
University of Tennessee, Knoxville University of Tennessee, Knoxville 

TRACE: Tennessee Research and Creative TRACE: Tennessee Research and Creative 

Exchange Exchange 

Masters Theses Graduate School 

8-2000 

Angiotensin II Increases Leptin Secretion in Adipocytes via a Angiotensin II Increases Leptin Secretion in Adipocytes via a 

Prostaglandin-Independent Mechanism Prostaglandin-Independent Mechanism 

Suyeon Kim 
University of Tennessee, Knoxville 

Follow this and additional works at: https://trace.tennessee.edu/utk_gradthes 

 Part of the Nutrition Commons 

Recommended Citation Recommended Citation 
Kim, Suyeon, "Angiotensin II Increases Leptin Secretion in Adipocytes via a Prostaglandin-Independent 
Mechanism. " Master's Thesis, University of Tennessee, 2000. 
https://trace.tennessee.edu/utk_gradthes/3991 

This Thesis is brought to you for free and open access by the Graduate School at TRACE: Tennessee Research and 
Creative Exchange. It has been accepted for inclusion in Masters Theses by an authorized administrator of TRACE: 
Tennessee Research and Creative Exchange. For more information, please contact trace@utk.edu. 

https://trace.tennessee.edu/
https://trace.tennessee.edu/
https://trace.tennessee.edu/utk_gradthes
https://trace.tennessee.edu/utk-grad
https://trace.tennessee.edu/utk_gradthes?utm_source=trace.tennessee.edu%2Futk_gradthes%2F3991&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/95?utm_source=trace.tennessee.edu%2Futk_gradthes%2F3991&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:trace@utk.edu


To the Graduate Council: 

I am submitting herewith a thesis written by Suyeon Kim entitled "Angiotensin II Increases Leptin 

Secretion in Adipocytes via a Prostaglandin-Independent Mechanism." I have examined the final 

electronic copy of this thesis for form and content and recommend that it be accepted in partial 

fulfillment of the requirements for the degree of Master of Science, with a major in Nutrition. 

Naima Moustaid Moussa, Major Professor 

We have read this thesis and recommend its acceptance: 

Jay Whelan, James Bailey 

Accepted for the Council: 

Carolyn R. Hodges 

Vice Provost and Dean of the Graduate School 

(Original signatures are on file with official student records.) 



To the graduate council: 

I am submitting herewith a thesis written by Suyeon Kim entitled" Angiotensin II 
increases leptin secretion in adipocytes via a prostaglandin-independent mechanism". 
I have examined the final copy of this thesis for form and content and recommend that it 
be accepted in partial fulfillment of the requirement for the degree of Master of Science, 
with a major in Nutrition. 

We have read this thesis and 

�� 
d'ames Bailey, w.'7 

I) rli1 1� J 11 11 
I !tw-.." a \{,�-� U/1.� 

Naima Moustaid Moussa, Ph.D., Major Professor 

Accepted for the Council: 

Associate Vice Ch 
Dean of the Graduate 



ANGIOTENSIN II INCREASES LEPTIN SECRETION IN ADIPOCYTES 

VIA A PROSTAGLANDIN-INDEPENDENT MECHANISM 

A Thesis 
Presented for the 
Master of Science 

Degree 
The University of Tennessee, Knoxville 

SuyeonKim 
August 2000 



DEDICATION 

This thesis is dedicated to 

my parents 

Mr. KunTae Kim and Mrs. JoJa Kang 

sister 

JiYeonKim 

for their ongoing support and encouragement throughout my life. 

11 



ACKNOWLEDGEMENTS 

I am especially grateful to Dr. Naima Moustaid-Moussa, my major advisor who 

has been both mentor and teacher, for her encouragement, guidance and support 

throughout this work and for giving me the opportunity to pursue my study and research. 

I am very thankful to my committee members for their advice and support. Special thanks 

to Dr. Jay Whelan for his insight direction and support throughout this study. A special 

thanks goes to Dr. James Bailey for his support and words of encouragement. 

Special appreciation is extended to Dr. Yanxin Wang for her helpful advice, 

counsel and friendship. Additional thanks go to Melissa Standridge and Melissa Hansen 

Petrick for their helpful suggestions and assistance. I deeply thank Morvarid Bejnood and 

her family who gave me good memories in my life, for their friendship and 

encouragement. 

Finally, I would like to express special thanks and appreciation to my parents and 

sister for their endless support, encouragement, patience and love. 

iii 



ABSTRACT 

Adipose tissue functions as a secretory organ. Adipocyte-derived All and 

prostaglandins are involved in promotion of adipocyte hyperplasia through enhancement of 

preadipocyte differentiation as well as adipocyte hypertrophy. All was proposed to regulate 

adipocyte differentiation in part via prostacyclin. The peptide hormone leptin encoded by 

the ob gene is produced primarily by adipocytes and is believed to be the signal indicating 

the level of adiposity. We have previously demonstrated that All increases ob gene 

transcription in adipocytes. In this study, we have examined mechanisms of All effect on 

leptin secretion in adipocytes. All at physiological concentrations significantly increased 

leptin secretion in human adipose tissue and 3T3-Ll adipocytes in a dose and time­

response manner. Consistently, 6-keto PGF1a (a stable degradation product of PGii) and 

PGE2 secretions were also significantly stimulated by physiological doses of AIL Inhibitors 

of prostaglandin biosynthesis, namely indomethacin and aspirin significantly blocked basal 

as well as All-induced prostaglandin synthesis. However, inhibition of prostaglandin 

synthesis by these inhibitors did not modify All-induced leptin secretion. Consequently, 

these findings demonstrate that All regulation of leptin secretion from adipocytes is 

independent of prostaglandin. 
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PART I 

INTRODUCTION 



Obesity is a complex multifactorial disease characterized by interactions of 

genetic predisposition with physiological and behavioral alterations and it is associated 

with a number of pathological disorders including cardiovascular disease, non-insulin­

dependent diabetes, and hypertension. Several studies have recently investigated the role of 

fat cells in the development of human obesity. Beyond its role in energy storage, adipose 

tissue also participates actively in energy regulation and lipid homeostasis via production 

of biologically active compounds. Adipose tissue has been shown to be a potential site for 

the local synthesis of All that is the main effector peptide of the RAS (Renin Angiotensin 

System) and plays an important role in the regulation of vascular homeostasis. Recent 

studies on the role of All in adipocytes have illustrated that All increases fat mass and lipid 

storage as well as transcription of ob gene, a marker of adiposity. The ob gene product 

leptin binds to its receptors in the hypothalamus and plays an important role in the 

regulation of food intake and energy metabolism in rodents and humans. Adipocytes also 

secrete prostaglandin, which has been shown to mediate All effect on adipocyte 

hyperplasia. Therefore, the purpose of this study is to investigate the effect of All on lepin 

secretion as well as to determine the role of prostaglandins as possible mediators of this 

effect. This investigation may offer means to develop pharmacological and therapeutic 

strategies for treatment and prevention of obesity. 
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RESEARCH OBJECTIVES 

The objective of this research is to determine whether All regulates leptin secretion in 

adipocytes via a prostaglandin-mediated mechanism. This objective will be examined by 

addressing the following specific aims. 

1) Determine All effect on leptin secretion in human adipose tissue as well as 3 T3-L 1 

adipose cells. 

2) Determine All effect on prostaglandin secretion in 3T3-Ll adipose cells. 

3) Investigate the effect of prostaglandin biosynthesis on All regulation of leptin 

secretion in 3T3-Ll adipose cells. 
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PART II 

REVIEW OF THE LITERATURE 
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I. ADIPOSE TISSUE: AN ENDOCRINE AND P ARACRINE ORGAN 

A. Adipose tissue: a secretory organ 

Adipocytes are highly specialized cells that play critical roles in energy regulation as well as 

homeostasis. Their primary role is to store energy in the form of triglycerides during periods of 

nutritional abundance and to release it in the form of free fatty acids at time of nutritional 

deprivation (1). Along with their active role in regulating energy balance, adipocytes behave as 

endocrine as well as paracrine/autocrine cells via producing and releasing many different 

bioactive compounds (2). Secretory products of adipocytes including leptin, angiotensinogen 

(AGT), prostaglandins (PGs), cytokines such as tumor necrosis factor a (TNF-a) and 

interleukin (IL-6), non-esterified fatty acids (NEF A), acylation stimulating protein (ASP) and 

others are involved in immunological responses, cardiovascular function and appetite 

regulation ( 4-11 ). Thus, adipose tissue plays more dynamic roles than previously recognized in 

physiological mechanisms including the autoregulation of adipocyte growth and development. 

However, abnormal quantitative increases in mass of adipose tissue associated with obesity 

give rise to quantitative and qualitative alterations in adipose tissue endocrine responses, 

leading to maladaptive effects predisposing to metabolic disease (2). 

B. Adipocyte differentiation 

Adipose tissue growth is accompanied by an increase in adipocyte size (hypertrophy) and 

the formation of new adipocytes from precursor cells (hyperplasia) (113). Adipocyte 

differentiation is a complex process characterized by many changes in cell morphology, 

hormone sensitivity and expression of adipose-specific genes controlling lipogenesis and 

lipolysis (14-16, 28). Many hormones, growth factors, cytokines and arachidonate metabolites 

modulate adipogenic processes (17-19, 21, 23). Among these hormones, glucocorticoids 
5 



increase differentiation of preadipocytes by transcriptional repression of pref 1, which is an 

epidermal growth factor-like domain-containing transmembrane protein with anti-adipogenic 

function that is highly expressed in 3T3-Ll preadipocytes (178). The cytokine TNF-a and 

PGF2a exert inhibitory effects on adipocyte differentiation (20-21). In contrast, differentiation 

of preadipocyte cell lines such as 3T3-Ll is induced by continuous exposure of 

pharmacological doses of insulin and physiologic doses of insulin-like growth factor 1 (22-23). 

Moreover, angiotensin II (All) and arachidonic acid metabolites such as PGh promote the 

conversion of fibroblasts to functionally mature adipocytes in Ob 1771 adipose cells (24-25). In 

addition, dietary fatty acids induce differentiation of these cells by activating peroxisome 

proliferator-activated receptor y (PP ARy) (26). 

Two classes of transcription factors, CCAAT/enhancer binding protein family (C/EBP 

family) and PP AR y play significant roles as positive mediators of adipogenesis (27-28, 41). 

PP ARy is one member of the PP AR subfamily of ligand-dependent nuclear hormone receptors 

and its gene generates two isoforms PP ARyl and y2 through alternative splicing (29). The 

functional domains of PPARy are composed of five regions: the transactivation function 

domain, DNA binding domain, receptor dimerization function domain and ligand binding 

domain (30). While PP ARyl is expressed at low levels in several tissues such as large 

intestine, kidney and liver, PP ARy2 is abundantly and specifically expressed in adipocytes 

(31 ). PP ARy plays a central role in regulating fat-specific gene expression such as an 

adipocyte-specific fatty acid binding protein ( aP2), phosphoenolpyruvate carboxykinase 

(PEPCK), lipoprotein lipase (LPL), glucose transporters (GLUT4) and leptin by binding to 

DNA sequences termed PP AR response elements as a heterodimer with retinoid X receptor 
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(RXRa) (32-34). Further, PP ARy is activated by various synthetic and naturally-occurring 

substances including antidiabetic thiazolidinediones, polyunsaturated fatty acids, 15-deoxy­

delta prostaglandin J2 and lipoxygenase products such as 8-(S)-hydroxyeicosatetraenoic acid 

(HETE), leading to adipocyte differentiation (19, 35-38,130). Recently, non-steroidal anti­

inflammatory drugs (NSAIDs) classified as cyclooxgenase blockers, such as indomethacin and 

ibuprofen, also have been shown to act as PP ARy agonists (39). However, the identities of 

endogenous ligands for PP ARy and characteristics of their production in vivo have not been 

established. 

The C/EBP family also plays an important role as an adipogenic factor, in part by 

modulating the expression and activity of PPAR y. Hormonal induction of C/EBP p and 8 

stimulates PP ARy expression ( 40). C/EBPa, which may induce continued expression of 

PP ARy, binds to the promoters of fat cell genes leading to maintenance of the fully 

differentiated state ( 41-42). 

II. THE ROLE OF ANGIOTENSIN II IN ADIPOCYTE GROWTH AND DEVELOPMENT 

A. Classic Renin-Angiotensin system (RAS) 

The renin-angiotensin system (RAS) plays a vital role in the regulation of blood pressure as 

well as fluid and electrolyte balance ( 45). The RAS consists of several components, which 

include angiotensinogen (AGT), renin, angiotensin-converting enzyme (ACE), and All 

receptors. The RAS produces the vasoactive peptide hormone AIL The components of classic 

RAS are synthesized in the liver, kidney and endothelium (43). In addition, local synthesis of 

components of the RAS (nonclassic RAS) has been found, mostly in organs involved in 
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cardiovascular regulation including the heart, peripheral blood vessels, brain, adrenals as well 

as adipocytes (46-47, 51, 57). 

B. Renin-Angiotensin system (RAS) in adipose tissue 

AGT expression has been identified in murine adipose cell lines and rodent adipose tissue 

( 48-49). Human adipose tissue also expresses AGT mRNA, ACE mRNA, and the renin gene 

(50-51, 68). In brown adipose tissue from rodents, local production of AGT and renin activities 

have been described (52-53). All receptor type 1 (ATl) is expressed in adipose cells from rats 

as well as in human preadipocytes and adipocytes, and All receptor type 2 (AT2) is expressed 

in murine, human and mouse adipose cells (54-56, 58-59). Additionally, transcripts for 

cathepsin D and cathepsin G, enzyme components of the nonrenin-angiotensin system 

(NRAS), are detectable in human adipose tissue by polymerase chain reaction (PCR) (60). 

Collectively, these findings strongly suggest that adipose tissue is an important peripheral site 

containing regulatory components of the local RAS, providing insights into the significant 

function of adipocyte-derived All in adipocyte metabolism and cellularity. 

C. Effect of All on adipogenesis 

All, which is the primary effector peptide of RAS is metabolized rapidly by a number of 

peptidases and thus has a relatively short half-life of approximately 15 s ( 61). In spite of its 

short half-life, All functions as a modulator of vascular tone (45). In addition to its role in 

vasoconstriction, early investigations on the role of peripheral RAS have illustrated that All 

has hypertrophic and hyperplastic activities in vitro leading to growth and development of 

nonclassical RAS in tissues such as brain and fetal tissue (63-64). This suggests the possibility 

that the AGT produced in adipose tissue itself may influence adipogenesis and play a role in 

the pathogenesis of obesity. In light of a potential physiological role for All in regulating 
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adiposity, AGT expression is differentiation-dependent (12) .  Consistently, Harp and 

DiGirolamo has illustrated a positive relationship between expression of AGT mRNA and 

protein, the only known precursor to All, and relative rates of adipocyte growth in rats (65). 

Further, under conditions of genetic obesity (ob/ob and db/db), AGT synthesis by adipocytes is 

increased compared with lean controls, suggesting a potential link between obesity and 

functional local RAS in adipose tissue (67). Consistent with this concept, AGT expression in 

adipocytes is reduced in states of fasting and enhanced in overfeeding and AGT expression is 

stimulated by a high fat diet concomitant with enlargement of fat mass (66-67). In addition, 

while P-adrenergic receptor agonist decreases AGT expression in 3T3-Ll adipose cells, insulin 

increases AGT expression (68). However, decreased AT mRNA and secretion of All by low 

concentrations of insulin were observed in cultured Ohl 771 and 3T3-F442A adipose cells (13). 

Similarly, glucocorticoids upregulate AGT gene expression in Ob 1771 cells in a dose­

dependent manner, in tum leading to growth of adipose tissue ( 69). Epidemiological studies 

have shown a tight correlation between accumulation of intra-abdominal fat and hypertension 

(70-71, 44). A significant correlation between plasma AGT level, blood pressure and the ob 

gene product leptin, which is proposed as an endogenous marker of adiposity was reported 

(72). However, the contribution of adipose-derived All to pathophysiological hypertension is 

not well understood. Taken together, these findings suggest that adipose tissue hypertrophy is 

accompanied by an increased activity of the tissue RAS. Along with its function in adipose 

tissue development, All may also contribute to the association between hypertension and 

obesity. 
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D. Effect AII on function of brown adipose tissue 

A previous study has demonstrated that rat brown adipose tissue (BAT), which plays a 

critical role in cold-induced thermo genesis, is capable of producing All (176). The 

thermogenic function of BAT is mediated primarily by norepinephrine (NE) released from 

sympathetic nerves densely innervating this tissue (82). Accordingly, recent research has 

reported the potential role of All in BAT function. The study of Cassis has demonstrated that 

production of endogenous All is increased in rat intrascapular BAT (ISBAT) during cold 

acclimation and All-induced [3H] NE release is enhanced from ISBAT in response to cold, 

suggesting a potential role of All in stimulating thermogenesis in BAT (73). In subsequent 

studies, decreased content of All in ISBAT of young obese Zucker rats was observed and AII­

mediated neuronal uptake of [3H] NE in ISBAT was also decreased in both young and adult 

obese rats (74). This finding suggests that alterations of All production and function in the 

obese animal model appear to decrease energy expenditure associated with BAT 

thermogenesis, consequently contributing to development of obesity. 

E. Mechanisms of AII effects on adipose tissue 

AII exerts its action via at least two distinct receptors subclassified as ATl and AT2 (Table 

1) (75). The recent study has demonstrated that treatment of losartan, an ATl receptor specific 

antagonist, significantly inhibits the age-dependent increase in rat adipocyte size (76). Further, 

the studies of Darimont et al have illustrated by using a coculture of preadipocytes and 

adipocytes, that All promotes adipocyte differentiation by stimulating release of prostacyclin 

(PGii) from mature fat cells, which has an autocrine adipogenic effect in vitro through an AT2-

receptor mediated mechanism (77). In addition, AII enhances expressions of PGHS-1 

(prostaglandin endoperoxide synthase) and PGHS-2 mRNA in mature adipocytes, thus 
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Table 1 .  Characteristics of Angiotensin II receptor subtypes 

Receptors 

Selective antagonists 

G-protein coupled 
Signal transduction 

Species 

ATl 

Losartan (DuP 753) 
SK&F 108566 
L- 1 58809 

YES (Gi, Gq) 
t IP3 and [Ca2+] 
.J.. cAMP 

Human 
Bovine 
Rat (AT1A, ATrn) 
Mouse 

AT2 

PD 123 177 
PD1233 19  
WL19  (PD 12 198 1 )  
CGP 42 1 12A 

YES 
.J.. cGMP 
.J.. Phosphotyrosin 

Phosphatase 

Human 
3 T3-L I adipose cells 
Ob 1 77 1 adipose cells 
Rat 
Mouse 



promoting prostaglandin (PG) production (78) . Interestingly, All regulates lipogenesis by 

increasing fatty acid synthase (FAS) and glycerol-3-phosphate dehydrogenase (GPDH) 

activities as well as triglyceride storage via an AT 2-dependent mechanism, concurrent with 

elevated transcription rate of ob gene in 3T3-Ll and human adipose cells (79). More recently, 

studies in vivo have shown that PD123139 (an AT2 receptor antagonist)-treated mice display 

significant decreased leptin content in adipose tissue as well as decreased epididymal fat pad 

mass, compared to controls (Kim et al 1 999) . Collectively, these findings suggest that 

adipocyte-derived All regulates secretion of leptin, which is positively correlated with adipose 

mass, via possibly a PG-mediated mechanism that controls growth and development of 

adipocytes. 

III.LEPTIN REGULATION OF ENERGY HOMEOSTASIS 

A. Obese( ob) gene and leptin : discovery and structure 

The important 'role of ob gene in energy balance was originally demonstrated by the 

Coleman's parabiosis ( cross-circulation) experiments with ob/ob, db/db and lean mice (81 ) .  

This study indicated that a circulating factor present in the blood of wild type lean or db/db 

obese mice reversed the effects of ob mutation and furthermore the db/db mice lacked ability to 

respond to this factor. Ob/ob and db/db are mutant mice that have single gene mutations 

residing on mouse chromosomes 6 (ob) and chromosomes 4 (db) respectively. Both mice 

exhibit a reduced basal metabolic rate, hyperphagia and massive obesity (81 ) .  Importantly, the 

positional cloning of this gene by Friedman's group in 1994 led to the discovery of its gene 

protein product named leptin. Consistent with early parabiosis studies, it was demonstrated that 

ob/ob mice produce a truncated and inactive form of leptin hormone due to a premature stop 
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codon in the gene (4). Leptin is synthesized as a 167 amino acid protein primarily in adipose 

tissue. Small amounts of leptin are produced by muscle, placenta and stomach and released 

into the circulation after cleavage of a 21 amino acid signal peptide (83-85). It circulates in 

mouse and human plasma either as free or bound to other circulatory proteins such as several 

hormone receptors or soluble leptin receptors (179). Circulating leptin is transported to the 

cerebrospinal fluid where it is available to bind and activate specific receptors on the 

hypothalamus to regulate energy balance via interaction with its receptors (86, 91-92, 104). In 

addition, Zhang et al have observed that leptin folds into a cytokine-like structure, which 

includes 4 a-helices, 2 �-sheets, and a single disulfide bond between cysteines 96 and 146 

(88). Consistent with leptin protein structure, the receptor for leptin protein is a single 

membrane-spanning protein with structural and functional homology to the class I cytokine 

receptor family (98). 

B. Leptin receptors 

The leptin receptor was cloned from mouse choroid plexus and the gene encoding the leptin 

receptor was genetically mapped to the same 5-centimorgan interval on mouse chromosome 4 

containing the db locus (90, 98). Spontaneous mutations in the leptin receptor gene in db/db 

mice and fa/fa rats produce defective leptin receptors, consequently these rodents develop 

severe obesity with resistance to endogenous and exogenous leptin (93-95). The leptin receptor 

(Ob-R) is a member of the cytokine receptor family. Receptors of this class lack intrinsic 

tyrosine kinase activity and are activated by ligand-induced receptor homo-or 

heterodimerization and utilize Janus kinases (JAK) and signal transducers and activators of 

transcription (STAT) family proteins to modulate transcription of target genes (96-97). 

Multiple splice variants of Ob-R mRNAs encoding proteins with identical extracellular 
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domains but different length intracellular domains have been detected. The short splice 

variants, Ob-R (a, c and d) encode a receptor with a single transmembrane domain, a 

cytoplasmic region of variable length and diminished signaling capabilities (98). One of the 

shorter splice variants, Ob-Re encodes a soluble form lacking a transmembrane domain. Ob-Rb 

encodes a long form of leptin receptor with . a long intracytoplasmic domain of 302 amino acids 

containing several motifs known to be important for protein-protein interactions and signal 

transducing activity, including both JAK interaction and STAT docking sites (96, 99-100). In 

mammals, the short forms of the leptin receptor are expressed ubiquitously and found in high 

amounts in the lungs, kidneys and uterus. In addition, it is highly expressed in the choroid 

plexus, suggesting the possibility that this isoform mediates translocation of leptin across the 

blood-brain barrier (177). The long form is found at high levels in the arcuate nucleus (ARC) 

within the hypothalamus known to be important for body weight regulation, with lesser 

amounts observed in peripheral tissues including liver, heart, skeletal muscle, pancreatic � cells 

and brown and white adipose tissue (98, 102-103). This isoform of the receptor is proposed to 

mediate leptin' s effects on body weight homeostasis by decreasing food intake and increasing 

energy expenditure 

Transient co-transfection studies have revealed that the long form of receptor protein is 

capable of activating STAT proteins in response to ligand binding ( 100). Similarly, STAT3 and 

STATS have been stimulated in COS cells by expressing Ob-R (115). In vivo, STAT3 

activation in the hypothalamus has been detected when exogenous recombinant leptin is 

administered (105). In addition, leptin induced a dose-and time-dependent increase in mitogen­

activated protein kinase (MAPK) in C3Hl OTl /2 cells in parallel with increased cell number 

and JAK-2 has also been activated via long form leptin receptor upon leptin stimulation 
14 



(96,106). Recently, receptor chimera studies have indicated that the long form of the receptor 

signals via homo-oligomers (107). JAK.s associated with this receptor become activated, 

autophosphorylated and phosphorylate ST AT proteins, which then dimerize and translocate to 

the nucleus to activate transcription of target gene for weight-reducing effects of leptin 

(108,115). Furthermore, recent study has demonstrated a leptin inducible inhibitor of leptin 

signal transduction, SOCS-3 (suppressor of cytokine signaling) family blocks leptin-induced 

activation of ST AT3 in cells expressing the long form of the leptin receptor. This suggests a 

potential mechanism for leptin resistance related to obesity (180). Cumulatively, these findings 

suggest that the long form of leptin receptor plays a role as a signal transducing receptor in the 

leptin signaling cascade. Lack of the intracellular long form of leptin in db/db mice is due to a 

premature stop codon resulting from G to T substitution. Thus, receptors cloned from db/db 

mice are shown to be unable to activate STAT protein (94, 97). Infalfa obese Zucker rats, a 

missense point mutation (A�) results in Gln to Pro substitution in the extracellular ligand 

binding domain of Ob-R, producing partial deficiency of Ob-R function (95). Consequently, 

the /a-type receptors exhibit a reduced leptin-binding affinity and signal transduction. 

C. Regulation of leptin expression and leptin secretion 

Leptin research has shown that environmental and hormonal factors contribute to leptin 

gene expression and secretion. Leptin expression is influenced by the degree of energy 

restriction. In rodents and humans, leptin mRNA and plasma levels are greatly decreased after 

fasting and increased by refeeding and overfeeding (109-112). This suggests that function of 

leptin is involved in controlling of energy balance. Recent studies have demonstrated that 

changes in leptin concentration in response to diet composition such as the high fat diet (60 

energy % fat, for 7 days) correlated with changes in insulin concentration, implying that leptin 
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production is positively regulated by insulin (114). Consistent with the proposed insulin 

regulation of leptin, insulin administration increases ob mRNA expression as well as leptin 

secretion in rat adipocytes (117). However, other studies have reported no effect of insulin on 

ob expression and leptin secretion (80,116). These conflicting reports have been suggested to 

result from the use of different culture model (118). Glucocorticoid stimulation of leptin gene 

expression and circulating leptin levels has been shown both in vivo and in vitro studies (80, 

116, 118-119). In contrast, catecholamines, by increasing intracellular cAMP levels via /h and 

/JJ adrenoreceptors, suppress ob mRNA expression and leptin production (120). Furthermore, 

several lines of evidence have indicated that plasma leptin levels and ob gene expression vary 

in proportion to the degree of adiposity in lean and obese animals and humans, indicating a 

leptin role as an "adipostat" signal (121-123, 125). Additionally, the studies ofMasuzaki et al 

have reported that ob mRNA levels are higher in the subcutaneous adipose tissue compared to 

the omental, retroperitoneal, and mesenteric adipose tissue in the same individual. This 

suggests regional differences in leptin production rates (124). 

Recently, C/EBPa, which is a transcription factor regulating adipocyte differentiation, 

has been identified as a transactivator of the leptin promoter through binding to a consensus 

C/EBP-binding site in the proximal leptin gene promoter (126). Treatment with the antidiabetic 

drug thiazolidinedione, a ligand for PP ARy, decreases expression of the endogenous leptin 

gene in rodent and 3T3-Ll adipocytes, suggesting that PPARy is involved in the transcriptional 

regulation of the ob gene (127). Studies of Hollenberg et al have revealed that PPARy2 

mediates downregulation of the leptin promoter through inhibition of C/EBPa-activated 

transcription (128). Additionally, adipocyte determination differentiation dependent 
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factorl /sterol regulatory element binding proteinl (ADD1 /SREBP1 ), which is regulated by 

nutritional status and insulin level, has been shown to be involved in the transcriptional 

regulation of the leptin gene promoter ( 129). These findings suggest that adipocyte 

differentiation and growth is critical for modulating the ob gene expression and leptin 

production. 

D. Biological function of leptin in energy balance 

Several studies have demonstrated that the hypothalamus is a potential site for the action of 

leptin on body weight regulation (86). Injection of leptin into the lateral ventricle of ob/ob mice 

( characterized by hyperphagia, increased adiposity, hyperglycemia and insulin resistance) 

induces suppression of food intake and body fat (87). Similarly, after leptin was administered 

intracerebroventricularly (ICV) reduced food intake and body weight were observed in diet­

induced obese (DIO) and ob/ob mice as well as lean mice ( 132-1 33). Leptin appears to act in 

maintaining energy homeostasis through the long form of the receptor in the hypothalamus. In 

addition, chemical lesions of the ventromedial hypothalamus (VMH) where leptin receptors are 

expressed cause overeating and severe obesity ( 1 34). Leptin was suggested to inhibit food 

intake by down-regulating NPY. In agreement with this hypothesis, pre-pro-neuropeptide Y 

(NPY) mRNA (a potent stimulator of food intake) in the arcuate nucleus (ARC) of the 

hypothalamus was overexpressed in the genetically obese (ob/ob) and db/db mice as well as 

fa/fa rats (89, 1 01 ). Leptin administration significantly lowered NPY mRNA levels in the ARC 

of ob/ob mice ( 10 1 ). Thus, impaired leptin signaling may stimulate NPY production and 

release, suggesting that leptin exerts its central effects through NPY. Furthermore, the ICV 

NPY infusion induces increases in leptin production by rat adipose tissue (1 32). In addition, 

the direct microinjection of NPY into the paraventricular nucleus (PVN) inhibited the 
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hypophagic and thermogenic effects of centrally (ARC) administered leptin, suggesting that 

leptin produced by white adipose tissue and the NPY in the ARC-PVN axis may interact in a 

homeostatic loop to regulate body fat mass (62, 1 36). However, studies in NPY knockout mice 

have shown that the obesity phenotype in NPY-null ob/ob mice is only partially alleviated, 

implying that additional neuropeptides may be involved in the development of ob/ob 

phenotype ( 1 37). 

In addition to NPY, other neuropeptide are also regulated by leptin. Administration of 

leptin increases corticotrophin-releasing hormone (CRH) mRNA levels in the PVN ( 143). 

CRH administration reduces food intake and stimulates the metabolic rate in genetically obese 

animals and lean controls through increasing sympathetically mediated energy expenditure 

( 1 35). Leptin inhibits the orexigenic effects of galanin (GAL) and melanin-concentrating 

hormone (MCH) and decreases GAL mRNA as well as MCH expression in the hypothalamus 

( 139) . When administered centrally, MCH increases food intake in a dose-dependent manner 

and lowers plasma glucocorticoid levels through a mechanism involving adrenocorticotropic 

hormone (ACTH) ( 1 40). Since the MCH and leptin receptor are coexpressed in the lateral 

hypothalamus (LH), feeding evoked by MCH is possibly suppressed by a direct effect of leptin 

signaling ( 141 ). Pro-opiomelanocortins (POMC) is produced in a subset of neurons in the ARC 

where it is co-localized with leptin receptor ( 131 ). POMC levels in the ARC are lower in ob/ob 

mice than in wild type mice and leptin increases POMC to nearly normal levels in leptin­

deficient mice, suggesting POMC neurons may mediate weight-reducing effects of leptin 

( 142). Moreover, the studies of Boston et al have demonstrated a relationship between the 

leptin and POMC signaling pathways. The lethal yellow (AY/a) mouse that has a defect in 

POMC signaling in the brain develops obesity. The leptin-deficient lethal yellow mice (AY/a 
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ob/ob, double mutant) showed a significant restoration of leptin sensitivity after leptin 

administration (144). This observation suggests that leptin functions to regulate feeding 

behavior independent of POMC neurons. The specific product of POMC, a-melanocyte­

stimulating hormone (a-MSH) inhibits feeding in mice and is an agonist of melanocortin-3 

(MC3R) and MC4R, whose mutation is associated with development of human obesity (146-

149) . The inhibitory effect of a-MSH on feeding is completely blocked by administration of 

the MC-R antagonist SHU9119 (150). Additionally, agouti and agouti-related protein (AGRP) 

are endogenous antagonists of melanocortin receptor and overexpression of AGRP results in 

mice that are hyperphagic, hyperinsulinemic and obese (151-152) . Leptin injection causes 

reduction of AGRP mRNA in wild type as well as in leptin deficient mice (153). 

In addition to control effect of leptin, peripheral effects of leptin on body weight have also 

been reported (145, 156) . Leptin directly inhibits triglyceride and free fatty acid formation in 

both adipocytes and nonadipocytes ( e.g. liver, pancreas and skeletal muscle) by reducing 

acetyl-CoA carboxylase (ACC) activity and increasing lipid oxidation. 

Cumulatively, leptin modulates not only neuropeptide/neuromodulator levels in most 

hypothalamic feeding centers through direct or possible indirect manners but also peripheral 

lipid metabolism to regulate energy balance and adiposity. 

E. Leptin and obesity 

Obesity is most likely a polygenic disease characterized by interactions between genetic 

and environmental factor (154). The most common complications of obesity include insulin 

resistance, type II diabetes mellitus and hypertension. The epidemic of obesity probably results 

from increasingly sedentary lifestyles and easy availability of palatable, high fat foods. 

Recently, candidate genes such as agouti, tubby, leptin and leptin receptor associated with 
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obesity have been identified and also mutations of genes which favor excess body fat have 

been characterized in these animal models (162). The vast majority of obese individuals exhibit 

elevated circulating leptin levels and appear to be leptin resistant similar to the syndrome of 

db/db obese animal models, suggesting that human ob mutations are extremely rare (122, 1 55). 

Leptin resistance in human obesity has been suggested to be associated with impaired transport 

of leptin across the blood-brain barrier in the hypothalamus and impaired leptin signal 

pathways (100,155). Only a few mutations in the ob gene and receptors have been associated 

with human obesity. A homozygous frame-shift mutation involving the deletion of a single 

guanine nucleotide in codon 133 of the gene for leptin was found in two cousins born from 

extended family (157). Both children exhibit marked hyperphagia, excessive weight gains in 

early life and severe obesity. Another leptin missense mutation was found in a highly 

consanguineous extended Turkish pedigree to be associated with low plasma leptin, 

hyperphagia, hypogonadism, hyperglycemia and morbid obesity (158). Moreover, a 

homozygous mutation in the human leptin receptor gene results in a truncated leptin receptor 

lacking both transmembrane and intracellular domains and is associated with early-onset 

morbid obesity, reduced growth hormone secretion as well as no pubertal development (160). 

More recently, cohort studies have shown that daily subcutaneous recombinant leptin injection 

in both lean and obese subjects reduced body weight and fat mass in a dose-response manner, 

including in some obese subjects with elevated endogenous serum leptin concentration (161). 

Also, injection of recombinant leptin has induced a sustained reduction in weight, 

predominantly as a result of a loss of fat in a nine-year-old patient with congenital leptin 

deficiency (163). Consequently, leptin as well as its agonists and antagonists are emerging as 

novel therapeutic targets in effective drug development and strategies in treatment of obesity. 
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IV. EFFECTS OF ARACHIDONATE METABOLITES ON ADIPOGENESIS 

A.  Arachidonate metabolites: pathways of biosynthesis 

Among foods commonly consumed in the American diet, meat ( chicken thigh) and eggs 

are good sources of arachidonate (181 ). The formation of arachidonate (20:4 n-6) is a process 

involving the elongation and desaturation of dietary linoleic acid ( 18 :2 n-6) or direct 

consumption of arachidonate. Arachidonate is found in cells with relatively abundant amounts 

but almost exclusively incorporated at the sn-2 position of membrane phospholipid (164). 

Arachidonate from phospholipids is released by the action of hormone-regulated 

phospholipases (165) . Free, arachidonate is processed by cyclooxygenases (COXs), 

lipoxygenases or cytochrome p450 oxygenases to the various physiologically important 

eicosanoids (Fig.I ). Two COX isoforms have been identified and are referred to as COX-1 

and COX-2. Both convert arachidonate to prostaglandin G2 (PGG2). PGG2 is subsequently 

reduced to prostaglandin H2 (PGH2) by the peroxidase activity and then PGH2 is transformed 

by a range of enzymes and nonenzymatic mechanisms into biologically active prostanoid 

products such as PGE2, PGii, PGF2a, PGD2 and TXA2 (166). The COX-1 activity is 

constitutively present in most cell types at a constant level, whereas COX-2 is rapidly induced 

only after exposure of cells to hormones, growth factors, mitogenic and inflammatory stimuli, 

cytokines such as interleukin-I or 2 and tumor promoters (168). COX-1 is responsible for the 

biosynthesis of PGs in the gastric mucosa and in the kidney, implying a role for COX-1 in 

gastric and renal homeostasis (169). In contrast, COX-2 induces production of PGs at 

inflammatory sites and during pain and thus COX-2-derived PGs play a role as inflammatory 
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mediators in the injured tissue (169). Additionally, COX-2 expression is markedly enhanced 

in various cancer cells, indicating that this enzyme is also involved in carcinogenesis (169) .  

Nonsteroidal anti-inflammatory drugs (NSAIDs) such as aspirin and indomethacin inhibit 

both COX-1 and COX-2 to different extents and compete with arachidonate for binding to the 

COX active site (171). These compounds exert effective anti-inflammatory actions but also 

unwanted side effects such as ulcerogenesis (169). NSAIDs can be classified into three groups 

based on their binding kinetics with the COXs. Class I compounds are simple competitive 

inhibitors which include ibuprofen and piroxicam. Class II compounds include indomethacin, 

flurbiprofen and meclofenamate, which bind to the COXs leading to an initial EI ( enzyme and 

inhibitor) complex, but this EI complex slowly rearranges to an EI* complex from which the 

inhibitors dissociate very slowly (minutes to hours). Thus, these are known as time-dependent 

and reversible inhibitors. Aspirin is one of the class III inhibitors, which are competitive, 

time-dependent and irreversibly and covalently modify COXs. It acetylates a serine residue 

positioned in the arachidonate-binding channel, thereby blocking the binding of the fatty acid 

substrate to the active site for its oxygenation and also exhibits greater potency (10 to 100 

times) against COX-1 than against COX-2 (172). 

B. Role of arachidonate metabolites in adipogenesis 

Arachidonate and its oxidized derivatives have been known as important mediators of 

many physiological and pathophysiological processes. Furthermore, several studies have 

demonstrated that arachidonate metabolites modulate positively or negatively differentiation 

and maturation of adipose tissue (37). Prostaglandin E2 (PGE2) and prostacyclin (PGh) have 

been described as two major PGs produced from rodent and human adipocytes (6, 159). In 

addition, low levels of prostaglandin F2a (PGF2a) released from adipocytes have been reported 
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(6). Recently, the studies ofVassaux et al have shown that PGE2 negatively modulates cAMP 

production and thus lipolysis in rat and human adipocytes via interaction with its specific 

receptors (25). This suggests that the antilipolytic effect of PGE2 contributes to hypertrophic 

development of adipose tissue (25). Conversely, PGiz and carbaprostacyclin ( cPGI2), its stable 

analogue, are proposed to act as adipogenic-hyperplastic effectors. Differentiation of Ohl 771 

preadipocytes is stimulated by cPGlz, This effect is mediated by increased cAMP production 

and free intracellular calcium release, leading to an elevation of fat cell number from 

predominant preadipocytes (3,170). More recently, studies by Hertz have demonstrated that 

cPGiz activates the three known mammalian PP ARs ( a,8 and y), indicating that its ability to 

promote differentiation may be mediated by PPARs (175). Another PG, 15-deoxy-� 1 2· 14-

prostaglandin J2 (PGJ2) is an important ligand for PP ARy, an adipogenic transcription factor, 

that induces adipogenesis of cultured fibroblasts (35). In addition, prostaglandin D2 (PGD2) 

derivatives have been reported to be efficacious activators of both PP ARa and PP ARy (130). 

In contrast, PGF2a has been shown to inhibit the differentiation of 3T3-Ll and rat 

preadipocytes (173). In murine 3T3-Ll cells, inhibition of differentiation by PGF2a is 

mediated by specific binding to a FP receptor that activates phospholipase C, resulting in the 

formation of inositol phosphate and mobilization of intracellular calcium. Moreover, FP 

receptor stimulation causes activation of calcium/calmodulin-dependent protein kinase 

(CaMK) and an increase in DNA synthesis without cell proliferation. Addition of CaMK 

inhibitor KN-62 blocks the inhibitory effects of PGF2a in the presence of the FP receptor 

agonist. In combination, this suggests that CaMK and augmentation of DNA synthesis are 

responsible for PGF2a-mediated inhibition of differentiation (20,138,167). Further, 8-(S)-
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hydroxyeicosatetraenoic acid (HETE), a product of the lipoxygenase pathway, has been 

reported as an activator of PPARy2 leading to differentiation of3T3-Ll preadipocytes (19). 

Interestingly, recent research has investigated effects of inhibitors of PG biosynthesis on 

adipocyte differentiation. The studies of Lehmann et al have addressed the mechanism of 

stimulation of differentiation by indomethacin. At low concentrations, indomethacin exhibits 

its inhibitory effects on COXs, but at high concentrations, it directly binds and activates 

PPARa and y and thus induces the differentiation of C3Hl0Tl/2 fibroblasts, suggesting that 

PP ARy plays an important role as a mediator in indomethacin-induced adipogenesis (39). 

Furthermore, the role of indomethacin in ob gene expression, a known marker of terminal 

differentiation, has been examined by using differentiating and fully differentiated 3 T3-L 1 

adipocytes. Indomethacin exerts inhibitory effects on leptin secretion at the concentration at 

which it activates PP ARy in differentiating and fully differentiated adipocytes, implying that 

indomethacin-induced PP ARy activation may be involved in initial-stage rather than the later­

stage of differentiation (174). Consequently, arachidonate metabolites produced locally by 

adipocytes participate in adipocyte growth and development via interactions with not only 

their cell surface receptors but also nuclear receptors and thus may act as important 

paracrine/autocrine effectors in adipogenesis. 

In summary, adipose tissue secretes various bioactive molecules including All, leptin 

and prostaglandins. Available data indicate that All increases triglyceride content and ob 

gene transcription in adipocytes. In addition, All modulates adipocyte differentiation via a 

prostaglandin-dependent mechanism. The objective of this thesis is to investigate whether 

All modulates leptin secretion via a prostaglandin-dependent mechanism. 

25 



REFERENCES 

1 .  Flier, J .S. ( 1 995) The adipocyte : storage depot or node on the energy information 
superhighway ? Cell 80, 1 5-8 

2 .  Mohamed-Ali, V., Pinkney, J .H., and Coppack, S .W. ( 1 998) Adipose tissue as an 
endocrine and paracrine organ. Int J Obes Re/at Metab Disord 22, 1 1 45-58 

3 .  Vassaux, G. , Gaillard, D., Ailhaud, G. ,  and Negrel, R. ( 1 992) Prostacyclin is a 
specific effector of adipose cell differentiation. Its dual role as a cAMP- and 
Ca(2+)-elevating agent. J Biol Chem 267, 1 1092-7 

4. Zhang, Y., Proenca, M., Maffei, M., Barone, M., Leopold, L., and Friedman, J.M. 
( 1 994) Positional cloning of the mouse obese gene and its human homologue. 
Nature 372, 425-432 

5. Cassis, L.A. . Saye, J., and Peach, M.J. ( 1 988) Location and regulation of rat 
angiotensinogen messenger RNA. Hypertension 1 1 ,  59 1 -596 

6. Hyman, B .T., Stoll, L.L., and Spector, A.A. ( 1982) Prostaglandin production by 
3T3-Ll cells in culture. Biochim Biophys Acta 713, 375-85 

7. Hotamisligil, G.S . ,  Shargill, N.S ., and Spiegelman, B.M. ( 1 993) Adipose 
expression of tumor necrosis factor-alpha: direct role in obesity-linked insulin 
resistance. Science 259, 87-9 1 

8 .  Mohamed, A.V., Goodrick, S. R.awesh, A., Katz, D.R., Miles, J.M., Yudkin, J.S . ,  
Klein, S. ,  and Coppack, S .W. (1 997) Subcutaneous adipose tissue releases 
interleukin-6, but not tumor necrosis factor-alpha, in vivo J Clin Endocrinol 
Metab 82, 41 96-200 

9. Coppack, S.W., Jensen, M.D., and Miles, J.M.( 1 994) In vivo regulation of 
lipolysis in humans. J Lipid Res 35, 1 77-93 

10 .  Sniderman, A.D. , Cianflone, K., Summers, L., Fielding, B. ,  and Frayn, K. (1 997) 
The acylation-stimulating protein pathway and regulation of postprandial 
metabolism. Proc Nutr Soc 56, 703- 12  

1 1 . Alessi, M.C., Peiretti, F . ,  Morange, P . ,  Henry, M. ,  Nalbone, G . ,  and Juhan, V.I. 
( 1 997) Production of plasminogen activator inhibitor 1 by human adipose tissue : 
possible link between visceral fat accumulation and vascular disease. Diabetes 
46, 860-7 

12 . Saye, J., Lynch, K.R., and Peach, M.J. ( 1990) Changes in angiotensinogen 
messenger RNA in differentiating 3T3-F442A adipocytes.Hypertension 15, 867-

26 



71. 

13. Aubert, J., Safonova, I., Negrel, R. & Ailhaud, G. (1998) Insulin down-regulates 
angiotensinogen gene expression and angiotensinogen secretion in cultured 
adipose cells. Biochem Biophys Res Commun 250, 77-82 

14. Spiegelman, B.M., and Farmer, S.R. (1982) Decreases in tubulin and actin gene 
expression prior to morphological differentiation of 3T3 adipocytes. Cell 29, 53-
60 

15. Spiegelman, B.M., Frank, M., and Green, H. (1983) Molecular cloning of mRNA 
from 3T3 adipocytes. Regulation of mRNA content for glycerophosphate 
dehydrogenase and other differentiation-dependent proteins during adipocyte 
development. J Biol Chem 258, 10083-9 

16. Spiegelman, B.M., and Ginty, C.A. (1983) Fibronectin modulation of cell shape 
and lipogenic gene expression in 3T3-adipocytes. Cell 35, 657-66 

17. Moustaid, N., Lasnier, F., Hainque, B., Quignard, B.A., and Pairault, J. (1990) 
Analysis of gene expression during adipogenesis in 3T3-F442A preadipocytes: 
insulin and dexamethasone control. J Cell Biochem 42, 243-54 

16. Morikawa M, Green H, Lewis UJ. (1984) Activity of human growth hormone and 
related polypeptides on the adipose conversion of 3T3 cells. Mo/ Cell Biol 
4, 228-31 

17. Yu, K., Bayona, W., Kallen, C.B., Harding, H.P., Ravera, C.P., McMahon, G. , 
Brown, M., and Lazar, M.A. (1995) Differential activation of peroxisome 
proliferator-activated receptors by eicosanoids. J Biol Chem 270, 23975-83 

18. Casimir, D.A., Miller, C.W., and Ntambi, J.M. (1996) Preadipocyte 
differentiation blocked by prostaglandin stimulation of prostanoid FP2 receptor in 
murine 3T3-Ll cells. Differentiation 60, 203-10 

21. Petruschke, T., and Rauner, H. (1993) Tumor necrosis factor-alpha prevents the 
differentiation of human adipocyte precursor cells and causes delipidation of 
newly developed fat cells. J Clin Endocrinol Metab 16, 742-7 

22. Suryawan, A., Swanson, L.V., and Hu, C.Y. (1997) Insulin and hydrocortisone, 
but not triiodothyronine, are required for the differentiation of pig preadipocytes 
in primary culture. J Anim Sci 75,105-11 

23. Smith, P.J., Wise, L.S., Berkowitz, R., Wan, C., and Rubin, C.S. (1988) Insulin-I 
like growth factor-I is an essential regulator of the differentiation of 3T3-Ll 
adipocytes. J Biol Chem 263,9402-8 

27 



24. Zorad, S. ,  Fickova, M., Zelezna, B. ,  Macho, L., and Kral, J.G. ( 1 995) The role of 
angiotensin II and its receptors in regulation of adipose tissue metabolism and 
cellularity. Gen-Physiol-Biophys 14, 383-9 1 

25 .  Vassaux, G., Gaillard, D., Darimont, C., Ailhaud, G., and Negrel, R. ( 1 992) 
Differential response of preadipocytes and adipocytes to prostacyclin and 
prostaglandin E2: physiological implications . Endocrinology 131 ,  2393-8 

26. Ibrahimi, A., Teboul, L., Gaillard, D. ,  Amri, E.Z., Ailhaud, G. , Young, P . ,  
Cawthorne, M.A., and Grimaldi, P.A. ( 1 994) Evidence for a common mechanism 
of action for fatty acids and thiazolidinedione antidiabetic agents on gene 
expression in preadipose cells. Mo! Pharmacol 46, 1070-6 

27. Rosen, E.D., Sarraf, P. ,  Troy, A.E., Bradwin, G., Moore, K. , Milstone, D .S . ,  
Spiegelman, B .M., and Mortensen, R.M. ( 1 999) PPAR gamma is required for the 
differentiation of adipose tissue in vivo and in vitro . Mo! Cell 4, 6 1 1 -7 

28 .  Tontonoz, P. , Hu, E., and Spiegelman, B.M. ( 1 994) Stimulation of adipogenesis 
in fibroblasts by PP AR gamma 2, a lipid-activated transcription factor. Cell 
79, 1 147-56 

29. Zhu,Y. , Qi, C., Korenberg, J.R. , Chen, X.N. , Noya, D., Rao, M.S ., and Reddy, 
J.K. ( 1 995) Structural organization of mouse peroxisome proliferator-activated 
receptor gamma (mPP AR gamma) gene: alternative promoter use and different 
splicing yield two mPP AR gamma isoforms. Proc Natl Acad Sci USA 92, 792 1 -5 

30. Elbrecht, A., Chen, Y., Cullinan, C.A., Hayes, N., Leibowitz, Md. ,  Moller, D.E., 
and Berger, J. ( 1 996) Molecular cloning, expression and characterization of 
human peroxisome proliferator activated receptors gamma 1 and gamma 
2 .Biochem Biophys Res Commun 224, 43 1 -7 

3 1 .  Auboeuf, D., Rieusset, J. , Fajas, L., Vallier, P . ,  Frering, V., Riou, J.P . ,  Staels, B. ,  
Auwerx, J . ,  Laville, M., and Vidal, H.(1 997) Tissue distribution and 
quantification of the expression of mRNAs of peroxisome proliferator-activated 
receptors and liver X receptor-alpha in humans : no alteration in adipose tissue of 
obese and NIDDM patients. Diabetes 46, 1 3 1 9-27 

32. Kliewer, S .A., Umesono, K. , Mangelsdorf, D.J. , and Evans, R.M. ( 1 992) Retinoid 
X receptor interacts with nuclear receptors in retinoic acid, thyroid hormone and 
vitamin D3 signalling. Nature 355, 446-9 

33 .  Tontonoz, P . ,  Hu, E., Devine, J. , Beale, E.G., and Spiegelman, B.M. ( 1 995) 
PP AR gamma 2 regulates adipose expression of the phosphoenolpyruvate 
carboxykinase gene. Mo! Cell Biol 15, 35 1 -7 

28 



34. Schoonjans K, Staels B, Auwerx J. ( 1996) The peroxisome proliferator activated 
receptors (PP ARS) and their effects on lipid metabolism and adipocyte 
differentiation. Biochim Biophys Acta 1302,93- 109 

35. Forman, B.M. ,  Tontonoz, P., Chen, J. , Brun, R.P. , Spiegelman, B.M., and Evans, 
R.M. ( 1995) 15-Deoxy-delta 12, 14-prostaglandin J2 is a ligand for the adipocyte 
determination factor PPAR gamma. Cell 83, 803- 12 

36. Lehmann, J.M., Moore, L.B. , Smith, T.A., Wilkison,W.O. ,  Willson, T.M. , and 
Kliewer, S.A. (1995) An antidiabetic thiazolidinedione is a high affinity ligand 
for peroxisome proliferator-activated receptor gamma (PP AR gamma). J Biol 
Chem 270, 12953-6 

37. Shillabeer, G., Kumar, V. , Tibbo, E. , and Lau, D.C. (1998) Arachidonic acid 
metabolites of the lipoxygenase as well as the cyclooxygenase pathway may be 
involved in regulating preadipocyte differentiation. Metabolism 41, 461-6 

38. Kliewer, S.A. , Sundseth, S.S., Jones, S.A. , Brown, P.J . ,  Wisely, G.B. , Koble, 
C.S. , Devchand, P, Wahli, W. , Willson, T.M. , Lenhard, J.M. , and Lehmann, J.M. 
(1997) Fatty acids and eicosanoids regulate gene expression through direct 
interactions with peroxisome proliferator-activated receptors alpha and gamma. 
Proc Natl Acad Sci USA 94, 4318-23 

39. Lehmann, J .M. , Lenhard, J.M. , Oliver, B.B. , Ringold, G.M., and Kliewer, S.A. 
( 1997) Peroxisome proliferator-activated receptors alpha and gamma are 
activated by indomethacin and other non-steroidal anti-inflammatory drugs. J 
Biol Ch.em 272, 3406-10 

40. Cao, Z. ,  Umek, R.M., and McKnight, S.L. ( 1991) Regulated expression of three 
C/EBP isoforms during adipose conversion of 3T3-Ll cells. Genes Dev 5, 1538-
52 

41. Yeh, W.C., Cao, Z. , Classon, M. ,and McKnight, S .L. (1995) Cascade regulation 
of terminal adipocyte differentiation by three members of the C/EBP family of 
leucine zipper proteins. Genes Dev 9, 168-81  

42. Brun, R.P. ,  Kim, J.B. , Hu, E. , Altiok, S. , amd Spiegelman, B.M. (1996) 
Adipocyte differentiation: a transcriptional regulatory cascade. Curr Opin Cell 
Biol 8, 826-32. 

43. Campbell,D.J. (1987) Circulating and tissue angiotensin systems. J Clin Invest 
79, 1-6 

44. Cooper, R., McFarlane-Anderson, N., Bennett, F.I. , Wilks, R., Puras, A. 

29 



Tewksbury, D.,Ward, R., and Forrester, T. (1997) ACE, angiotensinogen and 
obesity: a potential pathway leading to hypertension. J Hum Hypertens 1 1 ,  107-
11  

45. Corvol, P., Jeunemaitre, X., Charm, A., Kotelevtsev, Y., and Soubrier, F .  (1995) 
Role of the renin-angiotensin system in blood pressure regulation and in human 
hypertension: new insights from molecular genetics.Recent Prog Horm Res 50, 
287-308. 

46. Lynch, K.R., Simnad, V.I., Ben, E.T., and Garrison, J.C. (1986) Localization of 
preangiotensinogen messenger RNA sequences in the rat brain. Hypertension 8, 
540-3 

47. Campbell, D.J., and Habener, J.F. (1989) Hybridization in situ studies of 
angiotensinogen gene expression in rat adrenal and lung. Endocrinology 124, 
218-22 

48. Saye, J.A., Cassis, L.A., Sturgill, T.W., Lynch, K.R., and Peach, M.J. (1989) 
Angiotensinogen gene expression in 3T3-Ll cells. Am J Physiol 256, 448-51 

49. Campbell, D.J., and Habener, J.F. (1986) Angiotensinogen gene is expressed and 
differentially regulated in multiple tissues of the rat. J Clin Invest 78, 31-9 

SO . Jonsson, J.R., Game, P.A., Head, R.J., and Frewin, D.B. ( 1994) The expression 
and localisation of the angiotensin-converting enzyme mRNA in human adipose 
tissue. Blood Press 3, 72-5 

51.Schling, P., Mallow, H., Trindl, A.,and Loffler, G. (1999) Evidence for a local 
renin angiotensin system in primary cultured human preadipocytes. Int J Obes 
Relat Metab Disord 23, 336-41 

52. Campbell, D.J., and Habener, J.F. (1987) Cellular localization of angiotensinogen 
gene expression in brown adipose tissue and mesentery: quantification of 
messenger ribonucleic acid abundance using hybridization in situ. Endocrinology 

121 , 1616-26 

53. Shenoy, U., and Cassis, L.( 1997) Characterization ofrenin activity in brown 
adipose tissue. Am J Physiol 272, 989-99 

54. Crandall, D.L., Herzlinger, H.E., Saunders, B.D., Armellino, D.C., and Kral, J.G. 
( 1994) Distribution of angiotensin II receptors in rat and human adipocytes. J 
Lipid Res 35, 1378-85 

55. Heemskerk, F.M., Zorad, S., Xu, N., Gutkind, SJ., and Saavedra, J.M. (1999) 
Characterization of AT2 receptor expression in NIH 3T3 fibroblasts. Cell Mo! 

30 



Neurobiol 19� 277-88 

56. Iwai, N. , and Inagami, T. (1992) Identification of two subtypes in the rat type I 
angiotensin II receptor. FEBS-Lett 298, 257-60 

57. Campbell, D.J. (1987) Tissue renin-angiotensin system: sites of angiotensin 
formation J Cardiovasc Pharmacol 10  (Supple 7), S 1-8 

58. Crandall, D.L. , Herzlinger, H.E. , Saunders, B.D. , Zolotor, R.C. , Feliciano, L. , 
and Cervoni, P. (1993) Identification and characterization of angiotensin II 
receptors in rat epididymal adipocyte membranes. Metabolism 42, 511-5 

59. Burson, J.M. , Aguilera, G., Gross, K.W., and Sigmund, C.D. (1994) Differential 
expression of angiotensin receptor lA and lB in mouse. Am J Physiol 267, 260-7 

60. Karlsson, C. , Lindell, K. , Ottosson, M. , Sjostrom, L. , Carlsson, B. , and Carlsson, 
L.M. (1998) Human adipose tissue expresses angiotensinogen and enzymes 
required for its conversion to angiotensin II. J Clin Endocrinol Metab 83, 3925-9. 

61. Al-Merani, S.A. , Brooks, D.P. , Chapman, BJ. , and Munday, K.A. (1978) The 
half-lives of angiotensin II, angiotensin II-amide, angiotensin III, Sarl -Ala8-
angiotensin II and renin in the circulatory system of the rat. J Physiol Lond 278, 
471-90 

62. Hankansson, M.L. , Hulting, A.L., and Meister, B. (1997) Expression of leptin 
receptor mRNA in the hypothalamic arcuate nucleus-relationship with NPY 
neurones. Neuroreport 7, 3087-92. 

63. Millan, M.A, Carvallo, P. , Izumi, S. , Zemel, S. , Catt, K.J. , and Aguilera, G. 
(1989) Novel sites of expression of functional angiotensin II receptors in the late 
gestation fetus. Science 244, 1340-2 

64. Millan, M.A. , Jacobowitz, D.M., Aguilera, G., and Catt, K.J. (1991) Differential 
distribution of ATl and AT2 angiotensin II receptor subtypes in the rat brain 
during development. Proc Natl Acad Sci U S  A 88,1 1440-4 

65. Harp, J.B. ,and DiGirolamo, M. (1995) Components of the renin-angiotensin 
system in adipose tissue: changes with maturation and adipose mass 
enlargement. J Gerontol A Biol Sci Med Sci 50, 270-6 

66. Safonova, I. , Aubert, J. , Negrel, R. , and Ailhaud, G. (1997) Regulation by fatty 
acids of angiotensinogen gene expression in preadipose cells. Biochem J 322, 
235-9 

67. Frederich, R.C., Kahn, B.B., Peach, M.J. , and Flier, J.S. (1992) Tissue-specific 

3 1  



nutritional regulation of angiotensinogen in adipose tissue. Hypertension 19, 339-
44 

68. Jones, B.H., Standridge, M.K., and Taylor, J.W., and Moustaid-N (1997) 
Angiotensinogen gene expression in adipose tissue: analysis of obese models 
and hormonal and nutritional control Am J Physiol 213, 236-42 

69. Aubert, J., Darimont, C., Safonova, I., Ailhaud, G., and Negrel, R. ( 1997) 
Regulation by glucocorticoids of angiotensinogen gene expression and secretion 
in adipose cells. Biochem J328, 701-6 

70. Umemura, S., Nyui, N., Tamura, K., Hibi, K., Yamaguchi, S., Nakamaru, M., 
Ishigami, T., Yabana, M., Kihara, M., Inoue, S., and Ishii, M. ( 1997) Plasma 
angiotensinogen concentrations in obese patients. Am J Hypertens 10, 629-33 

71. Larsson, B., Svardsudd, K., Welin, L., Wilhelmsen, L., Bjomtorp, P., and Tibblin, 
G. (1984) Abdominal adipose tissue distribution, obesity, and risk of 
cardiovascular disease and death: 13 year follow up of participants in the study of 
men born in 1913. Br Med J Clin Res Ed 288,1401-4 

72. Schorr, U., Blaschke, K., Turan, S., Distler, A.,and Sharma, A.M. (1998) 
Relationship between angiotensinogen, leptin and blood pressure levels in young 
normotensive men. J Hypertens 16, 1475-80 

73. Cassis, L.J\. ( 1993) Role of angiotensin II in brown adipose thermogenesis during 
cold acclimation. Am J Physiol 265, 860-5 

74. Cassis, L.A. (1994) Angiotensin II in brown adipose tissue from young and adult 
Zucker obese and lean rats. Am J Physiol 266, 453-8 

75. Mukoyama, M., Nakajima, M., Horiuchi, M., Sasamura, H., Pratt, R.E., and 
Dzau, V.J. (1993) Expression cloning of type 2 angiotensin II receptor reveals a 
unique class of seven-transmembrane receptors. J Biol Chem 268, 24539-42 

76. Crandall, D.L., Herzlinger, H.E., Saunders, B.D., and Kral, J.G. (1994) 
Developmental aspects of the adipose tissue renin-angiotensin system: 
therapeutic implications. Drug Develop Res 32, 117-125 

77. Darimont, C., Vassaux, G., Ailhaud, G., and Negrel, R. ( 1994) Differentiation of 
preadipose cells: paracrine role of prostacyclin upon stimulation of adipose cells 
by angiotensin-II. Endocrinology 135, 2030-6 

78. Borglum, J.D., Richelsen, B. Darimont, C., Pedersen, S.B., and Negrel, R. (1997) 
Expression of the two isoforms of prostaglandin endoperoxide synthase (PGHS-1 
and PGHS-2) during adipose cell differentiation. Mo! Cell Endocrinol 131 ,  67-77 

32 



79. Jones, B.H., Standridge, M.K., and Moustaid, N. (1997) Angiotensin II increases 
lipogenesis in 3T3-Ll and human adipose cells. Endocrinology 138, 1512-9 

80. Halleux, C.M., Servais, I., Reul, B.A., Detry, R., and Brichard, S.M. (1998) 
Multihormonal control of ob gene expression and leptin secretion from cultured 
human visceral adipose tissue: increased responsiveness to glucocorticoids in 
obesity. J Clin Endocrinol Metab 83, 902-10 

81. Coleman, D.L. (1973) Effects of parabiosis of obese with diabetes and normal 
mice. Diabetologia 9, 294-8 

82. Young, J.B., Saville, E., Rothwell, N.J., Stock, M.J., and Landsberg, L. (1982) 
Effect of diet and cold exposure on norepinephrine turnover in brown adipose 
tissue of the rat. J Clin Invest 69, 1061-71 

83. Wang, J., Liu, R., Hawkins, M., Barzilai, N., and Rossetti, L. (1998) A nutrient­
sensing pathway regulates leptin gene expression in muscle and fat. Nature 
393,684-8 

84. Bi, S., Gavrilova, 0., Gong, D.W., Mason, M.M., and Reitman, M. (1997) 
Identification of a placental enhancer for the human leptin gene. J Biol Chem 212, 
30583-8 

85. Bado,A., Levasseur,S., Attoub, S., Kermorgant, S., Laigneau, J.P., Bortoluzzi, 
M.N., Moizo,L., Lehy, T., Guerre, M.M., Le, M.B.Y., and Lewin, M.J. (1998) 
The stomach is a source of leptin. Nature 394, 790-3 

86. Campfield, L.A., Smith, F.J., Guisez, Y., Devos, R., and Bum, P. (1995) 
Recombinant mouse OB protein: evidence for a peripheral signal linking 
adiposity and central neural networks. Science 269, 546-9 

87. Pelleymounter, M.A., Cullen, M.J., Baker, M.B., Hecht, R., Winters, D., 
Boone,T., and Collins, F. ( 1 995) Effects of the obese gene product on body 
weight regulation in ob/ob mice. Science 269, 540-3 

88. Zhang, F., Basinski, M.B., Beals, J.M., Briggs, S.L., Churgay, L.M., Clawson, 
D.K., DiMarchi, R.D., Furman, T.C., Hale, J.E., Hsiung, H.M., Schaner, B.E., 
Smith, D.P., Zhang, X.Y., Wery, J.P., and Schevitz, R.W. Crystal structure of the 
obese protein leptin-ElOO. Nature 381, 206-9 

89. Kowalski, T.J., Houpt, T.A., Jahng, J., Okada, N., Liu, S.M., Chua, S.C. Jr, and 
Smith, G.P. (1999) Neuropeptide Y overexpression in the preweanling Zucker 
(fa/fa) rat. Physiol Behav 61, 521-5 

33 



90. Devos,R., Richards, J .G. ,  Campfield, L.A., Tartaglia, L .A. ,  Guisez, Y. ,  Van, 
D.H.J . ,  Travemier, J . ,  Plaetinck, G., and Bum, P. (1996) OB protein binds 
specifically to the choroid plexus of mice and rats. Proc Natl A cad Sci USA 93, 
5668-73 

91 . Halaas, J .L. ,  Gajiwala, K.S . ,  Maffei, M., Cohen, S.L. ,  Chait, B.T., Rabinowitz, 
D. , Lallone, R.L. ,  Burley, S.K., and Friedman, J.M. (1995) Weight-reducing 
effects of the plasma protein encoded by the obese gene. Science 269, 543-6 

92. Banks, W.A. ,  Kastin, A.J . ,  Huang, W., Jaspan, J.B. ,  and Maness, L.M.  (1996) 
Leptin enters the brain by a saturable system independent of insulin. Peptides 
17,305-11 

93 . Chen, H. ,  Charlat, 0., Tartaglia, L.A., Woolf, E.A. ,  Weng, X., Ellis, S.J., Lakey, 
N .D., Culpepper, J . ,  Moore, K.J . ,  Breitbart, R.E. ,  Duyk, G.M ., Tepper, R.I. ,  
and Morgenstern, J .P. ( 1996) Evidence that the diabetes gene encodes the leptin 
receptor :  identification of a mutation in the leptin receptor gene in db/db mice. 
Cell 84, 491-5 

94. Lee,G.H., Proenca, R., Montez, J .M. ,  Carroll, K.M. ,  Darvishzadeh, J .G., Lee, J.I., 
and Friedman, J .M. (1996) Abnormal splicing of the leptin receptor in diabetic 
mice. Nature 379, 632-5 

95 . Iida, M. , Murakami,T., Ishida, K., Mizuno, A. ,  Kuwajima, M. ,  and Shima, K. 
(1996) Substitution at codon 269 (glutamine --> proline) of the leptin receptor 
(OB-R) cDNA is the only mutation found in the Zucker fatty (fa/fa) rat. Biochem 
Biophys Res Commun 224, 597-604 

96. Ghilardi, N. ,  and Skoda, R.C. (1997) The leptin receptor activates janus kinase 2 
and signals for proliferation in a factor-dependent cell line. Mol Endocrinol 1 1 ,  
393-9 

97. Ghilardi, N., Ziegler, S. ,  Wiestner, A. ,  Stoffel, R., Heim, M.H., and Skoda, R.C. 
(1996) Defective STAT signaling by the leptin receptor in diabetic mice. Proc Natl 

Acad Sci USA 93, 6231-5 

98. Tartaglia, L .A. (1997) The leptin receptor. J Biol Chem 272, 6093-6 

99. Baumann, H., Morella, K.K., White, D.W., Dembski, M. ,  Bailon, P.S. , Kim, H. ,  
Lai, C.F. ,  and Tartaglia, L.A. (1996) The full-length leptin receptor has signaling 
capabilities of interleukin 6-type cytokine receptors. Proc Natl Acad Sci USA 93, 
8374-8 

100. Bjorbaek, C., Uotani, S. ,  Da, S.B., and Flier,J .S. (1997) Divergent signaling 
capacities of the long and short isoforms of the leptin receptor. J Biol Chem 

34 



272, 32686-95 

101. Schwartz, M.W., Baskin, D.G., Bukowski, T.R., Kuijper, J.L., Foster, D., 
Lasser, G., Prunkard, D.E., Porte, D. Jr, Woods, S.C., Seeley, R.J., and Weigle, 
D.S. (1996) Specificity of leptin action on elevated blood glucose levels and 
hypothalamic neuropeptide Y gene expression in ob/ob mice. Diabetes 45,531-5 

102. Kieffer, T.J., Heller, R.S., and Habener, J.F. (1996) Leptin receptors expressed 
on pancreatic beta-cells. Biochem Biophys Res Commun 224, 522-7 

103. Siegrist, K.C.A., Pauli, V., Juge, A.C.E., Boss, 0., Pernin, A., Chin, W.W., 
Cusin,I., Rohner, J.F., Burger, A.G., Zapf, J., and Meier, C.A. (1997) Direct 
effects of leptin on brown and white adipose tissue. J Clin Invest 1 00, 2858-64 

104. Schwartz, M.W., Seeley, R.J., Campfield, L.A., Bum, P., and Baskin, D.G. 
(1996) Identification of targets of leptin action in rat hypothalamus. J Clin Invest 
98,1101-6 

105. Vaisse,C., Halaas, J.L., Horvath, C.M., Darnell, J.E., Stoffel, M., and Friedman, 
J.M. (1996) Leptin activation of Stat3 in the hypothalamus of wild-type and 
ob/ob mice but not db/db mice. Nat Genet 14, 95-7 

106. Takahashi, Y., Okimura, Y., Mizuno, I., Iida, K., Takahashi, T., Kaj i, H., Abe, 
H., and Chihara, K. (1997) Leptin induces mitogen-activated protein kinase­
dependent proliferation of C3H10Tl /2 cells. J Biol Chem 272,12897-900 

107. White, D.W., and Tartaglia, L.A. (1999) Evidence for ligand-independent 
homo-oligomerization of leptin receptor (OB-R) isoforms: a proposed 
mechanism permitting productive long-form signaling in the presence of excess 
short-form expression. J Cell Biochem 73, 278-88 

108. Darnell, J.E. (1997) STATs and gene regulation. Science 277,1630-5 

1 09 .  Boden, G., Chen,X., Mozzoli, M., and Ryan, I. ( 1 996) Effect of fasting on 
serum leptin in normal human subjects. J Clin Endocrinol Metab 81 ,3419-23 

110. Weigle,D.S., Duell, P.B., Connor, W.E., Steiner, R.A., Soules, M.R., and 
Kuijper, J.L. (1997) Effect of fasting, refeeding, and dietary fat restriction on 
plasma leptin levels. J Clin Endocrinol Metab 82, 561-5 

111. Ahima, R.S., Prabakaran, D., Mantzoros, C., Qu, D., Lowell, B., Maratos, F.E., 
and Flier, J.S. (1996) Role of leptin in the neuroendocrine response to fasting. 

Nature 382, 250-2 

112. Ahren, B., Mansson, S., Gingerich, R.L., and Havel, P.J. (1997) Regulation of 

35 



plasma leptin in mice: influence of age, high-fat diet, and fasting. Am J Physiol 
273, 1 1 3 -20 

1 1 3 .  Mandrup, S., and Lane, M.D. ( 1 997) Regulating adipogenesis. J Biol Chem 
272, 5367-70 

1 14 .  Schrauwen, P. ,  van-Marken-Lichtenbelt, W.D., Westerterp, K.R. , and 
Saris,W.H. Effect of diet composition on leptin concentration in lean subjects. 
Metabolism 46, 420-4 

1 1 5 .  White, D.W., Kuropatwinski, K.K. , Devos, R. , Baumann, H. , and Tartaglia, 
L.A. ( 1 998) Leptin receptor (OB-R) signaling. Cytoplasmic domain mutational 
analysis and evidence for receptor homo-oligomerization. J Biol Chem 272, 
4065-7 1 

1 1 6. S lieker, L.J., Sloop, K.W., Surface, P.L., Kriauciunas, A., LaQuier, F. ,  Manetta, 
J. , Bue-Valleskey, J. , and Stephens, T.W. (1 996) Regulation of expression of ob 
mRNA and protein by glucocorticoids and cAMP. J Biol Chem 271, 530 1 -4 

1 1 7 .  Bradley, R.L. and Cheatham, B .  ( 1 999) Regulation of ob gene expression and 
leptin secretion by insulin and dexamethasone in rat adipocytes .  Diabetes 48, 
272-8 

1 1 8 .  Reul, B .A., Ongemba, L.N., Pottier, A.M., Henquin, J.C. , and Brichard, S .M. 
( 1 997) Insulin and insulin-like growth factor 1 antagonize the stimulation of ob 
gene expression by dexamethasone in cultured rat adipose tissue. Biochem J 
324, 605 - 10  

1 1 9 .  Masuzaki, H., Ogawa,Y., Hosoda, K., Miyawaki, T., Hanaoka, I. , Hiraoka, J. , 
Yasuno, A., Nishimura, H., Yoshimasa, Y., Nishi, S . ,  and Nakao, K. ( 1 997) 
Glucocorticoid regulation of leptin synthesis and secretion in humans: elevated 
plasma leptin levels in Cushing's syndrome. J Clin Endocrinol Metab 82, 2542-
7 .  

1 20. Kosaki, A., Yamada, K., and Kuzuya, H .  (1 996) Reduced expression of  the 
leptin gene (ob) by catecholamine through a G(S) protein-coupled pathway in 
3T3-Ll adipocytes. Diabetes 45, 1 744-9 

1 2 1 .  Hamilton, B.S . ,  Paglia, D. , Kwan, A.Y., and Deitel, M. (1 995) Increased obese 
mRNA expression in omental fat cells from massively obese humans. Nat Med 
1 ,  953-6 

1 22. Considine, R.V., Sinha,M.K. , Heiman, M.L., Kriauciunas, A., Stephens, T.W., 
Nyce, M.R. Ohannesian, J.P. , Marco, C.C. ,  McKee, L.J . ,  and Bauer, T.L. 
( 1 996) Serum immunoreactive-leptin concentrations in normal-weight and obese 

36 



humans. N Engl J Med 334, 292-5 

123 .  Ogawa,Y. ,  Masuzaki, H., Isse, N. ,  Okazaki, T. ,  Mori, K., Shigemoto, M. ,  Satoh, 
N. ,  Tamura, N. ,  Hosoda, K., and Yoshimasa, Y. (1995) Molecular cloning of rat 
obese cDNA and augmented gene expression in genetically obese Zucker fatty 
(fa/fa) rats. J Clin Invest 96,1647-52 

124. Masuzaki, H., Ogawa,Y., Isse, N. ,  Satoh, N., Okazaki, T. ,  Shigemoto, M., Mori, 
K., Tamura, N. ,  Hosoda, K. , and Yoshimasa, Y .  (1995) Human obese gene 
expression. Adipocyte-specific expression and regional differences in the 
adipose tissue. Diabetes 44,855-8 

125 . Shillabeer, G. ,  Vydelingum, S., Hatch, G., Russell, J .C. , and Lau, D.C. Long­
term regulation of leptin expression is correlated with adipocyte number in 
obese rats. Clin Invest Med 21 ,  54-62 

126. He,Y. ,  Chen, H., Quon, M .J . ,  and Reitman, M .  (1995) The mouse obese gene. 
Genomic organization, promoter activity, and activation by CCAAT/enhancer­
binding protein alpha. J Biol Chem 270, 28887-91. 

127. DeVos, P. ,  Lefebvre, AM., Miller, S.G. ,  Guerre, M.M. ,  Wong, K., Saladin, R., 
Hamann, L.G., Staels, B . , Briggs, M .R., and Auwerx, J .  (1996) 
Thiazolidinediones repress ob gene expression in rodents via activation of 
peroxisome proliferator-activated receptor gamma. J Clin Invest 98, 1004-9 

128 .  Hollenberg, AN. ,  Susulic, V .S. ,  Madura, J .P. ,  Zhang, B . ,  Moller, D .E . ,  
Tontonoz, P., Sarraf, P. , Spiegelman, B.M. , and Lowell, B .B .  (1997) Functional 
antagonism between CCAA T /Enhancer binding protein-alpha and peroxisome 
proliferator- activated receptor-gamma on the leptin promoter. J Biol Chem 
272, 5283-90 

129. Kim, J.B . , Sarraf, P. , Wright, M. ,  Yao, K.M., Mueller, E . ,  Solanes, G. ,  Lowell, 
B.B. ,  and Spiegelman, B.M .  (1998) Nutritional and insulin regulation of fatty 
acid synthetase and leptin gene expression through ADD 1/SREBP 1 .  J Clin 
Invest 1 01 ,  1-9 

130. Kliewer, S.A, Lenhard, J .M. ,  Willson, T.M.,  Patel, I., Morris, D.C. ,  and 
Lehmann, J .M.  ( 1995) A prostaglandin J2 metabolite binds peroxisome 
proliferator-activated receptor gamma and promotes adipocyte differentiation. 
Cell 83, 813-9 

131. Cheung, C.C., Clifton, D.K., and Steiner, R.A (1997) Proopiomelanocortin 
neurons are direct targets for leptin in the hypothalamus. Endocrinology 
138,4489-92 

37 



1 32. Wang, Q. , Bing, C. , Al-Barazanji, K., Mossakowaska, D.E., Wang, X.M. , 
McBay, D.L. , Neville, W.A., Taddayon, M. , Pickavance, L., Dryden, S. , 
Thomas, M.E., McHale, M.T., Gloyer, LS. ,  Wilson, S. , Buckingham, R. , Arch, 
J.R., Trayhum, P. , and Williams, G. (1997) Interactions between leptin and 
hypothalamic neuropeptide Y neurons in the control of food intake and energy 
homeostasis in the rat. Diabetes 46, 335-41 

133. Halaas, J.L. , Boozer, C. , Blair, W.J. , Fidahusein, N., Denton, D.A., and 
Friedman, J.M. (1997) Physiological response to long-term peripheral and 
central leptin infusion in lean and obese mice. Proc Natl Acad Sci USA 94, 
8878-83 

134. Satoh, N. , Ogawa, Y., Katsuura, G., Tsuj i, T. , Masuzaki, H. , Hiraoka, J. , 
Okazaki,T., Tamaki, M. , Hayase, M. , Yoshimasa, Y., Nishi, S. , Hosoda, K., and 
Nakao, K. (1998) Pathophysiological significance of the obese gene product, 
leptin, in ventromedial hypothalamus (VMH)-lesioned rats: evidence for loss of 
its satiety effect in VMH-lesioned rats. Endocrinology 138, 947-54 

135. Holt, S.J. , and York, D.A (1989) The effects of adrenalectomy, corticotropin 
releasing factor and vasopressin on the sympathetic firing rate of nerves to 
interscapular brown adipose tissue in the Zucker rat. Physiol Behav 45,1123-9 

136. Kotz, C.M. , Briggs, J.E. , Pomonis, J.D., Grace, M.K., Levine, A.S. , and 
Billington, C.J. (1998) Neural site of leptin influence on neuropeptide Y 
signaling pathways altering feeding and uncoupling protein. Am J Physiol 275, 
478-84 

137. Erickson, J.C. , Hollopeter, G. , and Palmiter, R.D. (1996) Attenuation of the 
obesity syndrome of ob/ob mice by the loss of neuropeptide Y. Science 
274,1704-7 

138. Serrero, G. , and Lepak, N.M. (1997) Prostaglandin F2alpha receptor (FP 
receptor) agonists are potent adipose differentiation inhibitors for primary 
culture of a_dipocyte precursors in defined medium. Biochem Biophys Res 

Commun 233, 200-2 

1 39. Sahu, A. (1998) Leptin decreases food intake induced by melanin-concentrating 
hormone (MCH), galanin (GAL) and neuropeptide Y(NPY) in the rat. 
Endocrinology 139, 4739-42 

140. Ludwig, D.S. , Mountjoy, K.G. , Tatro, J.B. ,Gillettem J.A. , Frederich, R.C. , Flier, 
J.S. and Maratos, F.E. (1998) Melanin-concentrating hormone: a functional 
melanocortin antagonist in the hypothalamus. Am J Physiol 274, 627-33 

141. Hakansson, M., de Lecea, L. , Sutcliffe, J.G. , Y anagisawa, M. , and Meister, 

38 



B.( 1999) Leptin receptor- and STAT3-immunoreactivities in hypocretin/orexin 
neurones of the lateral hypothalamus. J Neuroendocrinol 1 1 ,653-63 

142. Thornton, J.E. Cheung, C.C., Clifton, D.K., and Steiner, R.A. ( 1 997) Regulation 
of hypothalamic proopiomelanocortin mRNA by leptin in ob/ob mice. 
Endocrinology 138, 5063-6 

143. Huang, Q., Rivest, R., and Richard, D. ( 1998) Effects of leptin on corticotropin­
releasing factor (CRF) synthesis and CRF neuron activation in the 
paraventricular hypothalamic nucleus of obese (ob/ob) mice. Endocrinology 
139, 1 524-32. 

144. Boston,B.A., Blaydon, K.M., Vamerin, J., and Cone, R.D. ( 1997) Independent 
and additive effects of central POMC and leptin pathways on murine obesity. 
Science 278, 1 64 1 -4 

145. Bai, Y., Zhang, S., Kim, K.S., Lee, J.K., and Kim, K.H. ( 1 996) Obese gene 
expression alters the ability of 30A5 preadipocytes to respond to lipogenic 
hormones. J Biol Chem 271 , 1 3939-42 

146. Ho, G., and MacKenzie, R.G. ( 1999) Functional characterization of mutations in 
melanocortin-4 receptor associated with human obesity. J Biol Chem 274, 
35816-22 

147. Fan, W., Boston, B.A., Kesterson, R.A., Hruby, V.J., Cone, R.D. ( 1 997) 
Role of melanocortinergic neurons in feeding and the agouti obesity syndrome. 
Nature 385, 1 65-8 

148. Huszar, D., Lynch, C.A., Fairchil, H.V., Dunmore, J.H., Fang, Q., Berkemeier, 
L.R., Gu, W., Kesterson, R.A., Boston, B.A., Cone, R.D., Smith, F.J., 
Campfield, L.A., Bum, P. and Lee, F. ( 1997) Targeted disruption of the 
melanocortin-4 receptor results in obesity in mice. Cell 88, 13 1 -4 1  

1 49. Kask, A., Rago, L., Wikberg, J.E., and Schioth, H.B. ( 1 998) Evidence for 
involvement of the melanocortin MC4 receptor in the effects of leptin on food 
intake and body weight. Eur J Pharmacol 360, 1 5-9 

1 50. Rossi, M., Kim, M.S., Morgan, D.G., Small, C.J., Edwards, C.M., Sunter, D., 
Abusnana, S., Goldstone, A.P., Russell, S.H., Stanley, S.A., Smith, D.M., 
Yagaloff, K., Ghatei, M.A., and Bloom, S.R. ( 1 998) A C-terminal fragment of 
Agouti-related protein increases feeding and antagonizes the effect of alpha­
melanocyte stimulating hormone in vivo.Endocrinology 139,4428-31 

1 51 .  Ollmann, M.M., Wilson, B.D., Yang, Y.K., Kerns, J.A., Chen,Y., Gantz, I., and 
Barsh,G.S. ( 1997) Antagonism of central melanocortin receptors in vitro and in 

39 



vivo by agouti-related protein. Science 278, 135-8 

152 .  Shutter, J.R. , Graham, M., Kinsey, A.C. ,  Scully, S. ,  Luthy, R., and Stark, K.L. 
Hypothalamic expression of ART, a novel gene related to agouti, is up­
regulated in obese and diabetic mutant mice. Genes Dev 1 1 ,  593-602 

153 . Bihara, K., Ogawa, Y. ,  Katsuura, G., Numata, Y. ,  Masuzaki, H. ,  Satoh, N. ,  
Tamaki, M. ,  Yoshioka, T. ,  Hayase, M. ,  Matsuoka, N. ,  Aizawa-Abe, M . , 
Yoshimasa, Y . ,  Nakao, K. ( 1999) Involvement of agouti-related protein, an 
endogenous antagonist of hypothalamic melanocortin receptor, in leptin action. 
Diabetes 48, 2028-33 

154. Rosenbaum, M., and Leibel, R.L.( 1997) Obesity N Engl J Med 337, 396-40 

155 .  Caro, J .F. ,  Kolaczynski, J .W., Nyce, M.R., Ohannesian, J .P. ,  Opentanova, I . ,  
Goldman, W.H. ,  Lynn, R.B., Zhang, P.L. ,  Sinha, M.K., and Considine, R.V. 
( 1996) Decreased cerebrospinal-fluid/serum leptin ratio in obesity: a possible 
mechanism for leptin resistance. Lancet 348, 159-61  

156. Shimabukuro, M. ,  Koyama, K., Chen, G . ,  Wang, M.Y., Trieu, F . ,  Lee, Y . ,  
Newgard, C.B. , and Unger, R.H. ( 1997) Direct antidiabetic effect of leptin 
through triglyceride depletion of tissues. Proc Natl Acad Sci U S  A. 94, 4637-41 

157. Rau, H. ,  Reaves, B.J . ,  O'Rahilly, S. ,  and Whitehead, J .P. ( 1999) Truncated 
human leptin (deltal33) associated with extreme obesity undergoes proteasomal 
degradation after defective intracellular transport. Endocrinology 140, 1 7 1 8-23 

158 .  Strobel, A. ,  Issad, T., Camoin, L. ,  Ozata, M. ,  and Strosberg, A.D. ( 1998) 
A leptin missense mutation associated with hypogonadism and morbid obesity 
Nat Genet 1 8, 2 13-5 

159. Richelsen, B.  ( 1992) Release and effects of prostaglandins in adipose tissue. 
Prostaglandins Leukot Essent Fatty Acids 47, 1 7 1 -82 

160. Clement, K., Vaisse, C., Lahlou, N., Cabral, S., Pelloux, V. ,  Cassuto, D. ,  
Gourmelen, M. ,  Dina, C., Chambaz, J . ,  Lacorte, J .M. ,  Basdevant, A. ,  
Bougnere.s,_P., Lebouc, Y., Froguel, P. , and Guy-Grand, B. ( 1998) A mutation in 
the human leptin receptor gene causes obesity and pituitary dysfunction. Nature 
392, 398-40 1  

16 1 .  Heymsfield, S.B., Greenberg, A.S. ,  Fujioka, K., Dixon, R.M., Kushner, R., Hunt, 
T. , Lubina, J .A., Patane, J . ,  Self, B. ,  Hunt, P. ,  and McCamish, M.  ( 1999) 
Recombinant leptin for weight loss in obese and lean adults: a randomized, 
controlled, dose-escalation trial. JAMA 282, 1568-75 

40 



162. Leibel, R.L., Chung, W.K., and Chua, S.C. (1997) The molecular genetics of 
rodent single gene obesities. J Biol Chem 272, 31937-40 

163. Farooqi, LS., Jebb, S.A., Langmack, G., Lawrence, E., Cheetham, C.H., 
Prentice, A.M., Hughes, I.A., McCamish, M.A. and O'Rahilly, S. (1999) 
Effects of recombinant leptin therapy in a child with congenital leptin 
deficiency. N Engl J Med 341, 879-84 

164. Wahle, K.W. (1990) Dietary regulation of essential fatty acid metabolism and 
membrane phospholipid composition. Biochem Soc Trans 18, 775-8 

165. Bonventre, J.V.(1992) Phospholipase A2 and signal transduction. J Am 
Soc Nephrol 3,128-50 

166. Smith, W.L., Marnett, L.J. and DeWitt, D.L. (1991) Prostaglandin and 
thromboxane biosynthesis. Pharmacol Ther 49, 153-79 

167. Miller, C.W., Casimir, D.A., and Ntambi, J.M. (1996) The mechanism of 
inhibition of 3T3-Ll preadipocyte differentiation by prostaglandin F2alpha. 
Endocrinology 137, 5641-50 

168. Needleman, P. and Isakson, P.C. (1997) The discovery and function of COX-2. 
J Rheumatol 24( Suppl 49), 6-8 

169. Dubois, R.N., Abramson, S.B., Crofford, L., Gupta, R.A., Simon, L.S., Van-De­
Putte,L.B., and Lipsky, P.E. (1998) Cyclooxygenase in biology and disease. 
FASEB J 12,1063-73 

170. Vassaux,G., Far, D.F., Gaillard, D., Ailhaud, G., and Negrel ,  R. (1993) 
Inhibition of prostacyclin-induced Ca2+ mobilization by phorbol esters in 
Ob 1771 preadipocytes. Prostaglandins 46, 441-51 

171. Vane, J.R., Bakhle, Y.S., and Botting, R.M. (1998) Cyclooxygenases 1 and 2. 
Annu Rev Pharmacol Toxicol 38, 97-120 

172. Mitchell, J.A., Akarasereenont, P., Thiemermann, C., Flower, R.J., and Vane, 
J.R. (1993) Selectivity of nonsteroidal antiinflammatory drugs as inhibitors of 
constitutive and inducible cyclooxygenase. Proc Natl Acad Sci USA 90, 11693-7 

173. Vassaux, G., Negrel, R., Ailhaud, G., and Gaillard, D. ( 1 994) Proliferation and 
differentiation of rat adipose precursor cells in chemically defined medium: 
differential action of anti-adipogenic agents. J Cell Physiol 1 61 ,249-56 

174. Sinha, D., Addya, S., Murer, E., and Boden, G. (1999)15-Deoxy-delta(12,14) 
prostaglandin J2 : a putative endogenous promoter of adipogenesis suppresses 

4 1  



the ob gene. Metabolism 48,786-91 

175. Hertz, R. , Berman, I. , Keppler, D. , and Bar-Tana, J. (1996) Activation of gene 
transcription by prostacyclin analogues is mediated by the peroxisome­
proliferators-activated receptor (PP AR). Eur J Biochem 235, 242-7 

176. Cassis, L. , and Dwoskin, L. (1991) Presynaptic modulation of neurotransmitter 
release by endogenous angiotensin II in brown adipose tissue. J Neural Transm 
34, 129-137 

177. Fei, H. , Okano, H.J. , Li, C. , Lee, G.H. , Zhao, C., Darnell, R. , and Friedman, 
J.M. (1996) Automic localization of alternatively spliced leptin receptors (Ob-R) 
in mouse brain and other tissues. Proc Natl Acad Sci USA.94, 7001-5 

178. Smas, C.M. , Chen, L., Zhao, L. , Latasa, M.J. , and Sul, H.S. (1999) 
Transcriptional repression of pref-1 by glucocorticoids promotes 3T3-Ll 
adipocyte differentiation. J Biol Chem 274,12632-41 

179. Sinha, M.K. , Opentanova, I. , Ohannesian, J.P. , Kolaczynski, J.W. ,  Heiman, 
M.L. , Hale, J. , Becker, G.W., Bowsher, R.R. , Stephens, T.W. , and Caro, J.F. 
(1996) Evidence of free and bound leptin in human circulation. Studies in lean 
and obese subjects and during short-term fasting. J Clin Invest 98,1277-82 

180. Bjorbaek, C., El-Haschimi, K. , Frantz, J.D. , and Flier, J.S. (1999) The role of 
SOCS-3 in leptin signaling and leptin resistance. J Biol Chem 274, 30059-65 

181. Taber, L. , Chiu, C.H. , and Whelan, J. (1998) Assessment of the arachidonic acid 
content in foods commonly consumed in the American diet. Lipids 33, 1151-7 

42 



PART III 

ANGIOTENISN II INCREASES LEPTIN SECRETION IN ADIPOCYTES VIA A 

PROSTAGLANDIN-INDEPENDENT MECHANISM 

This manuscript is being prepared for publication with co-authors Whelan, J. and 

Moustaid-Moussa, N in the Journal of Nutrition 

43 



I. ABSTRACT 

We previously reported that All increases fatty acid synthesis and triglyceride storage 

in adipose tissue. Several studies have demonstrated that triglyceride stores or adiposity 

correlate significantly with the amount of circulating leptin. All has been shown to 

increase adipocyte differentiation and growth by promoting prostaglandin production in 

OB 1771 cell line. The purpose of this study was to determine whether All regulates 

leptin secretion via a prostaglandin-dependent mechanism in adipocytes. Physiological 

doses of All significantly increased leptin secretion by 3T3-Ll adipocytes and human 

adipose tissue in a dose-and time-dependent manner. Elevation of prostaglandin 

secretions was elicited at physiological concentrations of All (p<0.05). Secretions of 6-

keto PGF 1a, a stable derivative of PGI2, and prostaglandin E2 were significantly induced 

by physiological concentrations of All in a time-response fashion (p<0.05). Inhibition of 

prostaglandin synthesis by indomethacin and aspirin significantly suppressed basal as 

well as All-induced prostaglandin levels, but did not significantly affect basal and All­

induced leptin secretions. In conclusion, regulation of leptin secretion by All in 

adipocytes is not modulated by a prostaglandin-dependent mechanism. 

II. INTRODUCTION 

Angiotensin II (All) is well known as a vasoactive peptide hormone that regulates 

blood pressure as well as fluid and electrolyte balance (1 ). All is classically synthesized 

by two enzymatic steps in which renin and angiotensin converting enzyme (ACE) cleave 

the precursor angiotensinogen produced by the liver (1) . Local synthesis of RAS has been 

found in liver, kidney and various tissues including adipose tissue (2). In brain and 
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kidney, RAS has been shown to control morphological development (29, 34). Adipose 

tissue represents the potentially largest sources of the angiotensinogen (AGT), especially 

in obese patients (5-6, 31 ,13). Angiotensinogen (AGT) mRNA expression in mouse 

adipose tissue is reduced by fasting and enhanced by overfeeding ( 6) . AGT gene 

expressed in human adipose tissue is regulated nutritionally as well as hormonally, 

providing important insights into the function of adipocyte-derived All in adipocyte 

metabolism (9). Data from cultured murine adipocytes indicate an adipogenic role of All 

in adipocyte growth and development (4,12,14). Increased AGT protein synthesis in 

adipocytes of genetic obesity models ( ob/ob and db/db) suggests a potential link between 

obesity development and functional local All in adipose tissue (6). Epidemiological 

studies show a tight correlation between accumulation of intra-abdominal fat and 

hypertension (10). Cumulatively, these data suggest that adipocyte hypertrophy is 

accompanied by an elevated activity of RAS. In addition to its function in adipose tissue 

growth, All might contribute to obesity as well as obesity-associated hypertension, 

although the contribution of adipocyte-derived All to pathophysiological hypertension is 

largely unknown. 

Leptin is the protein product of ob gene cloned by Friedman 's group in 1994 and is 

primarily expressed in adipose tissue (8). Leptin circulates in the blood and acts on the 

central neural network that regulates weight and energy (17, 19). Defects in the ob gene as 

well as leptin receptor genes cause obesity in ob/ob and db/db mice and humans (rare 

mutations) (8,  16, 21 ). Most human obesity is positively correlated with elevated serum 

concentrations of leptin as well as decreased sensitivity to leptin, inducing leptin 

resistance (20-21, 28). Leptin administration leads to decreased food consumption and 
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increased energy expenditure, both of which result in loss of adipose mass in lean, obese 

and diet-induced obese (DIO) models, indicating a weight-reducing and anti-obesity 

effect of leptin ( 1 8, 27). Investigations into the mechanisms of leptin (a marker of 

adiposity) regulation by All may provide new insights into the development of 

therapeutic approaches to treat obesity. 

Previous studies from our lab have demonstrated that All activates ob gene 

expression ( 12) .  In vivo data have shown that mice treated with an AT2 receptor 

antagonist, PD123 1 39 display significantly decreased leptin content of adipose tissue 

concomitant with decreased epididymal fat pad mass (Kim et al 1 999) .  These results 

provides additional evidence that All functions as an adipogenic factor in adipocyte 

metabolism and support potential mechanisms for the effect of All on adiposity. 

Mechanistically, All has been shown to enhance adipocyte differentiation by AT2-

dependent generation ofprostacyclin ( 14) .  Studies by Borglum et al ( 1 5) have 

demonstrated that All increased expression of PGHS- 1  and PGHS-2 mRNA in mature 

adipocytes leading to prostaglandin production ( 1 5) .  Prostacyclin and prostaglandin E2 

have been shown to exert their roles as paracrine or autocrine adipogenic effectors in 

adipocyte growth and development (7, 1 1 , 24) . However, the mechanism of All 

regulation of adiposity remains under investigation. 

We hypothesized that All might regulate leptin in adipocytes via a prostaglandin­

mediated mechanism. We first analyzed dose and time effects of All on adiposity and 

prostaglandin secretions in adipocytes, using leptin as an adiposity marker. The effects of 

prostaglandin biosynthesis inhibition by indomethacin and aspirin on All regulation of 

leptin in adipocytes were investigated. We confirmed the inhibitory effect of 
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prostaglandin by indomethacin is independent of regulation of leptin secretion by All in 

adipocytes. This study may provide evidence of a potential mechanism of All regulation 

of adiposity as well as clues for All signaling pathway in adipocyte metabolism. 

III.RESEARCH DESIGN AND METHODS 

A. Experimental design (Fig. I) 

Experiment 1 :  we have demonstrated that dose and time-response study of leptin 

secretion to All treatment in human adipose tissue and 3T3-L l adipose cells. We 

conducted dose and time-response analyses of 6-keto PGF la and PGE2 secretions in 

response to All in 3T3-Ll adipose cells only. 

Human adipose tissue: Human adipose tissue was cultured in 6-well (35mm) plates in 

DMEM supplemented with 1 % FBS then serum sustained for 24h prior to treatment with 

serum-free media (1 % BSA) containing l OnM All or l OnM insulin used as a positive 

control for 48h. Leptin content in culture media was then assayed using RIA. In the time­

response studies, human adipose tissue was incubated with 1 OnM All or without All for 

the indicated time intervals (3, 6, 12, 24 and 48h). The culture media were collected at the 

indicated time points to measure leptin level. Data were expressed as leptin (ng/ml) per g 

of tissue. 

3T3-L l adipocytes: Optimal responses of secreted leptin and cyclooxygenase-derived 

eicosanoids (6-keto PGF 1a and PGE2) to All treatment were established by determining 

an optimal dose-response (lpM-l µM) and time-dependence (0, 3, 6, 12, 24, 36, 48, 72 

and 96 h) curve. 3T3-L l adipose cells were cultured with serum-free media overnight in 

100mm culture dishes or 6-well (35 mm) plates and then treated with All (Sigma 
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Chemical Co., St. Louis, MO) in serum-free media. In dose-response studies, cells were 

incubated for 48h with or without All . After 48h of treatment culture media were 

collected to measure leptin and prostaglandin levels. To analyze time-response, culture 

media of 3T3-Ll adipose cells treated with lOnM All or without All were used to 

measure the levels of leptin, 6-keto PGF la and PGE2 at the indicated time points. Cell 

extracts were prepared for cellular protein contents. The levels of leptin and eicosanoids 

were normalized to dish or cellular protein levels. 

Experiment 2: we investigated the effect of prostaglandin biosynthesis inhibition by 

indomethacin and aspirin on All-induced prostaglandin and leptin secretions in 3T3-Ll 

adipocytes. Indomethacin and aspirin used in this study inhibit both COX-1 and COX-2. 

Indomethacin is a time-dependent and reversible inhibitor whereas aspirin is time­

dependent and irreversible (22). Inhibition of cyclooxygenase was conducted before All 

treatment. Adipose cells were grown in 6-well plates and were preincubated with serum­

free media in the absence or presence of various concentrations (1, 10, 50 or 100 µM) of 

indomethacin and aspirin dissolved in appropriate solvent (0.2 % ethanol of final cone.) 

for 6 h. After pretreatment with inhibitors, cells were treated with 1 OnM All or vehicle 

alone and maintained for 24h to investigate prostaglandin-mediated All regulation of 

leptin secretion. In separate experiments, cells were simultaneously treated with 

indomethacin and All. Cultured media were collected for determining leptin and 

eicosanoid levels and cell extracts were prepared for cellular protein contents. The levels 

of leptin and eicosanoids were normalized to dish or cellular protein contents. 

Experiment 3 :  we examined the effect of indomethacin on All regulation of leptin and 6-

keto PGF la secretions in the presence or absence of serum. 
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Cells were incubated in either 10% FBS or 1 % BSA. All (l OnM), indomethacin (l OµM), 

or All plus indomethacin treatments were carried out in both media for 24h and controls 

were treated with vehicle only. The levels of leptin and 6-keto PGF1a secreted from both 

media were measured by using RIA. The levels of leptin and eicosanoids were 

normalized to cellular protein levels. 

B. Methods 

1 .  Culture of human adipose tissue 

Subcutaneous abdominal adipose tissue was taken from one subject, 26 yr of age, 

undergoing elective cosmetic surgery. A sample was obtained in compliance with a 

protocol approved by the Institutional Review Board for Human subjects and by the 

Committee for Research Protocols at the University of Tennessee, Knoxville. This 

subject was non-diabetic and non-obese with normal body mass index (BMI: 24.3 m!kg2) 

and had no known metabolic abnormalities. Tissue was minced into 0. 1 -0.2 g pieces and 

washed several times with Hank's medium to remove blood clots. Tissue fragments ( -1 

g/well) were primary cultured in DMEM supplemented with 1 % FBS media, antibiotics 

(penicillin- I OOU/ml, streptomycin-I OOµg/ml and gentamicin-50µg/ml) for two days. 

Human adipose tissue was incubated with serum-free media containing I %  BSA for 24h 

prior to treatment. 

2. Culture of 3T3-LI adipose cells 

3T3-Ll adipose cell lines are derived from mouse embryo (33). Cells were purchased 

from the American Type Culture Collection (ATCC) and were grown in 1 00 mm dishes 

or 6-well (35 mm) plates and cultured in DMEM supplemented with I 0% FBS and I%  
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penicillin/streptomycin (regular media) ; 3T3-Ll cells (-200,000 cells/100 mm dish; 

50,000 cells/35mm dish) were plated at O days and grown for 3-4 days (confluence) . At 

confluence, the media were supplemented with 250nM dexamethasone and 0. 5mM 

isobutyl methylxanthine (MIX) for 72 h, after which cells were cultured with regular 

media (29) . Differentiation was considered to be complete at 5-7 days after 

postconfluence. All the studies were conducted in differentiated cells (-80-95%). Prior to 

any treatment with All or inhibitors, cells were incubated for 24h in serum free media 

containing 1 % BSA. 

3. Quantitation of leptin in the media 

Leptin secreted in the media was determined by radioimmunoassay (RIA) that is a 

subclass of competitive protein binding assay in which radio labeled antigen (hormone) 

complete with unlabeled antigen for sites on its antibody. The measurement of the 

amount of radioactivity determines the amount of antigen present (30). The mouse leptin 

RIA kit used in this study were purchased from Linco Research (St Charles, MO). 100 µI 

of media collected was used and all samples were measured in duplicate. Leptin level 

was corrected to mg of cellular protein contents or dish (well) for 3T3-Ll adipocytes and 

g of tissue for human adipose tissue. 

4. Prostaglandin assay 

Culture media were treated with cold acid methanol solution (MeOH: Formic acid, 

9 :l (v/v), pH 3.5). Prostaglandins were isolated by solid-phase extraction using an 

octadecyl C 1 8  cartridge (Burdick & Jackson, Muskegon, MI) and eluted with 100 % 

methanol. The methanol was evaporated under an atmosphere of nitrogen and the extracts 

were resuspended with 250µ1 ofO.lM PBSG (Phosphate Buffered Saline (0.9 %) with 
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Gelatin (0 .1 %), pH7.4) . 100 µ1 ofresuspended solution was used for measuring contents 

of each prostaglandin. The amount of PGE2 and 6-keto PGF la was assayed by RIA using 

antiserum obtained from PerSeptive Diagnostics, Inc (Cambridge, MA). All standards 

were purchased from Cayman Chemical (Ann Arbor, MI), and [3H] PGE2 and [3H] 6-keto 

PGF 1a were obtained from New England Nuclear (Boston, MA). All experiments were 

repeated twice. Data are expressed as pg of PGE2 and 6-keto PGF la per dish (well) or mg 

of cellular protein contents. 

5 .  Protein assay 

The cellular protein contents were measured by Bradford method (32) that is a dye­

binding assay. The acidic blue dye binds to primarily basic and aromatic amino acid 

residues, especially arginine. A differential color change of the dye in response to various 

protein concentrations is spectrophotometrically measured. Adipocytes were harvested by 

scraping into 500µ1 of0.5M sucrose (pH 7.4), lmM dithioreitol, l mM EDTA and 

1 OOmM phenylmethylsulfonyl fluoride (PMSF). Cell homogenates were sonicated for 5 

sec and after lh  of ultracentrifugation (12,000 x g) at 4 °C supematants were taken to 

assay cellular protein contents. 25 µ1 of cell extracts was used and all samples were 

assayed in duplicate. 

6. Statistics 

Data first were analyzed by one-way analysis of variance (ANOV A). When 

significant F ratios were obtained, differences among different concentrations of All 

were analyzed by Bonferroni test for multiple comparison (SAS, Cary, N.C.) . The 

significant differences between means with the same variances were evaluated by 
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independent student' s  t test. All values were expressed as mean ± SEM. Values of 

P<0.05 were considered statistically significant. 

IV. Results 

Effect of All on leptin secretion in human adipose tissue 

Previous studies showed that physiological concentration of All upregulates ob gene 

transcription in human adipocytes ( 12) .  We first investigated the effect of All on leptin 

secretion using culture of human adipose tissue. In good agreement with the All effect on 

ob gene transcription, both All and insulin (used as a positive control) significantly 

increased leptin secretion (Fig. 2) . When human adipose tissue was exposed to All 

(l OnM) for various lengths of time, leptin secretion progressively increased from 3h to 

24h (Fig. 3) .  At 24 h, leptin secretion was stimulated by approximately 3 . 5-fold 

compared to controls (p<0.001 ) .  Similarly, All exhibited significant stimulation of leptin 

secretion at 48h compared to controls. However, the decrease in AH-induced leptin level 

between 24 h and 48h may result from leptin protein degradation. These results indicate 

that physiological concentration of All increases leptin secretion after 24h in human 

adipose tissue. 

Effect of All on leptin and prostaglandin secretions in 3T3-Ll adipocytes 

We investigated the dose and time-response effects of All on leptin and prostaglandin 

secretions in 3T3-Ll adipose cells . 

Leptin: Consistent with the increase in transcription rate of ob gene upon All 

treatment ( 12), All at concentrations of 1 and lOnM significantly increased leptin 
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secretion by 3T3-Ll adipose cells at 48h by 24 ± 9.8% and 57± 6.7%, respectively (Fig. 

4). Significant effect of All on leptin secretion was observed at 12, 24, 36 and 48h by 

l OnM of All treatment (Fig. 7) when leptin secretion was increased by approximately 3-

fold over control levels (p<0.01 ). 

Protstaglandins : Similarly, prostaglandin secretions were significantly stimulated by 

physiological doses of All (Fig. 5 and 6). Significant effect of All on 6-keto PGF la 

secretion (Fig. 5) was present at 48h of treatment with lnM and l OnM All (p<0.05). In 

concordance, 3T3-Ll adipose cells cultured with lnM and l OnM All also increased 

PGE2 secretion (Fig. 6) at 48h (p<0.05). All treatment ( 1  OnM) markedly stimulated 6-

keto PGF1 a secretion from 3T3-Ll adipose cells within 24h and this stimulatory effect by 

All was sustained for an additional 72h (Fig. 8). All significantly elevated PGE2 

secretion within 24h and this level was maintained through 96h (Fig. 9). Consistent with 

significant induction of prostaglandin secretions by All ( 1  OnM) after 24 h, All at 

concentration of lnM significantly enhanced secretions of both prostaglandins after 24h 

(data not shown). 

All at physiological concentrations increased leptin and prostaglandin secretions 

from 3T3-Ll adipose cells in a time-dependent manner. These results are consistent with 

the previously reported induction of ob and PGHS gene expressions by All in murine 

adipose cell lines ( 12, 1 5) and with induction of 6-keto PGF 1a secretion by the presence of 

All stimulus ( 14). 
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Fig. 2 Effect of All on leptin secretion in human adipose tissue. Isolated human 

adipose tissue was cultured in DMEM supplemented with 1 % FBS for 2 days and 

maintained serum-free media for 24h before treatment. Cells were treated for 48h with 

serum-free media supplemented with lOnM All, lOnM insulin and control adipose 

tissue was treated with serum-free media containing 1 % BSA. Leptin concentration in 

the culture media was measured by radioimmunoassay (RIA). Data shown are 

expressed as mean ± SEM (n=3). Statistical differences from the corresponding control­

treated and All or insulin-treated values are shown as p<0.05(*). 
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Fig. 3 Time-response effect of All on leptin secretion in human adipose tissue. 

Isolated human adipose tissue was maintained in DMEM supplemented with 1 % FBS for 

2 days and incubated with serum-free media for 24h before treatment. Adipose tissue was 

treated for 48h with serum-free media supplemented with l OnM All or without All as 

control. The culture media were collected at 3, 6, 1 2, 24, and 48h and leptin 

concentration in the culture media was measured by RIA. Data shown are expressed as 

mean ± SEM (n=3). Statistical differences from the corresponding control-treated and 

All-treated values att he indicated time points are shown as p<0.01(*) and p<0.001(**). 
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Fig. 4 Dose effect of All on leptin secretion in 3T3-Ll adipose cells. Fully 

differentiated adipocytes were incubated with serum-free media containing 

graded concentrations of All (lpM-l µM) or without All as control for 48h. 

Leptin secreted in medium was measured by using RIA at the specified time. 

Results are expressed as mean ± SEM (n=9). Data shown are analyzed by 

ANOV A and Bonferroni multiple-comparison procedure. The values with 

different letters are significantly different at p<0.05. 
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Fig. 5 Dose effect of All on 6-keto PGF1a secretion in 3T3-Ll adipose cells . 

Differentiated 3T3-Ll adipocytes were incubated with serum-free media supplemented 

with increasing concentrations (1 pM-1 µM) of All or without All for 48 h. The amount 

of 6-keto PGF l a, the stable degradation product of PGiz, in the culture media was 

measured by RIA. Data are expressed as mean ± SEM (n=3). Results are analyzed by 

ANOV A and Bonferroni multiple comparison procedure. The values with different 

letters are significantly different at p<0.05. 
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Fig. 6 Dose effect of All on PGE2 secretion in 3T3-Ll adipose cells . Differentiated 

3T3-Ll  adipocytes were incubated with serum-free media supplemented with 

increasing concentrations (lpM- l µM) of All or without All for 48h. PGE2 

concentration in the culture media was measured by RIA. Data are expressed as mean 

± SEM (n=3) .  Results are analyzed by ANOV A and Bonferroni multiple comparison 

procedure. The values with different letters are significantly different at p<0.05 . 
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Fig. 7 Time-response effect of All on leptin secretion in 3T3-Ll adipose cells. 

Differentiated adipose cells were incubated for 24h with serum-free media 

supplemented with lOnM All and culture media were collected at 0, 3, 6, 12, 24, 36 

and 48h. The amount of leptin secreted in the culture media was assessed by RIA. 

Data shown are expressed as mean ± SEM (n=3). Statistical differences from the 

basal concentration of leptin at time zero for 3T3-Ll adipose cells are shown as 

p<0.01(*). 
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Fig. 8 Time-response effect of All on 6-keto PGF1a secretion in 3T3-Ll adipose 

cells. Differentiated adipose cells were incubated for 96h with serum-free media 

containing l OnM All or without All and the culture media were collected at 0, 3, 6, 12, 

24, 48, 72 and 96h. The amount of 6-keto PGF la, a stable derivative of PGh, in the 

culture media was assayed by RIA and normalized to milligram of cellular protein 

values. Data shown are expressed as mean ± SEM (n=5-6). Statistical differences 

between control-treated and All-treated values at the indicated time points are shown as 

p<0.01(*) and p<0.0001(* *). 
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Fig. 9 Time-response effect of All on PGE2 secretion in 3T3-Ll adipose cells. 

Differentiated adipose cells were maintained in serum-free media with l OnM All or 

without All for 96h and cultured media were collected at 0, 3, 6, 12, 24, 48, 72 and 96h. 

PGE2 concentration in the culture media was measured by RIA and corrected to 

milligram of cellular proteins. Data shown are expressed as mean ± SEM (n=5-6) . 

Statistical differences between the corresponding control-treated and All-treated values 

at the indicated each time points are shown as p<0.05 (*) and p<0.001(* *). 
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Effect of indomethacin and aspirin on All-induced prostaglandin and leptin secretions in 

3T3-Ll adipocytes 

To further investigate the mechanisms through which All increases leptin secretion 

in adipocytes, effect of prostaglandin synthesis inhibition by indomethacin and aspirin on 

All-induced prostaglandin and leptin secretions was conducted. 

Prostaglandins : As anticipated, pretreatment (6h prior to l OnM All of treatment) of 

indomethacin (Fig. 10) and aspirin (Fig. 11) at concentrations of 1, 10, 50 and 1 OOµM 

significantly inhibited both basal and All-induced 6-keto PGF la secretions in a dose­

response manner (p<0.05). The concentration of 1 OµM of indomethacin maximally 

reduced 6-keto PGF la synthesis in both vehicle and All-treated cells by approximately 

43% and 58%, respectively (Fig. 10). Similarly, aspirin at a concentration of lOµM 

maximally inhibited basal and All-induced 6-keto PGF la levels by ----45 and 65%, 

respectively (Fig. 11). These similar reductions (----35-60%) in basal and All-induced 6-

keto PGF la levels were also noted when either inhibitor was added concomitantly with 

All for 24h (data not shown). However, both inhibitors decreased basal and All-induced 

PGE2 secretions to a lesser extent ( ----10-30% reduction) compared to those observed with 

6-keto PGF la (Fig. 1 2  and 13). This differential inhibition of 6-keto PGF la versus PGE2 
by indomethacin and aspirin was unexpected. 

Leptin : The effects of maximal inhibitory concentration (l OµM) of indomethacin 

(Fig. 14) and aspirin (Fig. 15) on basal as well as All-stimulated leptin secretions were 

evaluated. Inhibition of All-induced prostaglandin synthesis by 6h of pretreatment with 

l OµM indomethacin did not modify basal or All-induced leptin secretion (Fig. 14). 
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Similarly, aspirin did not alter basal or All-induced leptin level. Consistent with these 

results, the inhibitory effect of indomethacin and aspirin when added simultaneously with 

All for 24h did not affect basal or All-increased leptin secretion (Fig. 15). 

Effect of indomethacin on All-induced prostaglandin and leptin secretions from 3T3-Ll 

adipocytes in the presence or absence of serum 

To confirm the effect of indomethacin on All-induced leptin secretion, we used 10% 

fetal bovine serum (FBS) as a positive control and 1 % bovine serum albumin (BSA) of 

culture media supplemented with All (1 OnM), indomethacin (1 OµM), and All (1 OnM) 

plus indomethacin (1  OµM). FBS was used to elicit maximal induction of prostaglandins 

as previous studies have demonstrated that FBS stimulates prostaglandin synthesis in 

adipocytes (37). 

Prostaglandins: We have examined the inhibitory effect of 6-keto PGF 1a secretion 

by indomethacin. An inhibitory effect of indomethacin (l OµM) for 24h on basal and All­

induced 6-keto PGF Ia  secretions in both media (Fig 16). Indomethacin treatment 

significantly reduced basal and All-induced 6-keto PGF1a secretions by approximately 

66% and 79%, respectively in 10% FBS media. Similarly, indomethacin significantly 

blocked basal and All-induced 6-keto PGF1a secretions in 1 % BSA media. Accordingly, 

we confirmed an inhibitory effect of indomethacin on basal and All-induced 6-keto 

PGF1 a secretions from 3T3-Ll adipose cells in both the presence and absence of serum. 

Interestingly, compared to 1 % BSA media, higher inhibitory effect of indomethacin on 

basal and All-induced 6-keto PGF1a levels were observed in 10% FBS media at 24h. A 

possible explanation for lower basal and All-induced 6-keto PGF1 a secretions in 10% 

64 



FBS media by indomethacin is the high cellular protein contents in FBS-treated cells, 

resulting in lower prostaglandin/protein level in FBS-treated cells versus BSA-treated 

cells; these data also were normalized per well (Appendix, Fig. 1 ). Along this possibility, 

we have examined the levels of 6-keto PGF la and PGE2 in the presence or absence of 

serum with or without 3T3-Ll adipose cells; these data were corrected to well or total 

cellular proteins (Appendix, Fig 3-5). It seems clear that lower basal and All-induced 6-

keto PGF 1a levels in FBS media is due to increased total cellular protein levels in the 

presence of serum. 

Leptin: As seen with prostaglandin inhibitor pretreatment results, indomethacin 

treatment (Fig. 17) did not affect the basal and All-induced leptin secretions in 10 % FBS 

media. Similarly, in the 1 % BSA media, inhibition of prostaglandin synthesis by 

indomethacin did not modify basal and All-induced leptin secretions. Additionally, 

compared to those in BSA-treated cells, similar results of lower basal and All-induced 

leptin levels were obtained in FBS-treated cells; these data also were normalized on a per 

well basis (Appendix, Fig. 2). 

V. Discussion & Conclusion 

In this study, we investigated the biochemical mechanisms by which All regulates 

leptin secretion in adipocytes. Previous investigations have reported that AIi may function 

as an adipogenic factor in adipocyte growth and development through interaction with its 

receptors (4, 12, 14). Further, we have demonstrated that All increases leptin expression in 

. cultured adipocytes (12). These cumulative findings suggest a strong link between All and 

65 



8000 
OControl ri! lOnM All 

.s d 

e 6000 
0.. 

0.. 

] 4000 b 
ab .... a 

� 2000 

0 

w/o Inhibitor 1 uM Indo lOuM Indo 50uM Indo lOOuM Indo 

Fig. 1 0  Effect of indometbacin in All-induced 6-keto PGF ta secretion in 3T3-Ll adipose 

cells . Differentiated adipose cells were preincubated with serum-free media supplemented 

with vehicle (0.2 % ethanol), 1 µM, 1 OµM, 50µM or 1 OOµM indomethacin, an inhibitor of 

prostaglandin synthesis, for 6h. After pretreatment cells were incubated for 24h with serum­

free media supplemented with 1 OnM All or vehicle alone. Treated cells were harvested in 

0.5M sucrose buffer and the culture media were collected. The amount of 6-keto PGF 1 a 

secreted in the culture media was assayed by RIA and normalized to milligram of total 

cellular proteins. Results are expressed as mean ± SEM (n=5-6). Statistical differences 

between vehicle or indomethacin-treated values and All or All plus indomethacin -treated 

values are shown; between vehicle-treated and indomethacin-treated values; between All­

treated and . All plus indomethacin-treated values. The values with different letters are 

significantly different at p<0.05. 
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Fig. 1 1  Effect of aspirin on All-induced 6-keto PGF Ia secretion in 3T3-Ll adipose 

cells . Differentiated adipose cells were pretreated with serum-free media supplemented 

with vehicle (0.2 % ethanol), 1 OµM, 50µM or 1 OOµM aspirin for 6h and then incubated 

for 24h with 1 OnM All or vehicle alone. Treated cells were harvested in 0.5M sucrose 

buffer and the culture media were collected. 6-keto PGF la level secreted in the culture 

media was assayed by RIA and normalized to milligram of total cellular proteins. 

Results are expressed as mean ± SEM (n=5-6). Statistical differences between vehicle 

or aspirin-treated values and AII or All plus aspirin-treated values are shown; between 

vehicle-treated and aspirin-treated values; between AH-treated and All plus aspirin­

treated values. The values with different letters are significantly different at p<0.05. 

67 



40000 

'.$' 30000 B 
! 20000 
s 

� 1 0000 

w/o Inhibitor l uM Indo 

D Control P'2! 1 OnM All 

I OuM Indo 50uM Indo I OOuM Indo 
Fig. 12 Effect of indomethacin on All-induced PGE2 secretion in 3T3-Ll adipose 

cells. Differentiated adipose cells were pretreated with serum-free media in the 

presence of vehicle (0.2% ethanol), 1 µM, 1 OµM, 50µM or 1 OOµM indomethacin for 

6h. After pretreatment cells were cultured for 24h with serum-free media 

supplemented with 1 OnM All or vehicle alone. Treated cells were harvested in 0.5M 

sucrose buffer and the culture media were collected. The amount of PGE2 secreted in 

culture media was measured by RIA and corrected to milligram of total cellular 

proteins. Results are expressed as mean ± SEM (n=5-6). Statistical differences 

between vehicle or indomethacin-treated values and All or All plus indomethacin­

treated values are shown; between vehicle-treated and indomethacin-treated values; 

between All-treated and All plus indomethacin-treated values. The values with 

different letters are significantly different at p<0.05. 
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Fig. 13  Effect of aspirin on All-induced PGE2 secretion in 3T3-Ll adipose cells. 

Fully differentiated adipose cells were pretreated with serum-free media containing 

vehicle (0.2% ethanol), 1 OµM, 50µM or 1 OOµM aspirin for 6h and then incubated for 

24h with lOnM All or vehicle alone. Treated cells were harvested in 0.5M sucrose 

buffer and culture media were collected after 24-h treatment. The concentration of 

PGE2 secreted in the culture media was measured by RIA and normalized to 

milligram of cellular proteins. Results are expressed as mean ± SEM (n=5-6). 

Statistical differences between vehicle or aspirin-treated values and All or All plus 

aspirin-treated values are shown; between vehicle-treated and aspirin-treated values; 

between All-treated and All plus aspirin-treated values. The values with different 

letters are significantly different at p<0.05. 
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Fig. 14 Effect of indomethacin & aspirin pretreatment on All-induced leptin 

secretion in 3T3-Ll adipose cells. Fully differentiated adipose cells were pretreated 

with serum-free media (1  % BSA) supplemented with vehicle (0.2 % ethanol), l OµM 

indomethacin or 1 OµM aspirin for 6h and then maintained for 24h with vehicle alone or 

l OnM AIL After treatment, treated cells were harvested in 0.5M sucrose buffer and the 

culture media were collected. The amount of leptin secreted in the culture media was 

measured by RIA and normalized to cellular protein values. Results are expressed as 

mean ± SEM (n=5-6). Statistical differences between vehicle or indomethacin or aspirin 

-treated values and All or All plus indomethacin or All plus aspirin-treated values are 

shown; between vehicle-treated and indomethacin or aspirin-treated values; between 

All-treated and All plus indomethacin or aspirin-treated values. The values with 

different letters are significantly different at p<0.05. 
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Fig. 15  Effect of indomethacin & aspirin on All-induced leptin secretion in 3T3-Ll 

adipose cells. Fully differentiated adipose cells were treated with serum-free media (1 % 

BSA) supplemented with vehicle (0.2 % ethanol), 1 OnM All, indomethacin (10, 50, 

1 OOµM), aspirin (10, 50, 1 OOµM), or AI� plus indomethacin or aspirin for 24h. After 

treatment, treated cells were harvested in 0.5M sucrose buffer and the culture media were 

collected. Leptin level secreted in the culture media was measured by RIA and normalized 

to cellular protein values. Results are expressed as mean ± SEM (n=5-6). Statistical 

differences between vehicle or indomethacin or aspirin-treated values and All or All plus 

indomethacin or All plus aspirin-treated values are shown; between vehicle-treated and 

indomethacin or aspirin-treated values; between All-treated and All plus indomethacin or 

aspirin-treated values. The values with different letters are significantly different at p<0.05. 
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Fig. 16  Effect of indomethacin on All-induced 6-keto PGF ta secretion by 3T3-Ll 

adipose cells in the presence or absence of serum. Fully differentiated adipose cells 

were cultured in 10% FBS or 1 % BSA media before treatment. Cells were incubated with 

both media supplemented with vehicle (0.2% ethanol), 1 OnM All, 1 OµM indomethacin or 

All (1 OnM) plus indomethacin (1 Oµ M) for 24h. Treated cells were harvested in 0.5M 

sucrose buffer and the culture media were collected. The amount of 6-keto PGF 1 a was 

measured in both media by RIA and normalized to milligram of total protein values. 

Results are expressed as mean ± SEM (n=5). Statistical differences between vehicle or 

indomethacin-treated values and All or All plus indomethacin-treated values are shown; 

between vehicle-treated and indomethacin-treated values; between All-treated and All 

plus indomethacin-treated values. The values with different letters are significantly 

different at p<0.05. 
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Fig. 1 7  Effect of indomethacin on All-induced leptin secretion by 3T3-Ll adipose 

cells in the presence or absence of serum. Fully differentiated adipose cells were 

cultured with 10% FBS or 1 % BSA media before treatment. Cells were incubated with 

both media containing vehicle (0.2% ethanol) as control, 1 OnM All, 1 OµM 

indomethacin, or All (1 OnM) plus indomethacin (1 OµM) for 24h. Treated cells were 

harvested in 0.5M sucrose buffer and the culture media were collected. Leptin level 

was measured in both media by RIA and normalized to cellular protein values. Results 

are expressed as mean ± SEM (n=5). Statistical differences between vehicle or 

indomethacin-treated values and All or All plus indomethacin -treated values are 

shown; between vehicle-treated and indomethacin-treated values; between All-treated 

and All plus indomethacin -treated values. The values with different letters are 

significantly different at p<0.05. 

73 



leptin in the adipogenic functions of AIL Our results clearly demonstrate that All 

increases leptin secretion from human and 3T3-Ll adipose cells in a time-responsive 

manner. Dose response analysis shows that All at physiological concentrations stimulates 

leptin secretion from human and 3T3-Ll adipose cells. Accordingly, our results support 

that All may play a role as a regulator of leptin in adipocyte metabolism. To date, the 

signaling mechanisms by which All increases leptin secretion and promotes adiposity 

remain to be elucidated. Previous study by Darimont has suggested that prostacyclin 

synthesized by mature adipocytes functions as a mediator of All action on adipocyte 

growth ( 14). Additionally, preliminary research has shown that PGE2 and PGI2 mainly 

produced from rodent and human adipocytes function as hypertrophic as well as 

hyperplastic effectors in adipocyte differentiation and development through 

paracrine/autocrine effects (11, 14, 24-25). Recent research has demonstrated that PGE2 

functions tumor vascularization thus leading to tumor growth, suggesting that 

prostaglandin may act as an important paracrine effector in angiogenesis of adipocyte (3). 

Consistent with previous reports (14-15), our study demonstrates that All at 

physiological concentrations produces time-dependent stimulation of 6-keto PGF 1a and 

PGE2 secretions in adipose cells. These results suggest that these prostaglandins may be 

potential candidates for mediating the effect of All on leptin secretion. Accordingly, we 

investigated whether All enhances leptin stimulation via a prostaglandin-mediated 

mechanism. As expected, both inhibitors significantly decreased basal and AII-'induced 6-

keto PGF la secretions from adipose cells. However, both indomethacin and aspirin 

showed less effective inhibitory effects on basal and All-induced PGE2 secretions from 

3T3-Ll adipose cells. The slight blockades of basal and All-induced PGE2 secretions by 
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both inhibitors may possibly be explained by alternative or additional pathway (COX-3) 

of prostaglandin biosynthesis in adipocytes (36). 

In the subsequent experiments, cyclooxygenase inhibition by indomethacin and 

aspirin did not modify basal or All-induced leptin releases from 3T3-Ll adipose cells. 

Results from this study clearly demonstrate that All stimulates leptin secretion but that 

this effect is not mediated via prostaglandin. In addition, coupled with inhibitor 

pretreatment, data from the presence and absence serum experiments also show that All 

regulates leptin secretion in adipocytes via a prostaglandin-independent mechanism. 

Additionally, indomethacin may play a critical role as a ligand of adipogenic 

transcription factor, PP ARy, rather than as an inhibitor in prostaglandin biosynthesis. 

Recent research has shown that indomethacin at high concentrations (µM range) binds 

and activates PP ARy, thus inducing adipogenesis, but at low concentrations (nM range), 

it exhibits an inhibitory effect on prostaglandin synthesis (26). More recently, a study by 

Sinha et al has illustrated that indomethacin displays an inhibitory effect on leptin 

secretion at concentration at which it activates PP ARy in adipocytes (23). In the present 

study, high concentrations of indomethacin which induced reduction of prostaglandin 

secretion did not modify leptin secretion, suggesting that it may predominately affect 

COX inhibition versus PP ARy activation under the present experiment conditions. Also, 

indomethacin plu_s All treatment increases leptin secretion in adipocytes due to All effect 

on leptin secretion and results also observed with aspirin. 

In summary, our data indicate that All increases leptin secretion from adipocytes via 

a prostaglandin-independent mechanism, suggesting that alternative or additional 
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mechanisms are involved in All-induced leptin secretion. In addition to stimulation of 

FAS and triglyceride synthesis by All, this hormone also increases leptin secretion. This 

study provides therefore a potential mechanism by which All may regulate adiposity. 

This understanding of the RAS and All paracrine effects in adipocytes may provide 

insights into the development of new therapeutic approaches to prevent obesity and its 

associated disorders. 

Further work is required to characterize the mechanism of All regulation of the ob 

gene transcription and identify mechanism of All signaling in adipocytes leading to 

regulation of fatty acid synthesis and leptin secretion. 
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APPENDIX 

8 1  



Previous research has shown that calcium ionophore A23187 and serum elicit a 

release of arachidonic acid, leading to an increase in prostaglandin formation. In this 

regard, we used fetal bovine serum (FBS, 10%) as a positive control to stimulate 

prostaglandin synthesis. As unexpected, we observed higher inhibitory effect of 

indomethacin on basal and All-induced 6-keto PGF1a levels in FBS-treated cells. One 

possibility is that the high cellular protein contents in FBS media may contribute to lower 

basal and All-induced 6-keto PGF la levels in FBS-treated cells compared to those in 

bovine serum albumin (BSA, 1 %)-treated cells. To test this possibility, we measured the 

levels of 6-keto PGF l a  and PGE2 in the presence or absence of serum with or without 

3T3-Ll adipose cells; all data were also corrected to well or total cellular protein 

contents. These results clearly demonstrate that the lower 6-keto PGF la and PGE2 levels 

in FBS stimulation is due to increased total cellular protein levels in the presence of 

serum. 

82 



nm 
b 

� 2fil) 

!IDD 

"®" LID) 

� lffiD 

\0 ill 

0 

10>/oFIB lo/ol£i\ 

Fig. 1 Effect of indomethacin on All-induced 6-keto PGF Ia secretion by 3T3-Ll 

adipose cells in the presence or absence of serum. Fully differentiated adipose cells 

were cultured in 1 0% FBS or 1 % BSA media before treatment. Cells were incubated 

with both media containing vehicle (0.2% ethanol), 1 OnM All, 1 OµM indomethacin or 

All ( 1  OnM) plus indomethacin ( 1  OµM) for 24 h. Treated cells were harvested in 0.5M 

sucrose buffer and the culture media were collected. The amount of 6-keto PGF 1 a  was 

measured in both media by RIA and normalized to well. Results are expressed as mean 

± SEM (n=5). Statistical differences between vehicle or indomethacin-treated values 

and All or All plus indomethacin-treated values are shown; between vehicle-treated 

and indomethacin-treated values; between All-treated and All plus indomethacin­

treated values. The values with different letters are significantly different at p<0.05. 
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Fig. 2 Effect of indomethacin on All-induced leptin secretion by 3T3-Ll adipose 

cells in the presence or absence of serum. Fully differentiated adipose cells were 

cultured with 10% FBS or 1 % BSA media before treatment. Cells were incubated 

with both media containing vehicle (0.2% ethanol) as control, 1 OnM AIi, 1 OµM 

indomethacin, or All (lOnM) plus indomethacin (lOµM) for 24 h. Treated cells were 

harvested in 0.5M sucrose buffer and the culture media were collected. Leptin level 

was measured in both media by RIA and normalized to well. Results are expressed 

as mean ± SEM (n=5). Statistical differences between vehicle or indomethacin­

treated values and AIi or All plus indomethain-treated values are shown; between 

vehicle-treated and indomethacin-treated values; between AIi-treated and All plus 

indomethacin-treated values. The values with different letters are significantly 

different each other at p<0.05. 
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Fig. 3 Measurement of exogenous 6-keto PGF ta level in the presence or absence of 

serum. Differentiated adipose cells were cultured in DMEM containing 10% PBS or 

1 % BSA and incubated for 24 h with [3H] 6-keto PGF Ia, which was directly added in 

both media with or without cells. After 24-h treatment culture media were collected and 

prostaglandins were isolated by solid-phase extraction using an octadecyl C1 8  cartridge 

and eluted with 100% methanol (2ml) twice. The radioactivity of eluted prostaglandins 

(2ml) was measured using � counter. No significant differences between 10% FBS­

treated and 1 % BSA-treated values with or without cells were shown. 
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Fig. 4 Measurement of 6-keto PGF1a level in the presence or absence of serum with or without 3T3-Ll adipose cells. 

Differentiated adipose cells were incubated for 24 h in DMEM containing 10% FBS or 1 % BSA. After 24-h culture cells 

were harvested in 0.5M sucrose buffer and the culture media were collected. The amount of 6-keto PGF Ia was measured 

in both media by RIA and normalized per well (A) or milligram of total cellular proteins (B). Data are expressed as mean 

± SEM (n=6). Statistical differences between 1 0% FBS and 1 % BSA-treated values. The values with different letters are 

significantly different each other at p<0.05 . 
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Fig. 5 Measurement of PGE2 level in the presence or absence of serum with or without 3T3-Ll adipose cells. 

Differentiated adipose cells were incubated for 24 h in DMEM containing 10% FBS or 1 % BSA. After 24-h culture 

cells were harvested in 0.5mM sucrose buffer and the culture media were collected. PGE2 concentration was 

measured in both media by RIA and normalized per well (A) or milligram of total cellular proteins (B). Data are 

expressed as mean ± SEM (n=6). Statistical differences between 10% FBS and 1 % BSA-treated values. The values 

with different letters are significantly different at p<0.05 . 
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