergic receptors and it is
spparent that adipose tiuuc. responds more favorably to the beta-type
sdrenergiec stimulants. Of the alpha agonists, norepinephrine, phenyl-
ephrine and smidephrine, the latter twe possess only veak mobilizing
activity, vhereas norepinephrine is a potent agonist. On the other
hand, a large number of deta-stimulants are effective in this system

and include isopropyl arterenol, mylidrin, fisoxuprine, metsproterencl
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and Mlo1. As reported (90,92) and confirmed by Cernchorsky
et s1. (93), the incresse in affinity odtained by the addition of
bulky groups on the nitrogen atom is characteristic of a data-type
sdrenergie receptor systea.

Barrett (132) found that the L(-) isopropyl arterencl isomer has
double the affinity of the racemste and similarly D(+) isoxuprine,
which represents the beta-mimetic component of its racemate (133),
was also found to be more effective than the other stereoisomer (13k).
Wenke (135) and Page (136), in studies vith both sgonists and antag-
onists suggested that adipose tissue is & bcti-trophie receptor and
an alpha, bete receptor, respectively. Considering these facts, it
19 spparent that adipose tissue does not conform to & pure beta
m system, but may be an adrenergic receptor of a single entity
capsble of responding to both types of stimulants.

These ofnctm—utivity relationships permit speculation as to
the complementarity that exists detween the drug molecule md the
adipose tissue receptor system and serve to supplement views
eoncerning characterisstion of this ro.ceptor. The attempts to define
the nature of autcoholﬁim and sdrenergic neoptor 1ntoﬁetion in
molecular terms has been formed partly by the knovledge of existing
sgonist and antagonist studies together vith known chemical and
ensymatic properties of functional groups om the agonist molecule.
Belleau (137) has presented a possible mechanism for the catecholamine-
adrenergic receptor interaction resulting in the conversion of ATP to -
3',5'-cyclic-AMP. The concepts introduced were (1) that the

nuelectide (ATP) was an integral part of the Mﬁnargic receptor
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surface, thus either in part or sompletely interacting with the
catecholamine molecule, (2) that the catecholamine-induced gonversion
of ATP is facilitated dy iom-pair formation between the smmonium ion
(nitrogen atom is protonated at physioclogical pH) of the agonist with
an anionie oxygen atom of the innermost phosphate of ATP, therebdy
permitting a mucleophilic attack dy the 3'-hydroxyl ef the ribose
moiety and ejection of pyrophosphete with the formatiom of the cyelie
muclectide, and (3) assigning a metal chelation mechanisa to the
eatechol ring in association with ATP. Based on molecular models,
Belleau postulated that the catechol ring can de chelated to the
oxygen atems of the terminal phosphates of ATP and ion-pair formation
ean occur vithout the creatiom of stress in the complex formed.

This model satisfies the sssessment of optimal activity assceiated
wvith the catechol group, since a non-catechol would less effectively
chelate wvith a metal ion and thus possess less affinity for the ATP-
bound ensyme surface. Although this hypothetical mechanism provided
a significant understanding of the molecular interaction, it was
necessary o dissociate the alpha and dets adrenergic systems. The
folloving sequence of activity, isopropyl arterenol » epinephrine >
porepinephrine cbserved in adrenergic receptor systems required that
the ion-pair formation scheme proposed above be modified. As was
noted in this system, large substituents vere tolerated at the amino
nitrogen wvithout a decrease in response and supports a recent
hypothesis stating that there is a charge meutraliszation of the
smonium ion and the anionic ATP site rather than ion-pair formation.
Belleau (138) has modified his initial mechanism to better coincide
vith the beta agonist-adenyl cyclase system to include: (1) the



overlap of large nonpolar (alkyl or arelkyl) substituents on the amino
nitrogen interacting with the adenine ring of ATP, (2) the catalysis

of ATP to 3',3'-cyclic-AMP as being facilitated by charge neutralizationm,

and (3) the inclusion of the binding of the deta-hydroxyl group vith
the protein eomponent of the enzyme-ATP complex.

" Bloom and Goldman (139) recently presented a detailed elucidation
of the 1ntlrmtoﬁ of catecholamines with adrenergic receptors based
in part on the earlier ATP-adenyl ayclase model systems of Bellesu.
Their postulated molecular mechanism is discussed below vith reference
to the pinar representation illustrated in Pigure 16, These authors
retained the Belleau concepts of the anchoring of the eatechol ring
by ehcl;tion. and the Bharge neutralisatiom of the 5'-phosphate moiety
favoring displacement of pyrophosphate from the surface of the enzyme.
Hovever, they indicated a more important role for the deta-hydroxyl
function. The ncufnliut:lon of the anioniec charge on the phosphate
oxygen vas suggested to lower the energy darrier for the attacking
nucleophile (3'-hydroxyl on the ribose moiety). It is spparent that
primary, secondary, and tertiary emines all are able té pertiecipate
in the proposed interaction catalysing the dreakdown of ATP. The
activity cbtained with the tertiary emine found in this study.thus
does not necessitate any modification of the proposed mechanism. The
hydrogen bonding of the beta-hydroxyl group with the remaining
anionie oxygen of the target phosphate is expected to promote the
eyclization reaction in a menner analogous to that proposed for the
smoniwa {on. In this relationship, the removal of the hydroxyl

function or its conversion to a ketone would effectively adbolish the
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{ntersction with the anionic site and eliminate the partieipation of
this group in the estalysis of ATP to 3' ,5'~cyclie-AMP. Decreased
activity observed by alkylation of the slpha carbon fite vell into
this scheme since it is expected that this moiety may sterically
hinder the precise sligmment of the molecule at the target phoaphate
atom of ATP.

Thus, the results obtained with the adrenergic receptor systea
in adipose tissue are consistent with the mechanisms proposed for
the interaction of catecholamine and ATP-bound adenyl cyclase enzyme.
The complementarity of the phenethylamine molecule and mpuo
tissue receptor sppears to be primarily sssociated with the binding
forces of the chemical groups on the smino nitrogen, beta carbom,
aﬁd the mets and/or pars positions of the phenyl pucleus. It is
apparent from the discussion above that the receptor area must allow
for sufficient dinding of these chenical groups ‘to permit the approach
of the molecule to the catalytic site for enxymatic conversiom of
ATP to 3',5'-cyclic-AMP as the {nitial step in catecholamine-induced

lipolysis.



CONCLUBIONS

The chemical specificity shown by the adrenergie-adipose tissue
system to exogenous substituted phenethylsmines in the mobilisation
of free fatty acids (FPA) vas determined. Emall molecular modifice-

. tions in chemical structure resulted im significant alterstions of FFA
mobilizing activities, thus indicating & high degree of eomplementarity

of the agonists with receptors in adipose tissue in e manner similar to

the interaction of substrate and enzyme, The dose-response and double

reciprocal relationships obtained are consistent with an sgonist-

receptor interaction existent in adipose tissue suggesting that the

uth of mobilized FFA is proportional to the mmber of agonist- i
adipose tissue complexes formed.

A differentiation of the effectiveness of the sgonists employed
was shown by the calculation of the pharmacological parsmeters,
intrinsic setivity (efficacy) and affinity. These data have yielded
the following conclusions relating chemical structure to bdbiological
activity:

1. Optimal setivity of the agonist molecule was correlated with the
presence of the catecholamine moiety. It appeared not to be
obligatory for maximal release of FFA since several monohydroxylated
phenethylamines (oxedrined had significant mobilizing activity. The
removel of either pherolic group from the catecholamine moiety markedly
reduced the affinity of the sgonist molecule in this adipose tissue
system.

2. The bets-hydroxyl function sppeared to play an important role in

determining the affinity of the agonist molecule for the sdipose tissue



system.

3. Alpha carbom alkylation decreased the affinity of the phenethylamine
molecule in the presence of an ethyl substituent, but d1d not signifi-
" cantly alter mobilizing activity in the presence of a methyl substituent.
M., N-substitutiom of large alkyl or aralkyl groups considersbly
inereased the affinity and enhanced the fat mobilixzxing activity of
agonists employed. It is evident that potent FFA activity vas associ-
ated vith primary and secondary amines, and it wvas further noted that
& tertiary amine possesses a much decreased affinity of the agonist
molecule for this adipose tissue system.
5« Methylation of the meta-phenclie function, removal of the phenyl i
nucleus, or removal of the nitrogen atom from agonist molecules
completly abolished FPA mobilising activity.

Furthermore, from other information obtained in this study, it
can be eoncluded:
l. BSeveral eampounds, vhose action is mediated at least in part by a
release of endogenous catecholamines, were inactive in this system.
In addition, one of these eompounds, tyramine, effectively antagonized
norepinephrine-induced lipolysis.
2. The agonists metaraminol and octopamine, also known to possess
an indirect action, were generally unaffected by prior reserpinization
of the adipose tissue, suggesting that mobilization of JFA by these
compounds is primarily related to a direct component of action in the
adipose tissue system under study.
3. Although both alpha- and betsa~-type adrenergic stimulants were
capable of mobilizing FFA from this adipose tissue system, it has bdeen
shown that the beta-type stimulants are much more active in this regard.
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Agonist-Receptor Intersctions Involved with Mobilisation of Free

Patty Acids from Adipose Tissue

DENKI8 RUDOLPH FELLER

Under the Supervision of Professor Kenneth 7. Pinger

Numerous reports have indicated the increasing importance attri-
buted to the mobilization of free fatty acids (FFA) as a contribdbuting
factor in certain disease states and as a primaxry energy souree in
normal body metabolism. It was the purpose of this study to define the
structure-activity relationships inherent in the intereaction of
sympathonimetie drugs vith the adrenergic receptor of epididymal fat
tissue, in vitro, inassuch as the sympathetic nervous system has deen
shown to exert a eontrolling influence over the mobilisation of FFA
in vivo.

Utilizing the rat epididymal fat pad as a source of biological
tissue, the rates of FFA release vere guantitated in the presence of
various concentrations of sympathomimetie agonists. The data thus
obtained were plotted in the standard dose-response relationship and
the double reciproecal form to facilitate the calculation of the
intrinsic activity (efficacy) and affinity constants. These two
parameters vere then employed to establish the strusture-sctivity
relationships.

It vas established that structural modifications of the parent
pﬁcnethy].-im molecule produced marked changes in the affinity of the
molecule for the adrenergic receptor tissue, and, to a muech lesser

I

degree, changes in the intrinsic activity possessed by the agonists.
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Optinmal miivity vas observed among the phenethylamines when the ecatechol
moiety vas present. The rank order of activity found for the catechol-
emines was ﬁotochym » isopropyl arterenol > morepinephrine =
epinephrine = nordefrin > ethylnorepinephrine » dopsmine » adrenslone >
N-methylepinephrine = phenisonone.
Small structural changes om the ethylamine side chain markedly

altered the sdility of the eatecholammine to mobilize FFA. This

phencmencn vas most apparent when changes were made in the deta-hydroxyl
function or substitution on the terminal nitrogen.

While optimal activity was possessed by the catecholemines, the
results obtained with certain non-cstecholamines indicated that the
catechol nucleus vas not obligatory for FFA mobilisation. The presence
of a hydroxyl mnp in either the para or the meta ring position vas
sufficient to produce maximal FFA mobiliszing m:lﬂﬁ' vhen the beta
carbon of the side chain was also hydroxylated. It was ¢learly
established that the bdeta hydroxyl group played am important role in
the dinding of the phenethylamines to the bioclogical receptor tissue.

8imilarly, l-iubstitutiea of a bdulky alkyl or aralkyl group
greatly enhanced the _fl.t modilizing activity of the phenethylsmine |
nolecule. In this r;s;rd. it wvas satablished that optimal activity vas
obtained with either primary or secondery smines. Tertiary amines,
while still possessing maximal FFA mobiliszing activity, vere character-
1sed as having & much decreased affinity for the adipose tissue
receptor. |

Nethylation of the alpha cardbon of the side chain 4id not markedly
alter biological activity wvhile ethylation in this position significantly

decressed the affinity of the molecule., These results suggest that the



3.

prnuneo of substituents in the alpha position can sterically hinder
the npprouh of the agonist molecule to the receptor area.

Compounds knovn to possess an indirect eomponent of action in other
adrenergic systems were studied in the rat epididymal fat pad system,
Tyremine, amphetamine and ephedrine were completely inactive as agonists
vhile octopsmine and metaraminol were found to possess FFA mobilising
activity. Purther investigation estadblished that only those compounds
possessing a significant degree of direct aetivity on the sdrenergic
receptor (metaraminol and octopamine) were ecapable of mobiliszing FFA.
Indeed, tyramine, while not upablo' of producing an agonistic effect
in this system was found to be an antegonist of eatecholamine-induced
FFA mobilisation.

The interaction bdetween the phenethylamine molecule and the adipose
tissue adrenergiec receptor is believed to occur through a coupling of
the agonist molecule with the ATP-adenyl ¢yclase system resulting in a
conversion of the ATP to 3',5'-ayclic-AMP. The cyclie nucleotide, in
turn, is believed to bde responsible for the activation of lipolytie
o.ct!vity in adipose tissue. The structure-activity relationships
established in this ituﬁ a¥e in agreement with the postulated
structural requirements of Belleau and those of Bloom and Goldman for

such an interaction.
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