
INFORMATION TO USERS 

This was produced from a copy of a document sent to us for microfîlming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted. 

The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the fUm along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity. 

2. When an image on the film is obliterated with a round black mark it is an 
indication that the fîlm inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been Rimed, you will fînd a 
good image of the page in the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in "sectioning" 
the material. It is customary to begin filming at the upper left hand comer 
of a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is continued again—beginning 
below the first row and continuing on until complete. 

4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases we 
have filmed the best available copy. 

University 
Microfilms 

Internationêil 
300 N. ZEEB ROAD, ANN ARBOR, Ml 48106 
18 BEDFORD ROW, LONDON WC1R 4EJ, ENGLAND 



7916189 

DIMARCOt NANCY MARGARET EVANS 
HORMONAL AND DIETARY REGULATION OF LIPOLYSIS 
IN BOVINE ADIPOSE TISSUE. 

IOWA STATE UNIVERSITY, PH.D., 1979 

University 
Micrwilms 

IntematiOncU 300 N.ZEEB ROAD, ANN arbor, MI 48106 



Hormonal and dietary reaulation of linolysis 

in bovine adipose tissue 

l.y 

Nancy Margaret Evans Diîlarco 

A Dissertation Submitted to the 

Graduate Faculty in Partial Fulfillment of 

The Requirements for the Degree of 

DOCTOR OF PHILOSOPHY 

Department; Animal Science 
•Major; Nutritional Physiology 

Approved : 

In Charge of Major Work 

For̂ :e4̂ o'r̂ '%2 a]or department

For the Gradate Colleae 

Iowa State University 
Aires, Iowa 

1379 

Signature was redacted for privacy.

Signature was redacted for privacy.

Signature was redacted for privacy.



ii 

ABSTRACT 

INTRODUCTION 

LITEPJ^TURE REVIEW 

MATERIALS AND METHODS 

RESULTS AND DISCUSSION 

SWÎMARY 

LITERATURE CITED 

ACKNOWLEDGEMENTS 

APPENDIX 

TABLE OF CONTENTS 

Page 

i i i 

1 

3 

47 

53 

60 

64 

75 

78 



iii 

ABSTRACT 

Effect of exogenous prostaglandin E2 on rates of lipolysis in 

sections of subcutaneous adipose tissue biopsied from fed and 9-day 

fasted Hclstsin steers was determined. The interaction of prostaglandin 

E2 with exogenous effectors of lipolysis and of the adenylate cyclase-

cAI-IP system (epinephrine, dibutyryl cAI-IP, and theophylline) also was 

measured. Rates of lipolysis were expressed as the amount of glycerol 

released from adipose tissue incubated for two hours. Epinephrine 

increased the rate of basal (nonstimulated) lipolysis by 1.9-fold. 

Prostaglandin E2 had no effect on either basal or epinephrine-stimulated 

rates of lipolysis. Dibutyryl cAMP increased basal rates of lipolysis by 

1.4-fold; this increase, however, was less than the stimulation observed 

with either epinephrine or theophylline which increased basal rates of 

lipolysis by more than 2-fold, Theophylline had an additive effect on 

epinephrine-stimulated rates of lipolysis. Dibutytyl cAMP increased 

theophylline-stimulated rates of lipolysis but not those of epinephrine-

stimulated lipolysis. Prostaglandin E2 had no effect on epinephrine-, 

dibutyryl cAfIP-, or theophylline-stimulated rates of lipolysis. Fasting 

decreased the basal rate of lipolysis by 40 percent. Furthermore, rates 

of lipolysis in tissue incubated with PGE2 , epinephrine, or PGE2 plus 

epinephrine decreased from 30 to 50 percent because of the 9-day fast. 

As also shown in tissue from, fed steers, PGEo did not alter basal or 

epinephrine-stimulated rate^ of lipolysis in tissue from fasted steers. 

These comparisons of rates of lipolysis in adipose tissue from fed and 
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fasted steers indicate that prostaglandin E2 does not control the 

adenylate cyclase-cAI-IP system that regulates lipolysis in bovine adipose 

tissue. 
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INTRODUCTION 

It has been stated that the anount of feed needed to produce 

approximately 4 billion po—-.ds of nonccnsur.eil fat in steers for slauchrer 

is equivalent to nearly 1 annual corn crop of lewa (Kauffman, 1976). 

Traditionally, consumers have held the view that an abundance of fat on 

the outside of an animal's carcass would produce the most desirable meat. 

Also, due to relatively cheap feed grains and their ready availability, 

it is economically desirable to have carcasses grade choice or prime. 

It seems unlikely that this practice will be changed rapidly unless one 

or more of the following things happen; 1) the price of feed grains in 

relation to other feedstuff s becomes too great, 2) the grading system, of 

USDA quality meat undergoes a major revision, and 3) the demand by con­

sumers for lean meat is substantially increased (Allen, 1976). 

In all likelihood, it seems that the most rapid change wculd come 

about by using suggestion 3. In past years, fat was an important con­

stituent of the toerican diet because of high energy requirements for 

most occupations. As automation has supplanted hard labor, the need for 

fat consumption also has decreased even though Americans still consuir.e 

40 to 451 of their calories as fat (Mattson, 1976). Although the cause 

and effect relationship is very clouded, many scientists are of the 

opinion that dietary cholesterol and dietary fat, with a greater ratio 

of saturated to unsaturated fats, are underlying risk factors in the 

development of atherosclerosis and the incidence of coronary heart 

disease (tlcGill and iiott, 1976) . 
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Current breeding, feeding, and management practices demonstrate that 

the livestock industry is trying to reduce fat production in meat animals, 

vrhen we consider that there are still approximately 4 billion pounds of 

fat being "wasted" in the United States each year, it is obvious that more 

and better improvements must be made in the meat industry and in human 

consumption of the same. 

The objectives of this research were to study hormonal and dietary 

factors involved in regulation of lipolysis in adipose tissue of cattle. 

To date, much controversy surrounds this area of research, and few defi­

nite ansv/ers have arisen from research. The objectives of the studies 

described in this dissertation were; 

1) to study the role of metabolic effectors in regulation of 

lipolysis in bovine adipose tissue. 

2) to measure the interaction of prostaglandin Eo with other 

metabolic effectors. 

3) to study the effects of diet and energy intake on lipolysis. 

4) to measure the response of metabolic effectors during condi­

tions of fasting and feeding. 

These objectives need to be studied to understand the basic mechanism 

of lipolysis. The regulation of the same process may allow animal 

scientists to develop techniques through breeding, feeding, and management 

that will allov; more efficient production of a highly desirable beef 

carcass with a greater ratio of lean to fat. 
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LITERATURE REVIEW 

This literature review will describe the morphology and biochemistry 

of the fat cell and regulation of lipid metabolism in the fat cell by 

diet and hormones and will relate these parameters to fat deposition in 

the meat animal. 

Characterization of Adipose Tissue 

Components of adipose tissue 

Kauffman's definition of fat states that "fat is the collection of 

adipose cells suspended in a layer of connective tissue matrix that are 

distended with cytoplasmic lipids, water^ and other constituents" (1976). 

The other constituents are collagen fibers, fibrocytes, histocytes, mast 

cells, and unmyelinated nerve fibers (VJasserman, 1965), In .meat animals, 

white fat constitutes the major type, although brown fat does exist in 

young and especially hibernating animals. Brown fat is characterized by 

its higher concentration of mitochondria and its high rate of respiration 

(Fain and Reed, 1970). 

As the adipocyte matures, it is believed to acquire a predetermined 

size and volume dependent upon its anatomical location, age, species, and 

state of nutrition (Kauffman, 1976). In the bovine species, the largest 

intramuscular adipocytes are 170 um in diameter while those from sub­

cutaneous or perirenal depots in the same animal are larger ("«200 to 220 

ym in diameter) (Allen, 1976). Waters (1909) stated tiiat bovine inter-

and intramuscular adipocytes are always smaller in diameter than sub­

cutaneous or perirenal due to mechanical pressure exerted by the 
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surrounding muscle mass. He concluded that this mechanical pressure 

prevents the expansion of adipocytes in these depots. 

Mature white fat cells, also called unilocular cells, have an 

unusual characteristic feature which is the large central lipid droplet 

(Napolitano, 1955; Wasserman, 1965; Galton, 1971). The central lipid 

inclusion is completely surrounded by a thin rim of cytoplasm (Galton, 

1971). This central lipid inclusion dwarfs the other cellular components 

and pushes them adjacent to the cell membrane (Napolitano, 1965; Wasser­

man, 1965; Galton, 1971). The lipid droplet is not, however, enclosed by 

a membrane. The plasma membrane surrounds the cytoplasm while the plasma 

membrane is enclosed further by the basement membrane. Close to the 

surface of the basement membrane are capillaries. In nearly all cases, 

white fat cells are separated by their own basement membranes and small 

collagen bundles which provide support (Napolitano, 19G5; Galton, 1971). 

Other components of adipose tissue include neural elements, which are 

important in regulating metabolism of adipose tissue, heparin-containing 

mast cells, which may play some role in assimilation of lipid brought to 

adipose tissue by the circulation, and the capillaries of the circulatory 

system, which are necessary for all aspects of fat cell metabolism 

(Napolitano, 1965; Wasserman, 1965 ; Galton, 1971). 

Development of adipose tissue 

Although the actual development of adipose tissue is unclear, many 

theories have been advanced to explain this mechanism. Currently, three 

hypotheses may be considered: 1) adipose cells are fibroblasts which 

accumulate excess lipid, 2) adipose tissue develops from lipoblasts which 
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differentiate in early embryonic life, or 3) adipose cells develop 

initially from a mesenchymal cell which differentiates into a fibroblast 

that, in turn, differentiates into a preadipocyte, The preadipocytes are 

transformed into lobular epithelial-type cells that develop into eitlier 

brown adipose tissue or v/hite adipose tissue directly (Bloom and Fawcett, 

1968). 

Growth of adipose tissue in early postnatal development is due to 

both cellular hypertrophy and hyperplasia (Hood, 1977). The age at which 

animals lose the capacity to acquire new adipocytes is still a matter of 

controversy. In cattle, by 14 months of life, hyperplasia is complete in 

all but intermuscular adipose tissue (Hood and Allen, 1973; Allen, 1976). 

The first adipocytes that form are always adjacent to blood vessels with 

the exceptions of perirenal and omental fat depots (Allen, 1976). Allen 

(1975) also has provided some insight into the problem of why in cattle 

the fat accretion curve does not follow the body protein accretion curve. 

He suggests one of two possibilities and also an unlikely third: 1) a 

large number of preadipocytes form during the initial proliferative phase 

but do not all differentiate and accumulate lipid at the sar.e time; 2) a 

new population of adipocytes can be made during the fattening period by 

reinitiation of adipocyte hyperplasia; 3) the size of the adipocyte is 

without limits. Adipocyte hyperplasia is complete in subcutaneous and 

perirenal depots but not intermuscular adipose tissue in steers fed to 

approximately 470 kg live weight or about 14 months of age (Allen, 1976; 

Hood, 1977). Allen (1976) also has shown tl-iat in very fat cattle there 

exists a biphasic distribution of sizes of adipocytes that includes many 

small adipocytes (less than 25 ym). Further increases in diameter or 
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volume of adipocytes are slight in subcutaneous or intermuscular depots 

as they enlarge beyond some set point. It is at this stage that the 

biphasic diameter distribution becomes obvious as the population of small 

adipocytes increases. This smaller population may be due to eitlier 

differentiation of preadipocytes followed by lipid filling or reinitiation 

of hyperplasia. Both may help explain the fat accretion curve. 

Holstein steers, in general, have less dissectable subcutaneous fat 

from a standard 9-10-llth rib than Hereford X Angus steers of an equiva­

lent age and live v/eight. Also, cellular hyperplasia of adipose tissue 

may be complete in the Holstein before 14 months of age. The total cell 

number (roughly 70 to 120 X 10^ cells/carcass) is highly correlated to 

depot size in Holsteins. Both cell size and call number are significantly 

smaller in Holstein steers than in Hereford X Angus steers (Hood and 

Allen, 1973). 

The development of adipose tissue in humans is still unclear and many 

questions remain. Contrary to past popular opinion, the adipocyte number 

may iiuu i.xA«u ±ii uilc: ciuuxl. vuy c L cl± . , ±z'f x ] j. ai'iu vjaiiuŵ  

197 3; Widdowson and Dauncey, 1976). Few studies have been conducted on 

development of adipose tissue in early life of the human. Dauncey and 

Gairdner (1975) showed that the adipose cell size increases steadily from 

3 m.onths before birth to 3 months after birth. The mean cell diameter 

increased from 40 to 90 ym during this 6-month period. Adipocyte size 

continues to increase to a diameter of 100 to 130 ym between the age of 

6 and 9 months. By the time the infant is 1 year old, the size of the 

adipocyte appears to remain constant throughout childliood of normal body 

weight children (Hirsch and Knittle, 1970). 
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At certain times fat is deposited in the life of the human. During 

the second half of gestation, a large portion of fat is deposited in the 

fetus, increasing the percentage of body fat from 0.5 to 5.0% at 20 weeks 

of gestation and further to 16% at term. At 5 months of age, the infant 

has attained 26% body fat. By 3 years of ago, the fat percentage has 

decreased to 20%. In girls, from the age of 8 years until the end of 

puberty, there is normally a gradual increase in subcutaneous adipose 

tissue. In boys, a preadolescent increase typically occurs between the 

ages of 10 and 12 years followed by another rise during puberty (Widdow-

son and Dauncey, 1976). 

Knittle and Hirsch (1968) have shown that the number of fat cells 

can be decreased in the rat by deprivation during early growth before 

weaning but whether the same holds true for humans is not knovm. These 

experiments suggest that critical periods exist v.-hen nutritional 

influences can cause permanent changes in adipose cellularity. The new­

born human infant has 20 to 25% of the adult number of fat cells and 25% 

of the adult amount of lipid (Hirsch, 1972). Hirsch further stated that 

if nutritional influences can most affect the ultimate adipocyte number 

when adipocytes are first appearing, then the critical periods of 

development in man are likely to be the last months of gestation, very 

early in life, and during adolescence. 

NuiTiber of fat cells in adipose tissue of the domestic pig and of 

the Hormel mini-pig plateaus between 5 and 5 months of age ; increases in 

adipose depots beyond tlais age are due to cell enlargement only (Anderson 

and Kauffman, 1973; Hood and Allen, 1977). Mersmann £t a_l. (1975) have 

observed that at birth all adipocytes were multilocular but by day 3 most 
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of the multilocular cells had differentiated to the unilocular (one 

major, central lipid droplet) state. Until 160 days after birth, small 

cells were observed, giving a biphasic diameter distribution. 

Adipose tissue development of four depots in the rabbit has been 

observed by Nougues (1975). After 70 days of age, growth of the neck 

depot occurred mainly by cell enlargement. The perirenal deposit also 

could increase in mass by this mechanism, but its increases seemed more 

likely to occur by maintenance of a long-term cellular multiplication 

which was completed by 180 days of age. Finally, increases in weight of 

epididymal and subcutaneous depots are caused primarily by cellular 

hypertrophy. At 300 days of age, differences of average adipocyte size 

in these depots were negligible. 

In the rat, hyperplasia continues until 15 weeks of age, and after­

ward no increase in adipose cell number is observed (Hirsch and Han, 

1959). However, in the genetically obese Zucker rat, adipocyte number 

increases until the 26th week of age (Hirsch and Batchelor, 1975). 

Adipose cell number in the sheep increases up to about 12 months of 

life ; the increase in quantity of adipose tissue is caused by both 

cellular hypertrophy and hyperplasia. After 12 months of age, there is 

no significant increase in fat cell number (Hood, 1977). 

Location of adipose tissue 

Maiïirnals develop adipose tissue in specific locations which Vague 

and Fenasse (1955) divided into two general areas, deep-seated and 

subcutaneous. Perirenal, omental, and mesenteric depots comprise the 

deep-seated adipose tissues that are found in the abdominal and thoracic 
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cavities, bone marrow, head, neck, and limbs ; the subcutaneous depots 

are found between the skin and the underlying fascia (Vague and Fenasse, 

1965). Some of these mentioned depots have a greater ability to accumu­

late fat cells than others. The ability to accumulate more fat cells is 

determined by circulation; activity of endogenous enzymes ; physical 

activity of animal, neural, and hormonal factors; and number of fat 

cells present (Vague and Fenasse, 1965). 

The fatty acid composition of lipid in the various anatomical 

locations is distinct. Kauffman (1976) points out that in the 3 sub­

cutaneous back fat layers of swine, the outer layer contains the greatest 

amount of unsaturated fatty acids in comparison to inner and middle 

subcutaneous layers. Concentration of saturated fatty acids in perirenal 

adipose tissue is greater than that in subcutaneous layers. 

Functions of adipose tissue 

The primary metabolic function of the fat cell of adipose tissue is 

storage of triglycerides. This function includes 2 important processes: 

1) transport of triglyceride precursors and triglyceride catabolites 

across the plasma membrane ; transported compounds consist mainly of entry 

of glucose, acetate, and fatty acids into the cell during triglyceride 

synthesis and exit of glycerol and free fatty acids during lipolysis, 

and 2) conversion of precursors into triglycerides and the enzymatic 

hydrolysis of stored triglycerides to glycerol and fatty acids (Galten, 

1971) . 

The physical functions of adipose tissue include shock absorption 

(e.g. hands and soles of feet of humans), insulation, provided by 
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subcutaneous adipose tissue, and heat generation (as observed in brown 

fat of hibernating or young, immature animals) (Dole, 1965). 

Metabolism of Adipose Tissue 

Lipid metabolism, especially triglyceride hydrolysis, will be empha­

sized in this section, but many other processes take place in adipose 

tissue. The adipose cell contains all the constituents of other "typical" 

mammalian cells such as mitochondria, Golgi apparati, and enzyme systems 

to conduct protein synthesis CHerrera and Renold, 1955) , glycogen synthe­

sis and degradation (Shafrir e^ a^. , 1965), 3-oxidation of fatty acids and 

glycolysis (Flatt and Ball, 1965) , and oxidative processes in the hexose 

monophosphate (HMP) pathway and tricarboxylic acid (TCA) cycle (Weber et 

al., 1965). This section will discuss the primary metabolic pathways of 

lipids that take place in fat cells of adipose tissue such as fatty acid 

synthesis assimilation of plasma triglycerides, triglyceride synthesis, 

and triglyceride hydrolysis. 

Fatty acid synthesis 

Species differences are the most striking feature of the process of 

fatty acid synthesis. In nonlactating animals, adipose tissue and liver 

are the principal sites of fatty acid synthesis. Ingle et al. (1972) have 

shovm that adipose tissue is the major tissue involved in conversion of 

acetate into storage fats in the nonlactating ruminant. Swine are similar 

to cattle and sheep in the tissue site of fatty acid synthesis while 

humans and avian species rely upon the liver to synthesize triglycerides, 

using the adipose tissue as a storage organ for fats synthesized in liver. 
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In lactating ruminants, however, the mammary gland becomes the major site 

of lipogenesis {Bauman and Davis, 1974). 

The major carbon precursor for lipogenesis in ruminants is acetate 

from rumen fermentation while the major carbon precursor for lipogenesis 

in nonruminants is glucose (Hanson and Ballard, 1967). A deficiency of 

ATP :citrate oxaloacetate lyase (E.G. 4.1.3.8), NADP-malate dehydrogenase 

(E.G. 1.1.1.40), and pyruvate carboxylase (pyruvate : carbon dioxide ligase 

(ADP), E.G. 6.4.1.1) in ruminant adipose tissue prevents utilization of 

glucose as a substrate for lipogenesis (Hanson and Ballard, 1957). 

Because ruminants absorb little glucose from the digestive tract, the 

inability to use glucose for synthesis of fatty acids is advantageous 

from a glucose homeostasis point of view. 

Although tlie controlling factors of lipogenesis are not fully under­

stood in ruminants, most recent research indicates that acetyl CoA 

carboxylase (acetyl GoA:carbon dioxide ligase (ADP), E.G. 5.4.1.2) is the 

key regulatory enzyme modulating fatty acid synthesis (Ingle e^ al^. , 

1972). Factors that regulate the activity of this enzyme in ruminants 

remain to be determined but prcbably involve cytosolic citrate as an 

allosteric activator. 

Assimilation of plasma triglycerides 

Blood triglycerides are a second source of fatty acids available to 

adipose tissue for fat deposition. Triglycerides are transported in 

blood plasma as lipoproteins of varying composition. Blood triglycerides 

circulating primarily as chylomicra are formed in the intestinal mucosa 

following ingestion of dietary fatty acids. The endogenous sources of 
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blood triglycerides are the very low density lipoproteins (VLDL) which 

originate principally in the liver and are then transported to other 

tissues for storage (Robinson, 1970). The triglyceride fatty acids of 

both chylomicra and VLDL are removed rapidly from the blood. The half-

life of chylomicron and VLDL triglyceride fatty acids is only a few 

minutes (Robinson, 1970). The chylomicra and VLDL are only 2 classes 

of the circulating lipoproteins. Also present are the low density 

lipoproteins (LDL), which are thought to consist of a hydrophobic core 

of triglycerides and cholesterol esters and surrounded by a coat of 

protein capable of interacting with phospholipid-cholesterol complexes. 

The otlier type of plasma lipoproteins is the high density lipoproteins 

(HDL) that are much smaller than the LDL and are thought to consist of 

pseudomolecular aggregates having a more definite quaternary structure. 

The liver synthesizes HDL which is responsible for the transport of 

cholesterol esters and phospholipids after their release from chylomicrons 

and VLDL. In the extracellular portion of muscle and adipose tissue, 

triglycerides of chylomicra and VLDL are hydrolyzed by lipoprotein lipase 

(diacylglycerol acylhydrolase, E.G. 3.1.1.34), which removes triglycerides 

from the core of these lipoproteins. They are further degraded by 

lecithin ; cholesterol acyltransferase (E.G. 2.3.1.43), which catalyzes the 

transfer of a fatty acid from lecithin to cholesterol to form a 

cholesterol ester which may reenter the core of the particle or be 

absorbed by muscle or fat cells. The result of the loss of triglyceride 

and cholesterol esterification from chylomicra and VLDL is LDL formation 

(NewshoIme and Start, 1973). Extracellular hydrolysis of lipoprotein 

triglycerides, followed by réutilisation of the liberated fatty acids, 
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occurring in muscle and adipose tissue, is an extremely rapid process 

that is compatible in dealing with normal rates of entry of VLDL tri­

glycerides into blood. This process of hydrolysis is catalyzed by 

lipoprotein lipase at the capillary endothelial cell surface. Adipose 

tissue and the body musculature are the major sites of extrahepatic 

removal of triglycerides in the fed animal (Robinson, 1970). 

The role of lipoprotein lipase in the transport of plasma tri­

glycerides has been illustrated by Robinson et al. (1975). Cliylomicra 

and VLDL are thought to be sequestered by the enzyme at the lumen surface 

of the capillary endothelial cell in extrahepatic tissue. Hydrolysis 

then occurs at this site, followed by uptake of free fatty acids into the 

tissue. 

Characteristics of lipoprotein lipase The enzyme responsible for 

regulating hydrolysis of plasma triglycerides is known as clearing factor 

lipase, heparin-induced lipase, or lipoprotein lipase (Robinson and Wing, 

1970). It is present in adipose tissue, heart, skeletal muscle, lactating 

mammary gland, spleen, lung, kidney medulla, and diaphragm but not brain 

(Desnuelle, 1972). Liver, likewise, has a lipoprotein lipase but the 

characteristics used by most investigators to identify lipoprotein lipase 

are not apparent in liver: 1) activation by heparin, 2) activation by a 

protein cofactor in serum (the apolipoprotein of serum responsible for 

activation is apoLP-GLU, or CII ; the other C peptides, CI (ap-oLP-SER) and 

cm (apoLP-ALA) , have been reported to both activate and inhibit lipo­

protein lipase activity) (Ekman and Nilsson-Ehle, 1975), and 3) inhibition 

by sodium chloride, protamine, aind pyrophosphate (LaRosa ̂  al. , 1972; 

Fielding and Fielding, 1976). 
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Lipoprotein lipase has a pH optimum of 8 to 9, a temperature optimum 

of 37°, and a molecular weight of 72,600 daltons; its natural substrates 

are chylomicra and VLDL (Fielding, 1969). Albumin is the free fatty acid 

acceptor for triglyceride hydrolysis by lipoprotein lipase in vivo and is 

generally used as the acceptor for free fatty acids in the in vitro enzyme 

assay (Whayne and Felts, 1972). 

Mechanism of action of lipoprotein lipase In 1971 , Robinson 

accurately proposed two forms of lipoprotein lipase in adipose tissue, 

one present in a stable state and the other in an unstable state. Schotz 

and Garfinkel (1972) demonstrated two forms of lipoprotein lipase that 

differed in size and response to heparin. They designated the two forms 

LPLa and LPLj^ and theorized that one might be the precursor of the other. 

LPL^ was stimulated by heparin whereas LPLj^ was not. They hypothesized 

that LPL]3 was synthesized in the adipose cell, converted to LPL_ , and 

transported to the capillary wall where it can be released by heparin 

into circulation. LPL]^ seems to comprise a larger portion of the basal 

activity of the enzyme. Schotz and Garfinkel (1972) showed that an 

increase in the activity of at least one and possibly both species is 

protein synthesis-dependent. They suggested that LPLy is probal:ly 

located in the adipocyte, and its activity is dependent on new protein 

synthesis. Desnuelle (1972) observed that a direct interaction between 

lipoprotein lipase and heparin leads to release of the enzyme while at 

the same time stabilizing it. It has been suggested that heparin or a 

heparin-like substance is a component or an allosteric modifier of 

lipoprotein lipase (Garfinkel and Schotz, 1973). Schotz and Garfinkel 

(1972) further showed that the enzyme activity varies with the 
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nutritional state of the animal, the activity being decreased with 

fasting. 

Lipoprotein lipase catalyzes the initial hydrolysis of triglycerides 

but final hydrolysis may be completed by action of monoglyceride esterase 

(E.G. 3.1.1.23) that is thought to be part of LPL^ activity (Nilsson-Ehle 

et al. , 1974). Lipoprotein lipase has specificity for the 1 (3) position 

of triglycerides (iiorlcy and Kuksis, 1972; Paltauf and Wagner, 1976) . Thé 

triglyceride is hydrolyzed to 1 (2) , 2 (3) diglycerides. The 1 (2), 2 (3) 

diglycerides are split to 2-monoglycerides. These compounds then 

isomerize to the 1 (3) isomer. The isomerization step is nonenzymatic and 

rate limiting. The 1 (3) monoglyceride then is hydrolyzed yielding 

glycerol and a free fatty acid (Nilsson-Ehle et , 1974) . 

Regulation of lipoprotein lipase The activity of lipoprotein 

lipase varies with changes in nutritional and physiological conditions 

(Garfinkel and Schotz, 1973). During times of dietary energy excess, the 

enzyme activity is high in adipose tissue but low in muscle ; during energy 

deficit conditions, opposite tissue relations exist (Robinson et al. , 

1975) . 

The regulation of this enzyme is achieved mainly by hormonal control. 

Lipoprotein lipase in epididymal adipose tissue of fasted rats increases 

rapidly in vivo after intramuscular injections of insulin. Cycloheximide, 

however, abolishes lipoprotein lipase activity increases due to insulin 

(Garfinkel et^ al^. , 1976) . The major site of regulation of lipoprotein 

lipase activity appears to be the secretion of the enzyme by the adipocyte 

because the early effect of insulin on adipose tissue is to increase the 

extracellular lipoprotein lipase activity. 
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Besides insulin, lipoprotein lipase activity is increased by 

glucose c,r dibutyryl cyclic AI IP but is inhibited by epinephrine, 

norepinephrine, adrenocorticotropic horr.one C.CTH) , glucagon, or 

thyroid stimulating hormone (TSII) . These effects are opposite to 

those observed with hormone-sensitive lipase, which will be discussed 

in a section to follow (Robinson, 1971). 

The current model explaining the control of lipoprotein lipase 

in adipose tissue has been proposed by Robinson et a^. (1975). 

Previously, an increase in activity of the enzyme in adipose tissue 

from fed rats that had been fasted probably involves an increase in 

the proportion of LPLj^ or the lower molecular weight form (Schotz 

and Garfinkel, 1972; GarfinJcel and Schotz, 1973). This result 

suggests that LPL^ is under hormonal control because this increase 

can be duplicated by insulin and inhibited by epinephrine (Davies e^ 

al., 1974). 

Robinson e^ a]^. (1975) suggested that LPL^ exists in two forms 

V# *  & u .  11 4ici .vv;  ^  i>iw jk.  w v w a.  ̂  i  i  u .ww v s.* 

b'. They further postulated that form b, but not b', is capable of 

associating v/ith heparin or a heparin-like compound. This heparin 

binding potentiates a polymerization of form b to form a and com^.its 

form a to be exported from the cell. Thus, regulation of LPL activity 

could occur at the site of synthesis of LPLj^, the interconversion of 

LPLj^ and LPLy, , the polymerization of LPL^, or the transport of LPL^ 

to the receptor site on the capillary wall. 
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Triglyceride synthesis 

There are two major pathways in animals for the biosynthesis of 

triglycerides. In the first, triglycerides are synthesized completely 

from their simplest components, activated fatty acids and L-glycerol-

3-phosphate; free glycerol is not acylated (riarinetti, 1970). In the 

second, partial glycerides are reacylated (Gurr and James, 1975). The 

former pathway is referred to as the «-glycerol phosphate pathv;ay while 

the latter is known as the monoglyceride pathway. 

In the a-glycerol phosphate pathway, a-glycerol phosphate is 

derived from two different sources. Its normal precursor is dihydroxy-

acetone phosphate (DHAP), the product of the aldolase (fructose-l,6-

diphosphate-D-glyceraldehyde-3-phosphate lyase, E.G. 4.1.2.13) reaction 

of glycolysis. Dihydroxyacetone phosphate which results from glyceralde-

hyde-3-phosphate isomerization is reduced by ITADH to form L-glycerol-3-

phosphate. This reaction occurs in the cytosol (Lehninger, 1975). It 

also may be formed from free glycerol in a reaction catalyzed by 

glycerokinase (adenosine triphosphate ; glycerol phosphotransferase, 

E.G. 2.7.1.30) and using ATP. This reaction, however, is limited in 

adipose tissue due to the extremely low activity of glycerokinase 

(Ryall and Goldrick, 1977). Significant activity has, however, been 

observed in adipose tissue of rats, mice, domestic chickens, pigs, and 

hum.ans (Ryall and Goldrick, 1977). In this pathway, two molecules of 

fatty acyl GoA are condensed with a-glycerol phosphate by a-glycerol 

phosphate acyltransferase (E.G. 2.3.1.15) to yield first a lysophosphati-

date and then a phosphatidate. Phosphatidate then underooes hydrolsis to 

form a diacylglycerol; this reaction is catalyzed by phosphatidate 



phosphatase (E.G. 3.1.3.4). A third fatty acyl CoA is condensed with the 

diacylglycorol to yield a triacylglycerol by the action of diacylglycercl 

acyl transferase (E.G. 2.3.1.20) (ShaiDiro, 1965,- îlarinetti, 1970). 

The second pathway, the nonoglyceride pathv.-ay, is not considered 

important in adipose tissue (Shapiro, 1965; Ilarinetti, 1970). Schultz 

and Johnston (1971), however, reported that hamster adipose tissue was 

capable of using the monoglyceride pathway for triglyceride synthesis. 

They reported the greatest amount of activity in the microsomal fraction 

and that, in overall ability to synthesize triglycerides in whole cells, 

it was similar to the «-glycerol phosphate pathway. The physiological 

significance of the monoglyceride path\/ay probably is limited because of 

low supply of monoglyccrides. 

The concentrations of a-glycerol phosphate and long chain fatty acyl 

CoA may be critical in determining the rate of triglyceride synthesis. 

Hov/ever, when additions of insulin, enineplirine, fatty acids, and acetate 

were made to tissues actively synthesizing triglycerides, poor correla­

tions were found between changes in rate of triglyceride synthesis and 

tissue concentrations of «-glycerol phospliate and fatty acyl CoA (Denton 

and I'artin, 1970). J.s yet, unrecognized factors regulate this pathway. 

Lipolysis 

The fourth process that alters lipid storage in adipose tissue is the 

enzymatic hydrolysis of stored triglycerides or the process knov/n as 

lipolysis (Gurr and James, 1975). The major purpose of this section is to 

review some of the most recent research and controversy concerning tri­

glyceride hydrolysis in adipose tissue. 
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Fatty acid transport cycle The major metabolic substrates for 

animals during fasting are fatty acids. Even though heart and skeletal 

m.uscle oxidize endogenous fatty acids under fed conditions, during a 

prolonged fast the primary energy source for these tissues is provided 

by fatty acids mobilized from adipose tissue (Steinberg and îChoo, 1977) . 

Once the fatty acids are mobilized from adipose tissue, several 

fates are possible. The liver serves as a major site for uptaJce of 

plasma free fatty acids; they also are taken up rapidly from the blood 

by a number of other tissues. The rate of uptake appears to increase 

as the plasma FF?. : albumin molar ratio increases (Masoro, 1977) . 

Approximately 30% of the free fatty acids are cleared from blood upon 

first passage through the liver of ad libitum-fed rats (Havel e^ a±., 

1970). Complete oxidation to CO2 is the fate of 30 to 50% of the fatty 

acids•assimilated by liver. About 30% of the absorbed fatty acids are 

converted to ketone bodies and oxidized elsewhere, which is a process of 

indirect utilization of mobilized fatty acids from adipose tissue. The 

remainder of the fatty acids absorbed by the liver are converted to 

cholesterol esters, phospholipids, and triglycerides; a major fraction 

of these products ir^ used in synthesis of VLDL which is then transported 

out of the liver (Ilavel e;t , 1970; Robinson, 1970). This closes the 

cycle as fatty acids incorporated into lipoproteins may be absorbed by 

adipose tissue that had liberated them. This ability to cycle fatty 

acids into and out of adipose tissue may be an important process in fatty 

acid homeostasis (Steinberg, 1964). 

Lipolysis is under fine metabolic control but there is little or no 

evidence that the rest of the fatty acid transport cycle is under any 
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type of regulation. The evidence for this statement is that fatty acids 

can be mobilized rapidly from adipose tissue and sometimes this occurs in 

excess which may exceed the ability of the liver to metabolize fatty acids 

resulting in the development of fatty liver (Steinberg and iCiico, 1977). 

The liver usually handles excess fatty acids by synthesizing VLDL. The 

rate of secretion of VLDL-triglyceride is directly correlated to the 

plasma free fatty acid concentration so that as the fatty acid concentra­

tion increases, so does the rate of secretion of VLDL (Hasoro, 1977). 

Inputs and outputs of adipose tissue Input into lipid metabolism 

in adipose tissue metabolism is provided by uptake of acetate, amino 

acids, glucose, ketone bodies, and lactate as well as lipoprotein tri­

glyceride primarily in VLDL. As discussed earlier, lipoprotein lipase 

facilitates uptake of VLDL-triglyceride and is distinct from the enzyme 

involved in lipolysis, hormone-sensitive lipase (Scow and Chernick, 

1970; Masoro, 1977; Steinberg and Khoo, 1977). 

Outputs from adipose tissue occur exclusively by liberation of free 

fatty acids and glycerol and release of CO2 from oxidative metabolism. 

There is no evidence for mobilization of glycerides (Scow and Chernick, 

1970). It generally is believed that hormone-sensitive lipase is the 

rate limiting enzyme of triglyceride hydrolysis and, therefore, the rate 

of mobilization is limited by the rate at which triglycerides are 

hydrolyzed. This is based on the finding that in many different types 

of adipose tissue preparations (in vivo, isolated fat cells, and tissue 

slices), diglycerides and monoglycerides do not accumulate when free 

fatty acids are mobilized. Additionally, diglyceride and monoglyceride 

lipase activities are 3 to 20 times greater than triglyceride lipase 
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activity in adipose tissue (Scow and Chernick, 1970). There is evidence 

that under conditions of maximum stimulation by lipolytic hormones, 

diglycerides have been found in adipose tissue in vivo and in perfused 

isolated tissue indicating that, in extreme situations, diglyceride 

lipase may be rate limiting (Scow and Chernick, 1970). Normally, tri­

glycerides in adipose cells exist in a dynamic state, being constantly 

synthesized and hydrolyzed. 

Free fatty acids are released from adipose tissue subject to 

substrate level regulation. Increased glucose availability causes 

increased free fatty acid reesterification and decreased mobilization 

by providing a-glycerol phosphate and fatty acyl CoA as precursors of 

triglyceride synthesis (Steinberg and Khoo, 1977). In vitro, mobiliza­

tion of free fatty acid is influenced by a bewildering number of hormones 

and metabolic effectors (Figure 1), They include the catecholamines, 

ACTH, glucagon, TSH, growth hormone, glucocorticoids, thyroxine, insulin, 

prostaglandins, nicotinic acid, and methyl xanthines. It is difficult to 

determine which of these lipolytic stimulators are important in vivo 

except perhaps the catecholamines. The catecholamines act by binding a 

^-receptor on the surface of tlie adipocyte; this binding leads to 

increased adenylate cyclase (ATP pyrophosphatelyase, cyclizing, B.C. 

4.5.1.1) activity that, in turn, increases intracellular cyclic AÎ-IP 

(cAI'lP) concentration resulting in the activation of hormone-sensitive 

lipase (Masoro, 1977). In avian species, glucagon is probably the 

physiologically important lipolytic hormone (Boyd a^. , 1975: 

Malgieri et al., 1975). 



Figure 1. Metabolic effectors of lipolysis 
(P.utchcr, 1970) 
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Insulin is the principal hormone inhibiting lipolysis; inhibition 

is due, in part, to stimulation of glucose uptake and free fatty acid 

reesterification by insulin. In addition, insulin prevents activation 

of hornone-sensitive lipase via the cAIlP mechanism (Steinberg and Khoo, 

1977). It also has been proposed that insulin decreases cJil-IP levels by 

increasing the activity of phosphodiesterase but this does not seem to be 

the principal mode of action of insulin inhibition, (Masoro, 1977). Again, 

lipolysis in avian species is unaffected by insulin; it may even stimulate 

free fatty acid mobilization (Steinberg and Khoo, 1977). Prostaglandins 

may act as antilipolytic agents, but their physiologic role remains 

unclear. They will be discussed in detail in a section to folic..'. 

Mechanism of lipolysis 

Membrane receptors Hormones that either promote or prevent 

lipolysis interact first with the plasma membrane and most likely with 

hormone-specific receptor proteins (Siddle and Hales , 1975) . It has 

become clear that the fat cell possesses more than one type of receptor 

lor a yiven hormone. Activation of adenylate cyclase with subsequent 

stimulation of lipolysis by physiological concentrations of catecholamines 

involves g-adrenergic receptors (Robison e^ al., 1971). Arner and Ostman 

(1975) presented conclusive evidence that both cx- and g-adrenergic recep­

tors for catecholamines are present in adipose tissue of man and hamster; 

rat, swine, dog, and guinea pig have only g-sites. In human adipose tis­

sue, stimulation of a-adrenergic sites inhibits lipolysis probably because 

there is a concomitant decrease in the production of cAJ-lP (Reckless et 

al., 1976) whereas stimulation of B-receptors accelerates lipolysis due 

to an increase in the intracellular concentration of cAMP (Arner and 
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Ostman, 1976; Amer, 1976; Mas or o, 1977). Arner (1976) and others (Fain 

and Rosenberg, 1972; Siddle and Hales, 1975) , however, were unable to 

correlate the rate of lipolysis and tissue concentration of cAIIP under 

basal conditions. ïlie significance of a-adrenergic effects on adipose 

tissue at physiological concentrations of catecholamines remains 

uncertain. 

Studies of insulin binding to adipocytes have produced conflicting 

results as to number and affinity of receptor sites and exactly how 

insulin mediates its effects. Crofford (1975) has theorized that 

formation and dissociation of the insulin-receptor complex is a slow 

process relative to the other steps involved in glucose transport and 

that receptor occupancy is the primary determinant of the overall rate 

of glucose metabolism in adipose tissue. He has observed a half-life 

of 14 minutes for the dissociation of the insulin-receptor complex at 

37°. Smith e^ (1976) have shown that the long-term effect of 

insulin on adipose tissue is lipolytic while the short-term effect 

(2 hours or less) may be antilipolytic. 

Metabolic studies using increasing concentrations of insulin have 

shovm a reversal of its effects on lipolysis (Desai et al. , 1973 ; 

Lambert et al., 1975). Desai et al. (1973) have shown that insulin is 

antilipolytic at decreased concentrations of norepinephrine and lipolytic 

at increased concentrations of norepinephrine. They termed these effects 

the bimodal effect of insulin, which supposedly correlates positively 

with changes in maximal intracellular concentrations of cAI4P. Further 

suggestions are that the antilipolytic effect of insulin is mediated by 

inhibition of adenylate cyclase and increased activity of membrane-bound, 
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low Kj^ cAMP-phosphodiesterase (3',5'-cyclic AI*IP phosphodiesterase, 

E.G. 3.1.4.17) (Desai et al., 1973; Solomon, 1975; Malbon and Fain, 

19 77) . Kono et (19 77) observed that ATP or some other compound 

metabolically related to ATP may be necessary for the actions of insulin 

on glucose•transport and phosphodiesterase. 

Cyclic AI'IP is still the most likely candidate, among the several 

possible, that may be involved in the transmission of the insulin signal 

from the plasma membrane to the interior of the fat cell (Haring e^ al., 

1976), although cyclic GMP (cGMP) and Ca++ are being considered. Fain 

and Butcher (1976) concluded that, although the addition of insulin to 

rat fat cells resulted in variable but consistent elevations of cGMP 

concentration, the physiological significance of cGMP in isolated white 

fat cells is minimal with respect to regulation of lipolysis. As far as 

Ca++ is concerned, Siddle and Hales (19 74) showed that with the addition 

of local anesthetics, the inhibitory effect observed on hormone-sensitive 

lipase supported their idea that changes in the Ca++ concentration, in 

addition to the cAMP concentration, may be important in mediating insulin 

action. McDonald et al. (1976a,b,c) observed two distinct classes of 

binding sites on the adipocyte plasma membrane for Ca^^, high and. low 

affinities, with affinity constants of 4.5 X 10*^ and 2.0 X 10^ 

respectively. The high affinity site has a pH optimum of 7.0, while the 

low affinity site has a broad pH range optimum of 6.0 to 9.0. Also, 

increasing the concentration of insulin to 100 yU/ml, the capacity of 

the plasma membrane to bind Ca"*"*" also increased. They concluded that 

Ca+^ is the possible second messenger for insulin action. Indirect 

evidence supporting this has included the identification of intracellular 
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enzymes which are sensitive to both insulin and Ca++. Calcium exists in 

at least two forms in cellular organelles, including ionized pools and 

stable or complexed pools as observed in the adipocyte plasma membrane. 

Insulin is capable of altering a sizable portion of the stable Ca^^ pool 

into the exchangeable pool. All of the above studies have raised doubts . 

about the mechanism by which insulin can influence the activity of cAMP 

and whether or not cAI-IP definitely is involved in antilipolystic action 

of insulin. 

Cyclic AI-IP concentration Cyclic AI-IP is synthesized and 

hydrolyzed by adenylate cyclase and low cAMP-phosphodiesterase, 

respectively, which are both membrane-bound enzymes. It is an established 

fact that the catecholamines stimulate adenylate cyclase, which results in 

increased cAl'IP concentration (Rob is on ej: al. , 1971) . As shown, insulin 

is known to inhibit adenylate cyclase and stimulate phosphodiesterase 

(Desai et al., 1973; Solomon, 1975; Malbon and Fain, 1977). 

After hormonal stimulation of isolated fat cells, increases in 

intracellular cAI-îP content are transient, while the effects of this 

nucleotide are sustained (Siddle and Hales, 1975; Arner, 1976; Birnbaum 

and Goodman, 1977). The decline in intracellular cAMP content after its 

initial peak may be attributed to a number of factors. Schimmel (1974) 

noted that following stimulation of rat epididymal adipose tissue with 

epinephrine, cAMP content increased to maximal values within 5 minutes. 

Thereafter, cAIT concentration declined reaching values which were not 

significantly different from prestimulatory concentrations. The antici­

pated rise in cAf-IP following a second stimulation by epinephrine was not 

observed. This refractoriness was observed with epinephrine and ACTH 
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but not with theophylline, suggesting that the cAI-lP concentration increase 

resulted from activation of adenylate cyclase. In hypophysectomized rats, 

Birnbaum and Goodman (1977). observed that this spike in cAI-IP content after 

hormone stimulation may be the trigger to activate lipolysis but is not 

sufficient to sustain the process of triglyceride hydrolysis. They 

suggest that continued activation of protein kinase (E.G. 2.7.1.37) may 

be essential for sustained lipolysis. 

The fall in cAflP content may be related to a feedback regulator of 

adenylate cyclase as suggested by Fain and Shepherd (1975) . Addition of 

lipolytic agents to isolated rat fat cells resulted in the increase of 

free fatty acids into the medium, which blocked the stimulation of cAî-lP 

accumulation. The authors concluded that when the primary binding sites 

on albumin are saturated during lipolysis, the free fatty acids bound to 

the secondary sites are inhibitors of adenylate cyclase activity. 

Fain and Wieser (1975) also showed that adenosine is an important 

modulator of hormone action in fat cells because it inhibits cAMP accumu­

lation. Fredholm and Sollevi (1977) showed that adenosine is released 

from isolated rat fat cells and inhibits cAI'lP accumulation but had no 

significant effects on basal rate of glycerol release. In another report, 

Wieser and Fain (1975) showed that by adding a catabolic enzyme of 

adenosine, adenosine deaminase, an increase in cAMP content of incubated 

fat cells was noted, and the rate of lipolysis increased. They concluded, 

however, that the effect of adenosine on lipolysis is secondary to the 

inhibition of cAMP accumulation» Neither uptake of adenosine by fat cells 

nor its incorporation into intracellular ATP is required for inhibition 

of cAMP in fat cells. These observed effects, which decrease cAMP content 
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after an initial peak, are quite distinct from the cAMP-lowering and 

antilipolytic actions of insulin. 

The relationship between cAMP concentration and the rate of lipolysis 

has never really been resolved. Boyd et al. (1975) suggested that even 

though cAMP is involved in the regulation of lipolysis in chick adipo­

cytes, no simple relationship exists between total cAMP content and 

lipolytic rate. In the presence of epinephrine, the decline in the peak 

cAMP content is not sufficient to account for the rate of lipolysis 

(Arner, 1975; Birnbaum and Goodman, 1977). Dalton e^ (1974) did 

attempt to measure this relationship and found that the rate of production 

of intracellular cAMP from 0 to 2 minutes is related to the rate of 

lipolysis from 0 to 20 minutes, but that the rate of lipolysis is inde­

pendent of the final concentration of cAI4P attained. 

Protein kinase intracellular effects of cAMP are believed 

to be mediated through activation of a protein kinase (Steinberg and 

Khoo, 1977). The cyclic nucleotide binds to protein kinase, dissociating 

an inhibitory subunit from the holoenzyme which enables protein kinase to 

catalyze the transfer of the terminal phosphate group of ATP to a variety 

of proteins including hormone-sensitive lipase (Birnbaum and Goodman, 

1977; Steinberg and Khoo, 1977). Other studies have shown that changes 

in activity of protein kinase parallel changes in cAMP concentration 

(Birnbaum and Goodman, 1977), and prolonged stimulation of adipose tissue 

with epinephrine causes elevated cAMP-dependcnt protein kinase activities. 

These data support the fact that continued activation of protein kinase 

may be necessary for maintenance of an accelerated rate of lipolysis 

(Birnbaum and Goodman, 1977). On the other hand, presumed inhibitors of 
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cAI-lP accumulation (such as adenosine) have been unable to change the 

activity of protein kinase in fat cell homogenates (Fain and Wieser, 

1975). This leaves the understanding of how protein kinase participates 

in the regulation of lipolysis unclear. 

Hormone-sensitive lipase Finally, phosphorylation of hormone-

sensitive lipase by activated protein kinase from the relatively inactive 

form b to the active form a has only been demonstrated definitively in 

the rat (Siddle and Hales, 1975; Steinberg and Khoo, 1977), Activation 

of the enzyme is paralleled by phosphorylation (Steinberg and Khoo, 

1977). Physical characteristics of hormone-sensitive lipase are: 1) a 

o 
lipid-rich particle with diameter of 150 to 250 A, 2) sedimentation 

coefficient of 33 to 35 S, 3) estimated molecular weight of 3 to 7 X 10® 

daltons, and 4) approximately 50% lipid by weight in particle. 

It has been suggested that hormone-sensitive lipase and lipoprotein 

lipase are inversely related. In starvation or exposure of adipose tissue 

to lipolytic hormones, the activities of these two enzymes vary recipro­

cally. Recently, the activities Of i-hese ensymes have been resolved in 

chicken adipose tissue, and they have been shown to be immunochemically 

distinct (Khoo et al., 1976). Their ability to vary reciprocally may 

relate to cAMP and the ability of cAMP to alternately "switch on or off" 

the proper enzyme according to the nutritional situation; but, the 

effect of cA!<P on lipoprotein lipase seems indirect and may relate to 

changes in free fatty acid concentration in adipose tissue during 

lipolysis (Steinberg and Khoo, 19 77). 

Other lipase activities Adipose tissue contains at least four 

lipase activities known as cholesterol esterase (E.G. 3.1.1.13) and 
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triglyceride, diglyceride, and monoglyceride lipases (Scow and Chemick, 

1970). Rat tissue contains a large content of cholesterol esterase, and 

its activity is increased by cAMP-dependent protein kinase. However, 

diglyceride and monoglyceride lipase activities do not seem enhanced in 

this same manner (Steinberg and Khoo, 1977). Hormone-sensitive lipase is 

activated by cAMP-dependent protein kinase, but this activation rarely 

approaches 100%; it is more like 50%. In addition, diglyceride and mono­

glyceride lipase activities are 3 to 20 times greater than hormone-

sensitive lipase in homogenates (Scow and Chernick, 1970). In partially 

purified fractions of adipose tissue incubated with ATP-Mg"*"*" and cAMP, 

the maximum percentages of activation of hormone-sensitive lipase and 

cholesterol esterase are always much greater than diglyceride and mono­

glyceride lipases (Steinberg and Khoo, 1977). Recently, Khoo and 

Steinberg (1978) demonstrated that the acyl hydrolases were subject to 

reversible activation and deactivation dependent on Mg^^, reflecting 

lipase phosphatase activity. Most importantly, this study showed clearly 

that diglyceride lipase is activated by cAMP-dependent protein kinase to 

the same extent as hormone-sensitive lipase when carried out in a low 

ionic strengtli buffer. The diglyccride lipase is reversibly deactivated 

by pure protein phosphatase. The authors concluded that both triglyceride 

and diglyceride lipase activities actually reside in a single enzyme 

protein. 

Regulation of lipolysis Besides the most important regulators of 

lipolysis in vivo, catecholamines and insulin, many hormones and other 

metabolic effectors are known to influence the concentration of cAMP and 

thereby hormone-sensitive lipase activity (Figure 1). 
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Other hormones that probably exert their action in fat cells through 

activation of adenylate cyclase are ACTH, glucagon, and TSH (Masoro, 

1977). The difference between these peptide hormones and the catechola­

mines are that they act on distinct receptors and their effectiveness 

depends on the species. There is considerable evidence that these hor­

mones that stimulate lipolysis can be divided into two groups dependent 

on how effectively they activate adenylate cyclase. The first group, to 

which the catecholamines, ACTH, glucagon, and TSH belong, is known as the 

fast-acting hormones because they have a rapid effect on lipolysis that 

is short-lived. The other characteristics are that their lipolytic effect 

can be suppressed in vitro by insulin or prostaglandin E]_ if the lipolytic 

stimulus is small and that their action is greatly enhanced by the addi­

tion of methyl xanthines (Scow and Chernick, 1970; Masoro, 1977). 

Little evidence for the mechanism of action of ACTH can be presented. 

However, Masoro (1977) points out that ACTH may be the substance directly 

acting on the adipocyte membrane that causes increased rate of fat 

mobilization during exercise. 

The effect of glucagon in adipose tissue, with respect to species, 

is most intriguing. For example, glucagon exhibits a marked stimulatory 

effect in rabbits and birds, a moderate effect in rats, and a minimal 

effect on lipolysis in dogs and humans (Shafrir et al., 1965). 

Swine adipose tissue is not responsive to glucagon at any age and only 

marginally to ACTH; however, the response to ACTH is greatly increased by 

the addition of theophylline (Mersmann , 1976a;b)> Etherton et al, 

(1977) indicated that glucagon had no effect on glycerol or free fatty 

acid release in both sheep and cattle adipose tissue. On the other hand. 
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the mechanism of activation of lipolysis in avian species is fundamentally 

the same as in all other mammalian tissues. Glucagon is the major regu­

lator of lipolysis in chickens, whereas the catecholamines have little 

stimulatory effect and insulin is unable to increase glucose metabolism 

or inhibit lipolysis (Boyd e^ , 1975; Ilalgieri / 1975). 

Like ACTH and glucagon, TSH is thought to stimulate lipolysis by 

increasing the activity of adenylate cyclase. In rats, Goodman (1970) 

showed that TSH markedly potentiated the lipolytic response to epinephrine 

and theophylline. 

The second group of lipolytic hormones, growth hormone and gluco­

corticoids , are called the slow-acting hormones because they are thought 

to act primarily through a mechanism requiring protein synthesis (Scow 

and Chernick, 1970). Some of their characteristics are that the effect 

on lipolysis has a lag time of at least one hour and lasts for several 

hours. Their action is prevented by either insulin administration or 

refeeding the animal. The lipolytic mechanism also can be blocked by 

inhibitors of DMA-dependent RNA synthesis (actinomycin D) or of protein 

synthesis (puromycin, cycloheximide) , suggesting that the stimulation by 

these hormones is dependent on new protein synthesis. Their action also 

is enhanced further by methyl xanthines such as theophylline (Masoro, 

1977). Goodman (1970) observed that adipose tissue from rats treated 

witli dexamethasone showed increased glycerol and free fatty acid produc­

tion in the presence of small concentrations of epinephrine. The effect 

of dexamethasone required a lag time in excess of 2 hours and was blocked 

by actinomycin D. When growth hormone.also was present, the potentiation 

of the lipolytic process was even greater. Lamberts e_t al. (1975) showed 
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that either dexamethasone or Cortisol treatment of rat epididymal fat 

cells enhanced epinephrine-stimulated lipolysis and increased the 

activity of cAMP-dependent protein kinase. 

The mechanism of growth hormone is less well understood. Growth 

hormone has been known to have lipolytic properties, especially within 

one hour after addition, but it also may produce the opposite effect. 

Bimbaum and Goodman (1977) showed that in hypophysectomized rats, growth 

hormone antagonized the lipolytic action of epinephrine. Other evident 

factors were that responses observed with growth hormone were insulin-like 

and biphasic in nature, that protein synthesis inhibitors prolonged the 

effect, and that the tissues became refractory for several hours following 

administration. Naturally, these effects are much more observable in 

hypophysectomized than intact animals , but the overall effect of growth 

hormone remains unclear. 

Other metabolic compounds which exert an effect on lipolysis are 

dibutyryl cWlP, a cAMP analog, and theophylline, a methyl xanthine. Both 

stimulate lipolysis in in vitro systems and are thought to act by 

increasing the intracellular concentration of cAMP. Theophylline reduces 

phosphodiesterase activity, and dibutyryl cAI-lP competes as a substrate for 

phosphodiesterase (Baum and French, 1976) or by inhibiting the enzyme 

(Jarett and Smith, 1974). Theophylline stimulates lipolysis in vivo as 

well as in vitro, while dibutyryl cAIlP inhibits in vivo lipolysis (Baum 

and French, 1975). In vivo, theophylline increases circulating glycerol 

and free fatty acids while dibutyryl cAI# decreases them slightly but 

only the free fatty acids significantly. In vitro, theophylline and 
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dibutyryl cAMP both promote glycerol release and act additively with 

epinephrine (Baum and French, 1976? Baunan, 1975). 

In summary, the regulation of lipolysis in adipose tissue of mono-

gastric animals involves many factors. Under different physiological 

situations, the rapid changes in lipolytic rates that occur during stress 

or exercise are mediated through the sympathetic nervous system via the 

catecholamines. The long-term effects that take place due to dietary 

intake, temperature adjustment, or fasting are probably due to changes 

in rates of hormone secretions from the pituitary, thyroid, and adrenal 

glands plus the concentration of plasma insulin. The process of regula­

tion of lipolysis is far from being understood completely and the 

complexities are only now beginning to emerge. 

Lipolysis in bovine adipose tissue The control of lipid mobiliza­

tion in nonruminants is believed to involve the adenylate cyclase-cAMP 

system in which protein kinase followed by hormone-sensitive lipase are 

activated. Studies in ruminant adipose tissue have been very limited, and 

only a fev/ of the horrnones and metabolic effectors of lipolysis liave been 

researched. In Table 1, a summary of the compounds investigated has been 

made (Bauman, 1975). 

The in vitro response of ruminant adipose tissue to epinephrine and 

norepinephrine additions is small when contrasted to a 10- to 60-fold 

increase in lipolysis observed in rat adipose tissue (Pûdbell, 1964). 

Metz et a_l. (1973) observed that it is difficult to stimulate basal rates 

of lipolysis more than 2- or 3-fold probably because the free fatty acid: 

albumin ratio is high and may be an important modulator of the rate of 

lipolysis. Yang and Baldwin (1973b) demonstrated that insulin had no 



36 

Table 1. Metabolic effectors of in vitro ruminant lipolysis 

Compound Effect on lipolysis Re f e ren ce 

Epinephrine Less than 1- to 4-fold Yang and Baldwin , 1973a,b 
increase Pothoven et al., 19 75 

Glucagon None Etherton et al., 1977 

Insulin Small decrease Yang and Baldwin , 1973b 

Norepinephrine Less than 1- to 4-fold 
increase 

Yang and Baldwin , 19 73b 

Theophylline 1- to 3-fold increase Etherton et al. , 1977 

Theophylline 
+ epinephrine Additive of each alone Etherton et al. , 1977 + epinephrine 

effect on basal lipolysis but diminished epinephrine-stimulated lipolysis 

by 10 to 25%. Glucagon and 3-estradiol additions did not increase the 

lipolytic rate in adipose tissue from either dairy steers or sheep 

(Etherton e^ al., 1977). 

In an attempt to verify that lipolysis in the ruminant involves the 

adenylate cyclase-cAMP system, theophylline was added in addition to 

epinephrine; this combination resulted in an increased lipolytic rate 

approximately equal to addition of effects of both hormones (Etherton, 

et al. , 1977). Therefore, the mechanism of lipid mobilization in rumi­

nants seems similar to that in nonruminants. Adenylate cyclase, phos­

phodiesterase, and protein kinase activities as well as cAflP content have 

never been measured in ruminant adipose tissue. This should be done to 

confirm or negate the proposed adenylate cyclase-cAI-ÎP system. Thus far, 

investigations concerning regulation of this process have not been 

extensive enough to allow firm conclusions to be drawn. What is 
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definitely known is that ruminant adipose tissue is less sensitive to 

metabolic regulators than is nonruminant adipose tissue. 

Prostaglandins and lipolysis 

A comprehensive reviev; of prostaglandin (PG) synthesis, mechanism 

of action, and tissue response will not be contained in this section. 

Rather, only a review of mode of action of PG on metabolism in adipose 

tissue will be made. For pertinent reviews, the reader is referred to 

one of the following excellent manuscripts: Hinman (1972), Hinman 

and Weeks (1972) , Weeks (1972) , Russell £t a_l, (1975) , and Pike 

(1976). 

Mechanism of action It seems probable that most, if not all, 

biological actions of PG are mediated through either cAlIP or cGllP, 

although the physiological significance of increased cGMP content in 

isolated rat fat cells is minimal with respect to regulation of 

lipolysis (Fain and Butcher, 1976). The mechanism is thought to be 

initiated by a B-adrenergic site, causing adenylate cyclase to become 

activated. It is still unclear how this activation process occurs. 

Adenylate cyclase may itself be the receptor that has both an outer 

regulatory and inner catalytic subunit, or there may be some intermediary 

between the g-reccptor on the outer cell membrane and adenylate cyclase 

on the inner surface of the cell membrane. IVhatever the arrangement, 

adenylate cyclase does display "sidedness" because ATP is only cyclized 

on the inner surface (Curtis-Prior, 1976). The rate of catabolism of 

cA^lP to S'-A-'IP by phosphodiesterase is comparatively slow so that cAIlP 

does accumulate within the fat cell. 
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Interaction of prostaglandin and the cAIlP system Steinberg et 

al. (1963, 1964) v.-ere the first researchers to observe that c7-JlP-r.ediated, 

hormone-stimulated lipolysis was blocked by PG. Rair,\;ell and Shaw (1965) 

were the first to postulate that the physiological role of prostaglandin 

E (PGE) in the regulation of lipolysis is that of a negative feedback 

modulator. Later, Christ and Nugteren (1970), Illiano and Cuatrecasas 

(1971), and Dalton and Hope (1974) provided further evidence of a negative 

feedback regulation of hormonal activity (Figure 2). 

Kuehl (1974) completed research that attempts to define the role of 

PG. Using the prostaglandin antagonist, 7-cxa-13 prostynoic acid, 

PG-induced cAI-IP formation is blocked in smooth muscle. Further v/ork in 

their laboratory indicated that PG binding sites exist in adipose tissue. 

Prostaglandin E]_ and PGA]_ binding sites are found in rat adipocyte plasma 

membrane (Gorman and Miller, 1973). The binding of PG to their receptor 

sites may be one of the initial events in regulation of lipolysis. Gorman 

and Miller (197 3) further speculate that regulation at this level would 

involve adenylate cyclase. 

Source of polyunsaturated fatty acids for cellular biosynthesis of 

the PG The precursor of PG capable of modulating cAîlP action in the 

fat cell is still uncertain. Arachidonic acid is present and esterified 

in the cell membrane, and one would expect increased activity of phos-

pholipase A (E.G. 3.1.1.4) with hormonal mediation along with increased 

activity of adenylate cyclase and accumulation of cAMP. This evidence, 

however, is not available. 

Polyunsaturated fatty acids arc available for PG synthesis in adipose 

tissue. During basal and hormone-stimulated lipolysis, PG biosynthesis 



Figure 2. Role of c.\îlP in regulation of PGE2 synthesis in rat fat cells 
(Dalton and Hope, 1974) 

TG = triglyceride 
PL = phospholipid 
FA = fatty acid 
PGE2 = prostaglandin E2 
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consists mainly of PGE2 formation (Paoletti and Puglisi, 1973). The iso­

lated adipose cell contains prostaglandin synthase (e.g. 1.14.99.1) that is 

located in the microsomal fraction and converts dihomo-7-linolenic acid 

and arachidonic acid to the PG endoperoxides (PGGj^, PGH^, and PGG2, PGH2) 

(Vergroesen, 1977). The endoperoxides are converted into the classical PG 

(El, Fic(, ^2, and F20,) . 

It has become clear in the last few years that an increase in dietary 

linoleic acid intake directly influences pg synthesis (Hwang e^ al., 

1975). Furthermore, essential fatty acid-deficient rats show an increased 

response to lipolytic agents, and the increased response may be due to 

decreased formation of PGE2 (Danon , 1975; Ilazinski e^ a^. , 1975; 

Hwang et , 1975). Christ-and Nugteren (1970) showed that in adipose 

tissue from essential fatty acid-deficient rats there is a decreased 

release of PGE2 and an increase in lipolysis by addition of PGE2 when 

compared to controls, 

Effects of PG on lipolysis If wo assume that during in vivo 

adipose tissue lipolysis PGE2 is released and acts in a negative feedback 

fashion to decrease adenylate cyclase activity and hormone-sensitive 

lipase activity (Figure 25 , we also may assuma that the output into the 

extracellular fluid of glycerol and free fatty acids is likevdse 

decreased. One then may look at all the evidence that may elucidate the 

role of PG in this process. 

In 1970, Christ and Nugteren observed that during lipolysis isolated 

fat cells from rat epididymis as well as fat pads from rat epididymis 

release both arachidonic acid and PGE2. Further, they observed that the 

enzyme system capable of converting essential fatty acids into pg was 
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present in isolated fat cells and that low concentrations of PGE2 effec­

tively inhibited lipolysis. They concluded that in essential fatty acid-

deficient rats 1) a decrease in release of PGE2, 2) an increase in 

lipolysis, and 3) inhibition of lipolysis by exogenous PGE2 all are 

consistent with the negative feedback inhibition of adenylate cyclase. 

Illiano and Cuatrecasas (1971) hypothesized that after the initial 

fall in cJiMP content isolated fat cells became resistant to additional 

hormonal stimulation, and some compound is released into the media, which 

in fresh cells inhibits the accumulation of cAMP. They concluded their 

study by using indomethacin, which effectively blocks endogenous PC 

synthesis, and which resulted in enhancement of basal and epinephrine-

stimulated rates of lipolysis in isolated rat fat cells. Their studies 

provide strong evidence for a physiological role of endogenously 

synthesized PG in the regulation of basal and hormone-stimulated 

lipolysis. 

Fain e^ (1973) reported opposite results to those of Illiano and 

Cuatrecasas (1971). Because indomethacin did not affect lipolysis in 

isolated rat fat cells, they concluded that PG are not important feedback 

regulators of adenylate cyclase or lipolysis in this system. Their 

results point to a substance other than a PG as a primary feedback regu­

lator of adenylate cyclase, which they believe is adenosine. Dalton and 

Hope (1973) also showed that indomethacin did not enhance basal or 

norepinephrine-stimulated release of free fatty acids or glycerol. This 

study also failed to support the negative feedback hypothesis for adipose 

tissue. However, they did observe that hormonally-stimulated PG synthesis 

attenuates the hormonal lipolytic response. 
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In a following paper, Dalton and Hope (1974) demonstrated a PG-

generating system in isolated rat fat cells and showed that accumulation 

of PGE2, but not PGE]_ or PGF2Q ̂ was stimulated by addition of norepine­

phrine, theophylline, or dibutyryl cAMP. They also observed inhibition 

of PG synthesis by indomethacin. Arachidonic acid was in high concentra­

tion in fat cell phospholipids. They concluded that these observations 

are consistent with a negative feedback regulation of hormone-stimulated 

lipolysis. They also hypothesized that perhaps the rate-limiting step in 

this process is the activation of phospholipase A. Haye ejt a^. (1973) 

suggested that, because the precursor polyunsaturated fatty acids are 

abundant in the phospholipids, PG release is due to neosynthesis and not 

depletion of storage material. On the basis of that in the thyroid 

gland, they suggested that activity of endogenous phospholipase A is the 

factor regulating biosynthesis of PG. 

A direct relationship between the rate of cAîlP accumulation and the 

rate of lipolysis has not been firmly established as discussed in a prior 

section. Dalton e_t (1974) showed that such a relationship may exist 

during the initiation of lipolysis. They concluded that the mechanism of 

action of PGE2 is mediated by the inhibition of the early rate of cAÎ-IP 

accumulation rather than the total production of cAMP. 

In a series of two papers. Fain and Wieser (1975) explained the 

proposed effect of adenosine. According to their hypothesis, adenosine 

is an important modulator of hormone action on fat cells. Adenosine 

inhibits cAllP accumulation in rat fat cells and is continuously released 

to the medium during incubation. Adenosine deaminase (E.c, 3.5.4,4) 

essentially removes all cellular adenosine and increases cAMP content 
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and lipolysis. In the second paper, Wieser and Fain (1975) showed that 

glucose oxidation, already stimulated by insulin, was enhanced by the 

addition of adenosine, PGEj^, or nicotinic acid, indicating that these 

agents are not increasing glucose oxidation solely as a result of an 

inhibition of lipolysis. Adenosine, PGE^, and nicotinic acid act 

synergist.ically with ins'olin zo stir.ulate gluccse oxidacicn azid inhibit 

lipolysis in the presence of norepinephrine. They concluded that 

adenosine may be necessary for insulin action and that the effects of 

adenosine, PGE^, and nicotinic acid on glucose metabolism and lipolysis 

are secondary to inhibition of cAMP accumulation. They also found that 

neither uptake nor subsequent incorporation of adenosine by fat cells 

into intracellular ATP is required for inhibition of c7\MP accumulation 

in fat cells. 

Also in 1975, Fain and Shepherd hypothesized that the free fatty 

acids rather than PC are the heat stable and nondialyzable inhibitors 

of lipolysis that are released by fat cells into the medium that contains 

albumin. xiie authors suggeat that when the prliïiâty binding siuês Ou 

albumin are saturated with free fatty acids, the plasma membrane of the 

fat cells effectively competes with albumin for binding of free fatty 

acids. The free fatty acids bound to the merribrane may alter the 

membrane's enzymatic activity in a specific way that adenylate cyclase 

activity is decreased significantly. 

Effect of other PG on lipolysis The influence of an infusion of 

PGB^ on circulating levels of insulin, glucose, and free fatty acids in 

anestlietized dogs (both in the basal state and following stimulation with 

intravenous glucose or norepinephrine) was not significantly different 
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from saline-treated controls. The authors concluded that PGB^ has no 

physiological role in the modulation of glucose, insulin, or free fatty 

metabolism (Robertson and Guest, 1974). 

In rat hepatic tissue, PGE^ failed to stimulate cAI-lP or lipolysis 

even though other known agents (glucagon and epinephrine) activate cAMP 

in this same system. These data did not support a physiological role 

for PGE^ in hepatic lipolysis. Although the effect of PGE^ on gluconeo-

genesis , lipogenesis , ureogenesis, or amino acid transport was not 

investigated in this study, the author concluded that PGE^ modulation 

of these processes would occur independently of changes in cAI-lP content 

(Levine, 1974). 

In a study by Gorman et al. (1975), the prostaglandin endoperoxide 

PGH2 inhibited basal adenylate cyclase activity to 11% of basal activity 

and epinephrine-stimulated activity to 30 to 35% of basal activity in 

fat cell ghosts. The stimulation of adenylate cyclase by ACTH, glucagon, 

or TSH as well as epinephrine was antagonized by PGH2, suggesting that 

this endoperoxide may be an endogenous feedback regulator of hormone-

stimulated lipolysis in adipose tissue. Their data also indicate that 

PGE^, PGE2 f PGA^f PGD2, and PGFga ]:^ot alter epinephrine-stimulated 

adenylate cyclase activity. This is probably the first report which 

indicated that PG, particularly PGH2, had any effect on adenylate cyclase 

in a broken cell preparation. The authors suggested that PGH2 inhibits 

lipolysis at a point distal to the hormone receptors because PGH2 inhibits 

basal as well as hormone-stimulated activity. Furthermore, the discovery 

that the endoperoxides might play a role in hormone-sensitive systems 

suggests that perhaps they represent a group of potent, short-lived 
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compounds that have the capacity to modulate cellular activity possibly 

by regulating the cyclic nucleotides. 

Subsequently, Fredholm and Hamberg (1976) showed that PGH2 inhibited 

norepinephrine-induced cAMP accumulation in isolated rat fat cells in a 

dose-dependent manner but only after conversion to PGEgi, which is 

biologically more active than the endoperoxide in adipose tissue. These 

data did not support the idea of a physiological role for PGH2 as a 

modulator of lipolysis. 

The elucidation of the role of PG in the control of lipolysis is 

still unclear and much research remains to be done in order to understand 

the underlying control mechanisms of this process. 
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materials and îethods 

Experimental Animals 

Ten Holstein steers weighing an average of 675 kg (623 to 774 kg) 

were used in this study. Steers were fed ad libitum a diet consisting 

of a grain mixture (Table 2) plus corn silage. Steers were fed this 

diet several months, fasted 9 days, and then refed. During fasting, 

steers received ad libitum salt and water only and were housed indi­

vidually in unbedded tie-stalls. 

Table 2. Composition of grain mixture^ 

Component Percentage^ 

Cracked corn 67.5 
Soybean oil meal (44% protein) 25.0 
Ground whole oats 5.0 
Dicalcium phosphate 1.5 
Trace-mineralized salt^ 1.0 
Vitamin supplement^ trace 

"Steers received lU kg ot grain mixture per day and ad libitum 
corn silage. 

^Percentage of as-fed grain mixture. 

^Components of trace-mineralized salt: 99.15% NaCl, 0.35% ZnO, 
0.28% mo, 0.175% Fe (CO?) , 0.036% CuO, 0.007% Ca (IO4) ,, and 0.007% 
c0co3. 

^Supplied 2 million IU retinyl palmitate and 250,000 IU 
cholecalciferol per 908 kg of grain mixture. 
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Tissue Biopsies 

Biopsies were taken from the subcutaneous adipose tissue over the 

longissimus dorsi muscle of the steers according to the schedule shown 

in Table 3. To obtain the subcutaneous adipose tissue biopsy the skin 

around the incision site was shaved, disinfected, and anesthetized with 

a 20-ml subcutaneous injection of liodocaine hydrochloride (Astra Pharma­

ceutical Products, Inc., Worcester, MA). A linear 9-cm incision was 

made approximately 5- to 6-cm laterally from the midline to expose the 

fat pad. Approximately 10 g of fat was removed and maintained at 37° in 

physiological saline until incubated. 

Table 3. Biopsy schedule^ 

Steer Day of biopsy Day of biopsy 
number before fasting during fasting^ 

1 
2 

3 
4 
5 
6 
7 
8 
9 
10 

7,4,2 
7.5.1 
8.5.2 
8,4,1 

1 
3 
2 
3 
1 

2 

5,8 
7.8 
2,5 
4.-7 

6.9 
5.8 
4.9 
5,8 
6,7 
4,7 

®Days of biopsy within each period were randomly assigned to each 
steer. 

'^Day 1 is first day of fast. 
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Assay of Lipolysis 

A section of adipose tissue weighing approximately 50 mg V7as 

incubated in 14 x 125 mm test tubes containing 3 ml of Krebs and 

Henseleit-Ringer buffer, pH. 7.4, with one-half the recommended amount 

of CaCl2 (Laser, 1961). Reaction mixtures used to assay basal 

lipolysis also contained 60 mg of bovine serum albumin (fraction V, 

fatty acid poor, Sigma Chemical Company, St. Louis, MO) and 3 mg of 

glucose (Sigma Chemical Company, St. Louis, MO). Concentrations and 

combinations of metabolic effectors added into the incubation media 

are sho\m in Table 4. 

The amount of epinephrine, dibutyryl. cAIlP, and theophylline that 

was added to each assay gave maximal lipolytic response; the amount 

of prostaglandin E2 added was similar to that used by Dal ton e^ al. 

(1974) which gave maximal inhibition of in vitro lipolysis. Prostag­

landin E2 was dissolved in small quantities of ethanol and diluted 

before use to working concentration with water. 

The test tubes were gassed with 95% 02:5% CO2 and stoppered with 

rubber septa. Triplicate samples were placed in a metabolic shaker 

and were incubated at 1 hr at 37° with constant shaking (90 strokes 

per min). The reaction was stopped by placing the test tubes in 

crushed ice. Tissues were blotted and weighed; the media was stored 

at -20° until analyzed. Samples without tissue were used as controls 

and were treated similarly. 
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Table 4. Additions of different combinations of lipolytic effectors to 
incubation media& 

Sample Dibutyryl 
number Epinephrine^ cAI'lpb Theophylline^ PGE2^ 

1 (Basal) _e _ 

2 +e - - -

3 + + - -

4 + + + -

5 + + + + 

6 - + - -

7 - + + -

8 - + + + 
9 - - + -

10 - - + + 

11 - - - + 

12 - + - 4-

13 + - + -

14 + - - + 

15 + - + + 
16 + + - + 

^Effectors were added to the incubation media at these•concentra­
tions : epinephrine at 1.5 pM, dibutyryl cAN!P at 1.0 rrH, theophylline 
at 500 yM, and PGE2 at 140 nM, 

^Obtained from Sigma Chemical Company, St. Louis, MO. 

^Asc:orbic acid (0.3 mg) was added with epinephrine to reduce 
oxidation of epinephrine. 

^^enerously donated by The Upjohn Company, Kalamazoo, III. 

e 
(-) represents no addition of effector(s) to media, and (+) 

represents addition of effector(s) to media. 

Analytical Procedures 

The extent of triglyceride hydrolysis was measured by analyzing the 

amount of glycerol released into the incubation media according to the 

method of Garland and Randle (1952). Number of fat cells in a known mass 

of adipose tissue from each biopsy of 4 steers was determined by the 
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method of Hirsch and Gallian (1968) . Fixed cells of 25-250 ym diameter 

were separated by filtration through nylon screens (Small Parts Inc., 

Miami, PL) and were counted with a Model Zj^ Coulter Counter (Coulter 

Electronics Inc., Hialeah, FL)• 

Statistical Analysis 

Data in Table 5 were analyzed as a randomized design in which steers 

represented blocks and the 16 effector combinations indicated in Table 4 

represented treatments. An l.s.d. was computed to make pairwise compari­

sons of treatment means (Snedecor and Cochran, 1957). 

Table 5. Effect of prostaglandin £2 (PÇE2) on lipolysis in bovine adipose 
tissue 

Lipolytic rate^ 
Addition^ -PGE2 +PGE2 

n mo les glycerol rele ased/(g x hr) 

None 790± 42^ 767= 51^ 
Epinephrine i4S6il43~ 133S±152b ,c 

Dibutyryl cAMP 1065± 70c 1218± 89b 
Theophylline 1656±170^ 1561+139C ,d 

Epinephrine + dibutyryl cAI4P 1661+ 87b 1673±108d ,e 
Epinephrine + theophylline 1928±113d 2190±208f 
Dibutyryl cAMP + theophylline 1911+146^ 1877±18ie 
Epinephrine + dibutyryl cAl-lP + theophylline 20701108^ 2260±16lf 

Concentrations of each effector in assay mixtures were: epinephrine 
at 1.5 uM/ dibutyryl cAMP at 1 mî4, theophylline at 500 yM, and PGE2 at 
140 nM. 

2 Values are means ± SEM in 3 biopsies per steer taken•during the fed 
Cprefast) period in 4 steers. Values within a column with different 
superscripts are significantly different (P<0.05). Values within a given 
line are similar (P>0.Û5). Average number of fat cells (25-250 pm in 
diameter) per gram of tissue was 1.30 X 10^. 
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Data in Table 6 were analyzed as a split plot design with the whole 

plot arranged in a randomized block design in which steers represented 

blocks and the effect of feeding or fasting represented the whole, plot 

treatment. The subplot treatments were represented by the four effector 

combinations .that were used. An l.s.d. was computed to make pairwise 

comparison of treatment means (Snedecor and Cochran, 1967). 

Table 5. Effect of fasting on rates of lipolysis in bovine adipose tissue 

Lipolytic rate^ 
Addition^ Fed Fasted 

nmoles glycerol released/(g x hr) 

None (basal) 
Prostaglandin E2 
Epinephrine 
Prostaglandin E2 + epinephrine 

1076± 91^ 
10021127% 
1532±143^ 
13961133^ 

623145° 
511152 = 
1018187^ 
9 44±90d 

^Prostaglandin E2 concentration in assay mixture was 140 nM, that of 
epinephrine was 1.5 yM. 

^Values are means ± SEM for 10 steers and warn calculated as follows; 
Three biopsies were taken from each of 4 steers and on'/ biopsy from each 
of 6 steers during the fed (prefast) period. Mean rate for each of 4 
steers biopsied three times was determined and then averaged with rate in 
single biopsy from each of the other 6 steers. Values within same column 
or line with different superscripts are significantly different (P<0.05). 
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RESULTS AND DISCUSSION 

The role of prostaglandins in the control of lipolysis in bovine 

adipose tissue v/as evaluated by measuring the effect of prostaglandin 

E2 (PGE2) on in vitro lipolysis. To determine whether PGE2 acts upon . 

lipolysis by way of the adenylate cyclase-cMIP system, PGE2 was added 

to lipolysis assay mixtures that contained different combinations of 

epinephrine, dibutyryl cAMP, and theophylline. Measuring rates of 

lipolysis in tissue from fasted steers also was used as a model system 

to evaluate the regulatory role of PGE2. Prostaglandin E2 was chosen 

as the prostaglandin to study because other workers (Paoletti and 

Puglisi, 1973) have demonstrated that PGE2 has a greater inhibitory 

effect on lipolysis in adipose tissue than other prostaglandins. 

Glycerol release expressed as nmoles/(g of wet tissue X hr)> rather 

than fatty acid release from incubated adipose tissue, was chosen as 

the measure of lipolysis because bovine adipose tissue contains 

1/ negligible glyccrckinasc activity and 2) significant capacity for 

reesterification of intracellular fatty acids as triglycerides (Metz 

e^ , 1973) . For ease of comparison of our data with those of 

others, lipolytic rates were expressed on a tissue-weight basis rather 

than a cell-number basis. The conversion factor relating tissue weight 

to cell number is indicated in Table 5. Lipolytic rates caused by 

different effector combinations had the same relationship to each other 

when expressed on either the tissue-weight basis or the cell-number 

basis. 
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PGE2 Interaction with Lipolytic Effectors 

The effects of epinephrine, dibutyryl cAMP, and theophylline with 

and without PGE2 on basal lipolysis are shown in Table 5. Epinephrine 

significantly stimulated the rate of basal lipolysis by 1.9-fold. The 

magnitude of the stimulation by epinephrine compares favorably with 

observations of others who have shown that epinephrine stimulates basal 

lipolysis in adipose tissues from several different anatomical 

sites of ruminants from 1- to 4-fold (Metz and Van Den Bergh, 1972; 

Yang and Baldwin, 1973b; Pothoven et al., 1975; Bauman, 1976; Etherton 

et al., 1977). These data reflect the important physiological regula­

tion of lipolysis by catecholamines in animals (Hasoro, 1977). Lipolysis 

in bovine adipose tissue is less responsive to epinephrine stimulation 

than is that in rat adipose tissue which is stimulated from 10- to 60-

fold by epinephrine (Prigge and Grande, 1971). Specific reasons for 

the species difference are unknown. Although not shown previously in 

ruminants, epinephrine promotes lipolysis in adipose tissue by activation 

of hormone-sensitive lipase by a cAMP-dependent protein kinase (Steinberg 

and Khoo , 1977) . 

Addition of dibutyryl cAMP or theophylline significantly stimulated 

the basal rate of lipolysis (Table 5) . The increase in the lipolytic 

rate caused by dibutyryl cAI-IP addition was significantly less than the 

stimulation of lipolysis by addition of epinephrine or theophylline. 

Based upon lipolytic rates, epinephrine increases the intracellular 

concentration of cAMP greater than adding exogenous dibutyryl cAI-îP 

at concentrations that give maximal lipolytic rates. It is known that 
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the dibutyryl form of cAMP enters mammalian cells more easily and is more 

resistant to protein kinase low K^^cAMP-phosphodiesterase (E.G. 2.7.1.37, 

phosphodiesterase) cleavage than is cAMP (Zapf a^. , 1975; Baun and 

French, 19 76). 

Theophylline, an agonist of lipolysis which inhibits phosphodiester­

ase and, thus, increases the intracellular concentration of cAMP (Butcher 

and Sutherland, 1962) , increased basal lipolysis by 2.1-fold. Because the 

stimulation by theophylline was similar to that by epinephrine, both 

agonists, although acting by different mechanisms, seem to elicit maximal 

rise in the concentration of intracellular cAMP which is positively 

correlated with free fatty acid mobilization from adipocytes (Dalton et 

al. , 1974) . No one has demonstrated a non-cAiMP mechanism for stimulation 

of lipolysis. 

Prostaglandins of the E series have been shown by many investigators 

to inhibit lipolysis in adipose tissue from several species by inhibition 

of cAIlP formation (Steinberg et al., 1963; Rair^v/ell and Shaw, 1966). The 

interaction of PGE2 with effectors of lipolysis that are known to act 

through the adenylate cyclase-cAMP system was studied. Prostaglandin Eg, 

at a slightly greater than physiological concentration, had no effect on 

basal lipolysis (Table 5). Neither did PGEg alter epinephrine-, 

dibutyryl cAMP-, or theophylline-stimulated lipolysis in adipose tissue 

from steers. 

The lack of a lipolytic response of PGE^ in our study could not be 

attributed to degradation of PGEo because its presence in the incubation 

media was confirmed by mass spectrometry (Stenhagen ejt , 1974) . The 

lack of inhibition of basal and stimulated lipolysis by PGEg is consistent 
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with the observations of Fain e^ a^. (19 73) and Dalton and Hope (1973) 

who concluded that prostaglandins are not important regulators of 

adenylate cyclase or of lipolysis in white fat cells fron rats , and the 

observations of Mersmann et (1976a,b) who showed that PGE2 does not 

inhibit lipolysis in isolated adipocytes from swine. In contrast, other 

workers (Steinberg et , 1953; Carlson and Micheli, 1970; Christ and 

Nugteren, 1970; Dalton et al., 1974) reported that prostaglandin 2% 

inhibited catecholamine- and theophylline-stimulated lipolysis in rat 

adipose tissue. Therefore, additional work is required to resolve the 

question of whether the prostaglandins control lipolysis in adipose 

tissue. 

To further investigate the role of the adenylate cyclase-cAI-IP system 

in control of lipolysis in bovine adipose tissue, effects of several 

combinations of agonists that act by way of different mechanisms to 

increase intracellular concentration of cAI-IP were measured. The addition 

of dibutyryl cAMP concomitantly with epinephrine increased the rate of 

lipolysis to about 1.6 fold above that when only dibutyryl cAMP was added 

to the incubation media, but not above that when only epinephrine was 

added. Addition of dibutyryl cAMP probably increased the intracellular 

concentration of butyrate, which inhibits lipolysis (Metz and Van Den 

Bergh, 1972) , and increased the intracellular concentration of cAI# as 

its N®, monobutyryl-metabolite (Ka^jkel a^. / 1972). We propose that 

epinephrine plus dibutyryl cAMP increases the intracellular cAMP to a 

greater concentration than the metabolites of dibutyryl cAî-IP alone. 

Measurement of concentrations of cAI^ and metabolites of dibutyryl cAMP 

in bovine adipocytes is needed to support this explanation. 
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Theophylline increased the rates of lipolysis in tissue already 

stimulated by epinephrine, dibutyryl cAMP, or epinephrine plus dibutyryl 

cAI-îP to about 2.5-fold above basal rates. This synergistic effect of 

theophylline with epinephrine or dibutyryl cAI-lP also has been observed 

in rats, swine, and cattle by Baum and French (1975) , Mersraann et al. 

{1976a,b) , and Etherton ejt al. (1977) , respectively. Due to the proposed 

mechanism of action of theophylline (Butcher and Sutherland, 1962) , the 

intracellular concentration of cAMP probably is increased above that 

caused by addition of either epinephrine or dibutyryl cAMP; the additional 

increase in cAMP causes greater, and perhaps maximal, hormone-sensitive 

lipase activity. 

To further test whether prostaglandins control lipolysis by regu­

lating the adenylate cyclase-cAMP system, the effect on lipolysis by 

adding PGEg to incubation media already containing several different 

combinations of epinephrine, dibutyryl cAMP, and theophylline was deter­

mined. Regardless of which combination of these three agonists was 

studied, PGE2 caused no change in the rate of lipolysis. Work by others 

indicates that the interaction of prostaglandins with agonists of the 

adenylate cyclase-cAMP system is unclear, as discussed previously. The 

lack of effect of PGE2 in bovine adipose tissue suggests that PGE2 does 

not control the intracellular concentration of cAIlP, which ultimately 

determines the rate of lipolysis. 

Effect of Fasting on Regulation of Lipolysis 

The effect of PGE2 , epinephrine, and PGE2 plus epinephrine on 

lipolysis in adipose tissue from fed and 9-day-fasted steers is shown in 
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Table 6. The basal rate of lipolysis was decreased by about 40% because 

of fasting for 9 days. Furthermore, the rates of lipolysis in tissues 

incubated with PGE2 , epinephrine, or PGE2 plus epinephrine were decreased 

from 30 to 50% by the 9-day fast. As also shown for the tissue from fed 

steers (Tables 5 and 6) , PGE2 did not alter the basal lipolytic rate in 

tissue from fasted steers. Epinephrine increased the rates of basal 

lipolysis in tissue in both fed and fasted steers to a similar magnitude 

(1.4- and 1.6-fold, respectively). As with fed steers, PGE2 did not alter 

epinephrine-stimulated lipolysis in tissue from the fasted steers. Data 

from different researchers on effect of fasting (and restricted feeding) 

on lipolysis in adipose tissue are inconsistent. Pothoven ̂  al. (1975) 

showed that both basal and epinephrine-stimulated lipolytic rates in 

adipose tissue from steers decreased with restricted feeding. Adipose 

tissue obtained from obese human subjects submitted to prolonged fasting 

was significantly less responsive to catecholamines than was tissue from 

fed subjects (Arner and Ostman, 1976). A greater number of investigators, 

however, have shown that both basal and catecholamine-stimulated rates of 

lipolysis are increased in nonruminants by fasting (Pobison e;t ^. , 1971; 

Gilbert and Galton, 1974; Klain et al., 1977; Zapf et ai., 1977). 

Two possible explanations for the lower in vitro rates of lipolysis 

in tissue from fasted steers are possible. Firstly, steers may have been 

more highly stressed by the biopsy procedures during the fed period than 

during the fasting period, causing abnormally high concentrations of 

endogenous catecholamines in biopsied tissue. Secondly, and probably 

most likely, because the extracellular free fatty acid concentration was 

elevated in fasted steers (Pothoven and Beitz, 1975) , the intracellular 
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concentration of free fatty acids at time of tissue biopsy was greater 

(Angel e;t , 19 71) ; the increased concentration of intracellular free 

fatty acids caused greater inhibition of lipolysis in tissue from fasted 

steers than in tissue from fed steers, even in the presence of lipolytic 

agonists. 
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SUMMARY 

To determine if prostaglandins play a role in the regulation of 

lipolysis in bovine adipose tissue, studies were conducted to estimate 

the extent of this regulation by observing the interaction of PGE2 with 

known effectors of the adenylate cyclase-cAî-lP system, which controls 

lipolysis. Lipolytic activity of adipose tissue from both fed and fasted 

Holstein steers weighing approximately 675 kg was measured. Samples of 

adipose tissue were obtained by a biopsy technique from subcutaneous 

adipose tissue over the longissimus dorsi muscle of 10 steers according 

to a randomized schedule during fed and fasting periods. The statis­

tically significant (P=0.05) results are summarized as follows; 

1. Prostaglandin E2 plays no role in the regulation of the basal 

rate of lipolysis in adipose tissue of cattle. Neither did 

PGE2 alter epinephrine-, dibutyryl cAMP-, or theophylline-

stimulated rates of lipolysis. 

2 .  Epinephrine increased the rate of basal lipolysis by 1.9-fold. 

Also, both dibutyryl cAMP and theophylline increased the basal 

rate of lipolysis by 1.4-fold and 2.0-fold, respectively. 

3. The basal rate of lipolysis was decreased by about 40% because 

of fasting for 9 days. Furthermore, the rates of lipolysis in 

tissue incubated with PGE2, epinephrine, or PGEg plus 

epinephrine were decreased from 30 to 50% by the 9-day fast. 

4. Prostaglandin E2 also did not alter either the basal or 

stimulated rates of lipolysis during fasting. 
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Data presented in this dissertation showed that exogenous prostag­

landin E2 did not alter the rate of lipolysis in ad libitum-fed steers. 

Further work was indicated that would show whether pros.taglandins 

produced endogenously exerted any control in lipolysis in bovine adipose 

tissue. Because endogenously produced prostaglandins may act as feed­

back regulators (Dalton and Hope, 1973) , the effect of indomethacin, 

a potent inhibitor of prostaglandin biosynthesis, was measured in 

adipose tissue from 6 steers, 3 of which were given an ad libitum level 

and 3 of which were given a maintenance level of dietary energy. Steers 

fed ad libitum and maintenance diets were fasted and refed to provide, 

for study, adipose tissue with different in vivo rates of lipolysis. 

The effects of indomethacin on lipolysis in ad libitum- and 

maintenance-fed steers during fed and fasting periods are shown in 

Appendix Tables 7 and 8, respectively. In fed cattle, epinephrine 

promoted lipolysis in both groups of steers; because of a large variance, 

the increase was not significant in the ad libitum-fed group. Prostag­

landin E2 had no effect on basal lipolysis in adipose tissue from either 

ad libitum- or maintenance-fed steers; moreover, PGE2 did not alter 

epinephrine-stimulated rates in tissue from steers in either dietary 

group. Tliis finding in bovine adipose tissue confirms that reported 

in this dissertation and by others in rat adipose tissue (Dalton and 

Hope, 1973; Fain e_t al. , 1973). Tlie results of studies on the influence 

of PGE2 on lipolysis in adipose tissue, however, are inconsistent 

because meny researchers have demonstrated antilipolytic activity of 

prostaglandins and E2 (Steinberg e^ , 1963; Carlson and Micheli, 

1970; Christ and Nugteren, 1970; Dalton ejt ^2:' ' 1974). 
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To determine whether endogenously produced prostaglandins do not 

have antilipolytic activity as does exogenously added PGE2f the effect 

of indomethacin on lipolysis in bovine adipose tissue was measured. 

The addition of indomethacin did not change basal lipolytic rates in 

either ad lib.iturn- or maintenance-fed steers in fed or fasted states 

(Appendix Tables 7 and 8). In preliminary dose-response studies over 

a concentration range of 10~^M to 10~^M, indomethacin was ineffective. 

Raaawell and Shaw (1966) proposed a feedback regulatory system in which 

hormonally-stimulated release of free fatty acids from stored tri­

glycerides provide substrates for endogenous synthesis of prostaglandins 

that, in turn, decrease activity of adenylate cyclase and, therefore, of 

hormone-sensitive lipase. If this proposal is applicable to lipolysis 

in bovine adipose tissue and if indomethacin functions only as an 

inhibitor of prostaglandin biosynthesis, then indomethacin should promote 

lipolysis; this postulate assumes that intracellular prostaglandins 

inhibit adenylate cyclase, which control hormone-sensitive lipase 

(Steinberg and Khoo, 1977). In our assay system of lipolysis, addition 

of indomethacin concomitantly with epinephrine caused no change in rates 

of lipolysis in either ad libitum- or maintenance-fed steers. Neither did 

addition of indomethacin with PGE2 alter the basal rate of lipolysis. 

Dalton and Hope (19 73) and Fain e_t al. (19 73) also reported that indo­

methacin did not enhance norepinephrine stimulated release of free fatty 

acids or of glycerol in rat epididymal adipose tissue or isolated fat 

cells of rats, respectively. 
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The statistically significant (P=0.05) results are summarized as 

follows ; 

1. Indor.ethacin does not influence lipolysis and ccnfirriS our 

proposal as well as the findings of Dalton and Hope (19 73) 

and Fain et al. (1973). 

2. Epinephrine promoted lipolysis in both groups of steers; the 

increase was not significant in the ad-libitum fed ones. 

3. Prostaglandin E2 did not alter basal lipolysis in adipose 

tissue from either ad libitum- or maintenance-fed steers during 

fed or fasted periods ; further PGE2 did not change epinephrine-

stimulated rates in tissue from steers in either dietary 

groups during fed or fasted periods. Although our results do 

not support a regulatory role for PGE2 in lipolysis, they do 

not negate the possibility of a different role for prostaglandins 

such as functioning as vasodilators to increase blood flow to 

adipose tissue. 
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Table 7. Effect of indomethacin on lipolysis in cattle of two levels of 
energy intake 

Diet Additive - Indomethacin + Indomethacin 

Ad libitum None (Basal) 

Epinephrine 

PGE2 

Epinephrine + PGE2 

nmoles glycerol released/(g X hr) 

,bl 
582+141 

866±253^'° 

403± 75^'^ 

512±146^ 

326± 47" 

745±2 84= 

380+ 65^ 

Maintenance None (Basal) 

Epinephrine 

PGE2 

Epinephrine + PGE2 

595+ 54^ 

1061±1593"b,c 

624+209^ 

1207+1513-'^' = 

436± 67 

122 3+252-

d,e 

560±122^'® 

Value is mean ± SEM of 6 observations from 3 steers. Values with 
different superscripts within a column are significantly different 
(P<.05). Addition of indomethacin caused no significant difference 
(P>.05) . 



80 

Table 8. Effect of indomethacin on lipolysis in fasted cattle 

Diet before 
fasting Additive - Indonethacin + Indoirethacin 

Ad libitum None (Basal) 

Epinephrine 

PGEg 

Epinephrine + PGE2 

nno les glycerol released/(g X hr) 

.1 
557± 39& 

1108+30 7^ 

583± 37^ 

1026±268^ 

534± 25^ 

1443±249® 

522+ 73^ 

Maintenance None (Basal) 

Epinephrine 

PGEg 

Epinephrine + PGE2 

557±150& 

1479±32 7° 

608± 73^ 

1295+127^ 'C 

491+ 27^ 

13961212® 

509± 54^ 

Value is mean ± SEM of 6 observations from 3 steers. Values with 
different superscripts within a column are significantly different 
(P<.05). Addition of indomethacin caused no significant difference 
(P>.05). 


