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ABSTRACT 

Background: Individuals with elevated glucocorticoid (GC) levels tend to develop 

excess central adiposity; however this opposes the well known catabolic actions of GCs. 

Evidence suggests that in the long term GCs increase lipolysis, however they may also 

have acute inhibitory effects. Purpose: We investigate the acute effects of GCs on 

adipocytes and potential mechanisms of action. Methods: 3T3-L1 adipocytes were 

treated with corticosterone (Cort; 0-lOOuM) for 0-4 hours to analyze effects of Cort 

alone, or in combination with known lipolytic stimulants. Results: Cort produced a dose 

dependent decrease in basal, as well as stimulated lipolysis. These effects were most 

potent at doses >10|jM, doses that represent those likely found within the tissue. 

Decreased PKA activity and reductions in the phosphorylation of HSL and perilipin 

appear responsible for Cort's antilipolytic effects. Conclusions: GCs have acute 

inhibitory effects on adipocyte lipolysis, and this may play a role in GC related adipose 

accumulation. 
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INTRODUCTION 1_ 
Adipose tissue plays an important regulatory role in substrate metabolism by storing and 

liberating energy as the body requires. During times when food is plentiful and activity is 

low, energy is stored within adipose tissue in the form of triglycerides. When an energy 

deficit occurs, such as during exercise or fasting, triglycerides are broken down and 

substrates (fatty acids and glycerol) are released into circulation. This release helps to 

supply the organism's energy demands. Balance usually exists between these two states, 

but dysregulation can occur, leading to either an excessive storage of fat within adipose 

tissue or excessive depletion in states of catabolism. One of the key regulators of energy 

flux within adipocytes are the stress hormones; glucocorticoids (i.e. Cortisol in human, 

corticosterone in rodents); and catecholamines (i.e. epinephrine). In humans (55) and in 

rodents (43), stress and/or stress hormones have been widely cited as contributing to 

excess adiposity, particularly in the abdominal regions, despite the observations that these 

hormones have lipolytic actions in isolated conditions (74). This accumulation of 

adipose tissue, especially in the visceral adipose depot, is associated with many diseases, 

including type 2 Diabetes Mellitus (T2DM). Understanding the effects of stress 

hormones on the regulation of adipose tissue metabolism is critical in determining why 

these clinical links between stress and/or stress hormones and excess adiposity exist. 

There are several ways in which stress hormones could increase adipose accumulation; 

elevated caloric intake, increased adipogenesis or lipogenesis, or alterations in lipid 

breakdown. Our investigation will focus on the role of glucocorticoids on lipolysis, a 



topic with conflicting findings in the literature, and how this may affect lipid 

accumulation. 
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LITERATURE REVIEW 2 

2.1 Glucocorticoids and the Stress Response: 

2.1.1 HPA Axis Activation: 

Regardless of whether a stressor is psychological or physiological in nature, the 

body responds in much the same way. The brain perceives the stressor and begins a 

signaling cascade which results in the release of glucocorticoids (GC) (Cortisol in humans 

and coticosterone (Cort) in rodents) and catecholamines (epinephrine) from the adrenal 

gland. Catecholamines are released from the adrenal medulla as a result of direct 

sympathetic innervation, while activation of the hypothalamic-pituitary-adrenal (HPA) 

axis results in GC release. The HPA axis is activated when a stressor is perceived, and 

the response begins with the release of corticotropin releasing hormone (CRH) from the 

paraventricular nucleus in the hypothalamus. CRH travels to the anterior pituitary where 

it stimulates the release of adrenocorticotropin hormone (ACTH). The binding of ACTH 

to receptors in the adrenal cortex induces GC synthesis and release. 

The release of stress hormones allows the body to maintain homeostasis during 

times of stress (61). When a stressor arises, the tissues increase their metabolic needs and 

thus the energy demands of the body are elevated. GCs and catecholamines act to supply 

this energy as they liberate energy substrates such as glucose, amino acids, glycerol and 

fatty acids (FA) from the tissues. This catabolic action is the typically accepted role of 

stress hormones. In terms of adipose tissue, it is believed that stress hormones liberate 
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energy substrates through increases in Hpolysis. Although the lipolytic effects of 

catecholamines are well established, the effects of glucocorticoids on Hpolysis is a matter 

of controversy (9, 18, 47, 74). 

2.1.2 Glucocorticoids: 

Cortisol and Cort are the main active GCs secreted by the adrenal cortex in 

humans and rodents, respectively, and their biological effects are thought to be identical. 

Each is synthesized from a cholesterol precursor in the adrenal cortex, and consists of 3 

cyclohexane rings and a pentane ring, but differ by one hydroxyl group. Rodents lack 

17ahydroxylase, an essential enzyme for the conversion of cholesterol to Cortisol, and 

thus are unable to produce Cortisol (34). Upon release from the adrenals, the lipophilic 

GCs circulate bound to cortisol-binding globulin (CBG) or albumin. These plasma 

binding proteins act as a buffer to regulate the amount of free GC in circulation; bound 

GCs are not biologically active. Less than 10% of circulating GC exists in a free form 

and it is this fraction that is biologically active and capable of producing effects (46). 

GCs bind to CBG through covalent bonds that allow for their release when circulating 

free GC levels are reduced, and this helps to maintain constant free GC levels. 

Although GCs are most well known for their effects in the stressed state, it is now 

clear that even in unstressed conditions normal diurnal fluctuations in GCs occur that 

help to maintain regulation over a variety of physiological processes. GC levels are 

elevated in the morning and low in the evening for humans, while they are the opposite in 

nocturnal rodents. These fluctuations are important in the regulation of immune function, 

growth, metabolism and behavior. Normal Cortisol levels are between 5-15.2jj,g/dl (~.15-
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.5uM) in the plasma of healthy patients (32), and healthy rodents have shown normal 

plasma Cort values that peak around 300-1000ng/ml (~l-3uM) (8-11, 20). GC levels 

may be increased for several reasons: elevated stress levels, exogenous GC treatment, or 

due to Cushing's Syndrome. Individuals with this syndrome may also have increased GC 

reactivation within certain tissues (central adipose, liver and muscle), potentiating the 

effects there. 

Considerable evidence over the last 15 years suggests that GC levels within select 

tissue may by quite different than that circulating in the plasma (70). When GCs are 

released, both active and inactive forms of the hormone are sent into circulation. Inactive 

GCs, cortisone in humans and 11-dehydrocorticosterone (11DHC) in rodents, travel 

freely in the plasma (i.e. unbound to carrier proteins), and the tissues possess varying 

levels of activating enzymes that are able to convert between the active and inactive 

forms. Two microsomal enzymes, collectively referred to as the 11 P-hydroxysteroid 

dehydrogenase (lipHSD) system, interconvert receptor-active Cortisol and inert 

cortisone, and Cort and 11DHC. Through intracellular GC amplification or inactivation, 

lipHSD represents an additional regulatory step prior to active GCs binding to their 

intracellular receptors. 11|3-HSD type 1 (11P-HSD1) is found predominantly in the liver, 

brain, skeletal muscle and adipose tissue where it activates inactive cortisone and 

11DHC. This amplifies the amount of active GC in the given tissue, and increases GCs 

actions there. 1 lp-HSD type 2 (11P-HSD2) is found predominantly in the kidney where 

it works to inactivate GCs, potentially acting as a protective mechanism to prevent tissue 

overexposure. Although it is difficult to adequately measure tissue levels of GCs, 
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Masuzaki et al. have suggested that adipose tissue may have GC levels that are at least 

10-15 times that of circulating levels due to the actions of 1 lpHSDl (43). 

2.1.3 Stress Hormones' Mechanisms of Action: 

The mechanisms of action for catecholamines and GCs are quite different. While 

catecholamines have immediate effects of short duration, the effects of GCs may take 6 

hours to appear and last longer (46). Catecholamines have their effects by binding to G-

protein coupled beta-adrenergic receptors on the cell membrane. This binding initiates an 

intracellular signaling cascade and allows for immediate and non-genomic effects. GCs, 

in contrast, are primarily believed to have genomic effects, either activating or repressing 

gene transcription, and these effects are thought to be mediated through the ubiquitously 

located intracellular glucocorticoid receptors (GR) (79). By altering protein expression 

GCs' effects are thought to take time to develop, but will last even when the hormone is 

no longer present (17). It is possible, however, that GCs also have non-genomic effects, 

immediate actions that do not affect gene transcription and may involve changes in 

phosphorylation states of some key signaling molecules (reviewed in (26)). Although 

non-genomic effects have been described in other tissues for a variety of functions they 

are not well understood in adipose tissue, and have not been investigated in regards to 

lipolysis, and thus will be a focus of this thesis work. 

2.1.3.1 The Glucocorticoid Receptor and Traditional Genomic Mechanisms: 

Most of GCs' effects are believed to be genomic, occurring due to alterations in gene 

transcription, and are regulated by the GR (reviewed in (15)). When not bound to its 

ligand, GR exists in the cytoplasm as part of a multi-protein complex that includes heat 
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shock proteins and immunophilins. The GR contains a ligand binding domain as well as 

a DNA binding domain. Upon GC binding, GR undergoes a conformational change and 

dissociates from the protein chaperones before translocating to the nucleus. Once in the 

nucleus, GR binds to the DNA at GC response elements (GRE) and through the 

recruitment of co-activators or co-repressors GR can up regulate or down regulate the 

transcription of target genes. Once GC binds to the GR, this complex binds to the GRE 

immediately (36), however alterations in protein expression take hours to occur. 

Although there has only been one gene for GR discovered, alternate splicing of 

mRNA produces many isoforms of GR with distinct transcriptional activities and 

characteristics (40). Tissues express different proportions of each isoform, and this may 

contribute to tissue specific GC effects (40). More research is needed to gain a better 

understanding of these different isoforms and their functions in each tissue. 

2.1.3.2 Non-Genomic Effects of Glucocorticoids: 

Although genomic effects through the GR remain the primary mechanism for GC action, 

a great deal of evidence now points to the fact that non-genomic mechanisms of action 

may also exist. Non-genomic effects are those that do not involve changes in gene 

transcription. In a review by Haller et al. criteria for classifying an effect as non-genomic 

are described (26). They state that an effect can confidently be described as non-genomic 

if it 1) occurs rapidly (<5min), 2) is insensitive to blockade of the GR and 3) is 

insensitive to inhibition of protein synthesis and gene transcription. Haller et al. also 

review the proposed mechanisms for these non-genomic actions. They suggest that GCs 

may act in several ways and cause effects through interactions with 1) membrane lipids, 
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to alter fluidity of the membrane, 2) membrane proteins, altering the function of ion 

channels and in particular altering Ca transport, or neurotransmission, 3) 

intracytoplasmic proteins, to alter activity of protein kinases, and 4) protein-protein 

interactions that occur when GCs bind to the GR and cause disassociation of proteins 

from the receptor complex (26). It is speculated that upon dissociation, the chaperone 

proteins may undergo protein-protein interactions within the cytosol to stimulate 

signaling cascades (12). It is also thought that the phosphorylation of GR may be 

involved in its non-genomic effects (29). GR mediated, non-genomic effects would be 

sensitive to GR blockade, but would not be affected by the inhibition of transcription (6). 

Haller et al. also suggest that non-genomic effects may be more obvious with high doses 

of GCs or in a stimulated state. 

Non-genomic effects of GCs have not been previously studied in adipocytes with 

regards to lipolysis, however, they have been suggested to occur in other cellular 

functions. For example, GCs are known to affect glucose utilization and transport within 

adipocytes, and previous work by Livingston et al. found that with high doses of 

dexamethasone (25-100 uM), glucose transport was significantly reduced within 1 minute 

of hormone treatment, suggesting that non-genomic actions were mediating the effect 

(39). Indeed, these authors hypothesized that inhibition of glucose transport comes as a 

result of GCs' interactions with plasma membrane lipids, although no evidence was 

provided to substantiate this hypothesis. It has also been suggested that GCs may 

promote adipogenesis through non-genomic mechanisms (73). In this case, GCs effects 

were independent of transcription but involved the GR; inhibition of GR with RU486 
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removed GCs effects, suggesting that non-genomic effects were likely occurring through 

GR associated protein interactions (73). 

2.2 The Stress and Excess Adiposity Link: 

Although stress hormones are traditionally thought of as catabolic and lipolytic in 

nature, they are linked to increases in adipose mass. A recent meta-analysis of 

longitudinal studies has concluded that perceived psychological stress is a significant, 

albeit small, risk factor for excess weight gain in humans (68). The link between GCs 

and excess adiposity is well established clinically, and is clearly demonstrated in 

individuals with Cushing's Syndrome (66) or those on exogenous corticosteroid 

treatment (44). These individuals display increased weight gain, visceral adiposity and 

are at increased risk for developing type 2 Diabetes Mellitus (T2DM). Adipose tissue 

specific increases in GC levels also lead to increased fat accumulation, further suggesting 

that GCs have a role in the development of obesity (13, 43). 

Increasing levels of lipHSDl that produce elevated GC levels in the adipose 

tissue are also linked to obesity. Elevated levels of lipHSDl are found in the adipose 

depots of obese individuals (13, 53), and increasing lipHSDl in a transgenic rodent 

model leads to increases in GC levels and subsequent increases in adipose tissue mass 

(43). It has also been reported that both 1 lpHSDl (4) and GR levels (43, 54) are higher 

in visceral compared to subcutaneous adipose depots, with visceral adipocytes showing a 

greater ability to bind GCs (64). This suggests that GCs have a larger impact in the 

visceral depot (4) and suggests reasons for the site specific adiposity that results in 

individuals with elevated GC levels. 
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Although obvious in the clinical setting, the link between stress hormones and 

adipose accumulation is difficult to understand physiologically as GCs have long been 

accepted as lipolytic hormones (17-19, 37, 65, 74). There are several other ways in 

which adipose accumulation could be increased by GCs. Adipose tissue mass may be 

accumulated by either hypertrophy or hyperplasia. Increased synthesis and storage of 

lipids may occur and cause existing adipocytes to hypertrophy, while hyperplasia may 

occur with increased adipogenesis, the differentiation of preadipocytes into mature 

adipocytes (3). Indeed, adipose stromal cells, preadipocytes, are stimulated to 

differentiate into mature adipocytes by both Cortisol and dexamethasone in a dose 

dependent fashion (27). In fact, it appears that GCs are required to induce the 

differentiation of both human adipose stromal cells as well as 3T3-L1 preadipocytes (27, 

49). An increase in adipogenesis is a likely effect of GCs, but if adipogenesis was the 

sole cause for adiposity, then one would expect that individuals with elevated GC levels 

would have many, small adipocytes due to hyperplasia. In contrast, evaluation of adipose 

morphology in Cushing's patients shows that they have enlarged, hypertrophic 

adipocytes (55), and the same occurs in rodents treated with exogenous GCs (56). 

Therefore, GCs must also stimulate hypertrophy, through either increased synthesis and 

storage or decreased breakdown, in addition to hyperplasia. 

GCs may promote hypertrophy of the adipocytes in several ways. Research has 

shown that elevated HPA activity and GC levels tend to increase food intake (67), with a 

greater number of calories coming from high fat, sweet foods (16). This would increase 

the amount of circulating triglycerides and FAs available for uptake into the adipose 
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tissue. GCs may also increase the availability of FAs for adipose uptake by increasing 

the activity of lipoprotein lipase, the enzyme responsible for the breakdown of circulating 

triglycerides. GCs do increase the activity of LPL (2, 23, 48) which would suggest that 

there would be increased FA uptake and storage in adipocytes. How GCs affect lipid 

storage is less well known, but it appears they may increase lipogenesis (45, 69, 71), but 

decrease FA re-esterification (30). If GCs do posses strong lipolytic effects they would 

be expected to oppose these increases in fat uptake, and limit adipose accumulation. 

Anti-lipolytic effects on the other hand would promote hypertrophy. The following 

sections will summarize the conflicting effects, and proposed mechanisms of action, of 

GCs on lipolysis. 

2.3 Lipolysis: 

2.3.1 Lipase Enzymes: 

Lipolysis, the break down of stored lipids, is governed by the lipase enzymes that 

control the stepwise breakdown of triglycerides (Fig 1). Lipids are stored in the adipose 

tissue as triacylglycerol (TAG), also referred to as triglycerides, and are composed of 3 

fatty acids attached to a glycerol backbone. Lipases break down TAGs resulting in the 

liberation of FAs and the glycerol molecule. With the removal of one FA, TAGs are 

converted to the lipid intermediate diacylglycerol and with the removal of two FAs 

become monoacylglycerol. Adipose triglyceride lipase (ATGL) is predominantly 

responsible for the conversion of TAGs to diacylglycerol and the release of one FA. 

Hormone sensitive lipase (HSL) is also capable of breaking down TAGs to 
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diacylglycerol, but to a lesser extent than ATGL, and is the main lipase involved in the 

conversion of diacylglycerol to monoacylglycerol. In the basal state, HSL is found in the 

cytoplasm and has little lipolytic activity. In the stimulated state however, HSL 

translocates to the lipid droplet and is able to have a great impact on lipolysis (the details 

of stimulated lipolysis will be discussed further below). Monoacylglycerol lipase is 

involved in the final stage of lipolysis and is responsible for the breakdown of 

monoacylglycerol to glycerol and the third FA. Liberated FA can be released from the 

adipocyte or re-esterified into triglycerides for storage. Glycerol however, must be 

released as adipocytes do not contain glycerol kinase, an enzyme necessary to 

phosphorylate and trap it within the cell. Monitoring the amount of glycerol released 

provides an effective means to monitor lipolysis. 
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Triacylglycerol 
(TAG) 

Adipose Triglyceride Lipase 

Diacylglycerol 
(DAG) 

FA 

Hormone Sensitive Lipase 

Monoacylglycerol 
MonoacylglyceroJ_^ Lipase (MGL) 

(MAG) 

FA 
Glycerol 

FA I 
Figure 1: Lipolysis - The stepwise breakdown of lipids by the lipase enzymes 
The breakdown of TAGs during lipolysis. The lipase enzymes ATGL, HSL, and 
monoacylglycerol lipase are responsible for the stepwise breakdown of TAG and the 
liberation of FAs and glycerol. 
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2.3.2 ̂ -Adrenergic Stimulated Lipolysis: 

There are several upstream regulators of lipolysis that can affect the efficiency of 

the lipase enzymes (Fig 2). One of the better defined pathways regulating lipolysis is the 

B-adrenergic pathway. Catecholamines are strong stimulators of the B-adrenergic 

pathway, and it is through this upstream regulatory pathway that they increase lipolysis in 

a dramatic fashion. These B-adrenergic effects on lipolysis occur quickly and allow for a 

large increase in lipolysis in a short amount of time. Their stimulatory effect is stronger 

in the visceral adipose tissue than in the subcutaneous (57). Catecholamines bind to B-

adrenergic receptors and initiate a signaling cascade that increases the activity of adenyl 

cyclase and results in increased cyclic AMP (cAMP) levels. cAMP then activates protein 

kinase A (PKA) which phosphorylates downstream targets. PKA phosphorylates HSL on 

Ser659, Ser660, and Ser563, allowing it to translocate to the lipid droplet and initiate its 

lipase activity (Fig 3) (42). In the basal state, HSL is phosphorylated on Ser565 and has 

little lipolytic activity. It appears that upon stimulation, HSL is first phosphorylated on 

Ser660, allowing translocation to the lipid droplet to occur (42). Following translocation, 

HSL is dephosphorylated at Ser565, and is phosphorylated at Ser563; these two sites 

cannot be phosphorylated simultaneously (42). PKA also phosphorylates perilipin, a 

protein that is associated with the lipid droplet in the basal state and impedes lipase 

access and activity. The expression of perilipin protein is necessary to allow the 

translocation of HSL, and with phosphorylation of perilipin HSL's lipolytic activity is 

enhanced (62). It is also suspected that the phosphorylation of perilipin allows for the 
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release of comparative gene identification 58 (CGI-58), a protein that may then associate 

with ATGL and increase its lipolytic activity (77,60). 

The B-adrenergic pathway can be inhibited at several stages, to cause decreases in 

lipolysis. Insulin is one such anabolic hormone that inhibits lipolysis through the 

activation of phosphodiesterase (PDE). PDE decreases lipase activity through the 

hydrolysis of cAMP. There are many isoforms of PDE, but PDE3B is the predominant 

isoform associated with lipolysis in adipocytes due to its high affinity for cAMP (41). 

PDE3B is activated as a result of phosphorylation of the Ser302 residue (52). By binding 

to the insulin receptor, insulin begins a cascade of events that results in the activation of 

phosphatidylinositol 3-kinase (PI3-K) and protein kinase B (PKB/Akt) which ultimately 

phosphorylate and activate PDE3B and lead to decreases in lipolysis (51, 72). 
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catecholamines 

PDE3B < PKB < — PI3-K 

pAMPK' 

t AMP:ATP reesterifi cation 

glycerol 

Figure 2: Regulators of lipase activity 
There are many upstream regulators that function to stimulate or inhibit lipolysis by 
altering the activity of the lipase enzymes. Catecholamines stimulate lipolysis through 
cAMP and PKA-dependent mechanisms. PKA activation results in the stimulatory 
phosphorylation of HSL on Ser660 and Ser563 and the dephosphorylation of inhibitory 
Ser565. PKA also phosphorylates perilipins, further increasing HSL's lipolytic activity. 
Phosphorylation of perilipin also promotes the disassociation of comparative gene 
identification 58, allowing it to associate with ATGL and increase lipase activity. ERK is 
also capable of stimulating lipolytic activity by phosphorylating HSL on Ser600. With 
elevated lipase activity, there is an increase in the breakdown of TAG and the release of 
glycerol and FAs. Insulin inhibits this lipolytic pathway by activating PDE3B, and thus 
hydrolyzing cAMP and reducing the activation of PKA. AMPK is also able to inhibit 
lipolysis by inhibiting stimulatory phosphorylation of HSL. AMPK is activated 
following increased lipolysis and FA re-esterification to reduce futile FA cycling. 
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2.3.3 AMPKs Role in the Regulation of Lipolysis: 

The B-adrenergic pathway can also be inhibited further downstream by AMPK's 

inhibition of HSL's lipolytic activity (1). This inhibition acts as a negative feedback 

mechanism to reduce the costly and futile cycling of FA release and re-esterification that 

occurs with elevated lipolysis. Acute increases in AMPK cause decreases in lipolysis as 

a result of differential HSL phosphorylation (1). As mentioned above, stimulated 

lipolysis involves the phosphorylation of HSL at Ser660 and Ser563, and the 

dephosphorylation of the inhibitory site Ser565 (14, 42). In the short term, elevations in 

AMPK activity lead to increases in pHSLser565, and decreases in pHSLser660 and pHSLser 

563 causing decreased activity of HSL and reduced hydrolysis of lipids (1) (Fig 3). 

AMPK is activated by phosphorylation on the Thrl72 residue in response to increased 

lipolysis which is most likely an indirect result from an increased AMP:ATP ratio that 

follows the reesterification of lipids (24). This would suggest a negative feedback 

mechanism to reduce the energy demands of unnecessary lipolysis. 

2.3.4 Mitogen Activated Protein Kinase Stimulated Lipolysis: 

Although fl-Adrenergic stimulation via PKA is the most well known pathway for 

stimulated lipolysis, evidence also suggests a role for mitogen activated protein kinases 

(MAPK). Increased activation of the MAP kinases, ERK-1/2, may occur through a 

cAMP dependent mechanism (38, 63) and this activation may account for a portion of 13-

Adrenergic stimulated lipolysis. ERK is able to increase the lipolytic activity of HSL by 

phosphorylating the Ser600 residue, an additional stimulatory site (25) (Fig 3). Although 

ERK's activation of HSL is sufficient to increase lipolysis, this increase is small in 
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comparison to that of PKA activation. This is likely due to the fact that ERK does not 

have the ability to concurrently phosphorylate perilipin, and thus limits HSL's lipolytic 

activity (22). Due to ERKs ability to stimulate lipolysis similarly to the classic B-

Adrenergic stimulation, it's involvement in GC stimulated lipolysis is of interest. 

Figure 3: Phosphorylation of HSL by upstream regulators 
HSL is phosphorylated on several serine residues by its upstream regulators. AMPK 
stimulates the phosphorylation of Ser565 to inhibit stimulatory phosphorylation of 
Ser563. ERK stimulates activity by phosphorylating HSL on Ser600, while PKA 
stimulates phosphorylation of Ser563, Ser659 and Ser660 to increase lipolytic activity. 

2.4 Glucocorticoids and Lipolysis: 

2.4.1 Contradictions within the Literature: 

As discussed above, GCs have been traditionally believed to be catabolic 

hormones that increase lipolytic rates in order to provide energy substrates during times 

of stress. Therefore, much of the literature has focused on the lipolytic effects of GCs. 

Previously it was thought that GCs could potentiate the lipolytic effects of other 

hormones, such as catecholamines or growth hormone, but had little effect on their own 

(37). More recently, however, GCs have been shown to directly stimulate lipolysis in 
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adipocytes, although the time required for this effect appears to be a major determining 

factor (74). Although much of the literature has focused on the lipolytic effects, 

inhibitory effects of lipolysis have also been found in response to GC exposure (8, 9, 47, 

58). Indeed, previous work in our lab suggests that GCs can have both a stimulatory and 

inhibitory effect, depending on the dose and duration of exposure (8, 9). 

Some of the contradictory findings may result from the varied models used to study the 

effects of GCs on adipocytes. A summary of the models and findings can be found in 

Table 1. The dose and duration of GC exposure, type of GC (synthetic or natural), along 

with type of adipocyte (primary adipocyte, cell line etc) used, appear to have differential 

effects on lipolytic activity. GCs effects on adipocytes are commonly studied in in vitro 

models using either primary adipocytes taken from visceral (Lamberts et al., 1975; Xu et 

al., 2009) or subcutaneous (Fain et al., 1971; Ottosson et al., 2000) depots of humans and 

rodents, or in 3T3-L1 differentiated adipocytes (8, 9). Many studies have used the 

synthetic GC, dexamethasone, in their treatments rather than the physiologically active 

Cortisol and Cort. Dexamethasone acts by binding to GR as Cortisol and Cort do, 

however it is more potent and could have some differential effects. Hence, studies using 

Cortisol and Cort are of more physiological relevance and are lacking within the 

literature. 
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Table 1: Studies investigating the effects of GCs on lipolysis. 

Reference 

Fain et al. 
(18) 

Fain et al. 
(17) 

Lamberts 
et al. (37) 

Samra et 
al. (58) 

Ottosson et 
al. (47) 

Xu et al. 
(74) 

Campbell 
et al. (9) 

Adipose 
Model 

Isolated 
parametrial 
adipocytes 
-rats 
Isolated 
parametrial 
adipocytes 
-rat 
Isolated 
epididymal 
adipocytes 
-rat 
In vivo 
Human 

Isolated 
subcutaneo 
us 
abdominal 
adipocytes 
- human 
Isolated 
epididymal 
adipocytes 
-rat 

3T3-L1 
adipocytes 

Dose/type GC 

Dexamethasone 
0.016ug/ml 
(0.04uM) 

Dexamethasone 
0. lug/ml 
(2.5uM) 

Dexamethasone 
O.lug/ml 
(2.5uM) 

Hydrocortisone 
1.5uM 

Hydrocortisone 
luM 

Dexamethasone 
0.1 uM 

Corticosterone 
luM 

lOOuM 

Time 

4 hours 

4 hours 

4 hour 

Acute 
IV 
infusion 

3 days 

24 hours 

48 hours 

48 hours 

Lipolysis 

tFFA release 
<-*• glycerol 
release 

<-»• glycerol 

<-> glycerol 

t overall 
NEFA release 
jNEFA 
veno-arterial 
difference in 
abdominal 
I basal 
lipolysis 
IP-
adrenergic 
stimulated 
lipolysis 
tFFA release 
after 4 hours 
t glycerol 
release after 
16 hours 

t glycerol 
release 

| glycerol 
release 

Suggested 
Mechanisms 

Altered 
transcription 

<-+cAMP 

<M-CAMP 

t LPL activity 
t peripheral 
lipase activity 
i visceral lipase 
activity 

^production or 
telimination of 
cAMP 

tHSL and ATGL 
transcription 
tPDE3B 
expression 
tcAMP and 
PKA activity 
tperilipin and 
HSL 
phosphorylation 

tHSL and ATGL 
transcription 

IcAMP activity 
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2.4.2 Genomic Effects of Glucocorticoids Result in Increased Lipolysis: 

As mentioned previously, the majority of research has focused on the mechanisms 

of increased lipolysis, either by GCs direct stimulation of adipocytes or by potentiating 

the effects of other hormones (45, 69, 71). GCs effects may be genomic, long term 

effects that result from altering gene transcription, or may be non-genomic, immediate 

actions that do not affect transcription and may involve changes in phosphorylation 

states. The normally understood role of GCs involves genomic effects; GCs bind to the 

GR and alter gene transcription. That being the case, it is suspected that GCs function 

through the upregulation or downregulation of proteins along the lipolytic pathway or by 

regulating the transcription of lipases themselves. Much of the literature agrees that GCs 

increase lipolysis in mature adipocytes as a result of increased transcription and 

expression of the lipase proteins ATGL and HSL (8, 9, 19, 65, 74) . These increases are 

typically seen when a low dose of GC (<luM) is given for a duration of several hours (4-

48hrs) (9, 74). Due to the time it takes for transcription and protein expression to occur, 

these effects are not seen immediately and it takes hours for lipolysis to be increased (17, 

65). 

An early study by Fain et al., utilizing dexamethasone, was unable to find changes 

in lipolysis with dexamethasone alone, but found that adipocytes incubated with 

dexamethasone, in the presence of growth hormone (GH), had increases in lipolysis after 

a lag period of 1-2 hours (17). This lag period is in contrast to the rapid increase in 

lipolysis seen with catecholamines through the P-adrenergic pathway. It became clear 
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that these effects were occurring due to changes in protein synthesis as the use of RNA 

and protein synthesis inhibitors decreased lipolysis. About 90% of RNA synthesis 

stimulated by GH and dexamethasone is completed after 2 hours of incubation (19) 

suggesting that short term exposure can affect lipolytic rates due to transcription 

regulation, however these effects will not be seen immediately. 

Longer exposure (24-48hours) of adipocytes to GCs alone can directly increase 

lipolysis through changes in protein expression. Xu et al. found that FA release was 

increased from adipocytes treated with dexamethasone after a lag period of 4-6 hours, 

with maximal FA release occurring after 32 hours of incubation (74). This increase was 

accompanied by increased transcription of the lipases HSL and ATGL (74). Moreover, 

ATGL and HSL protein expression was also increased in the adipose tissue of rats treated 

with dexamethasone (74). Similar to this, Campbell et al. found increased mRNA 

expression of both ATGL and HSL and increased protein expression of ATGL in 3T3 

adipocytes treated with Cort for 48 hours, with corresponding increases in lipolysis (9). 

These studies suggest that GCs, both dexamethasone and Cort, are able to stimulate 

lipolysis by upregulating transcription and expression of lipases with long term 

incubation. Changes in protein expression take time to occur; hence we would not expect 

to see changes in lipolysis immediately with the addition of GCs, if this is the only 

mechanism of action. 

2.4.3 Glucocorticoids' Effects on the ̂ -adrenergic Lipolytic Pathway: 
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GCs' effects on the B-adrenergic pathway have also been studied, albeit to a 

limited extent, to determine if they can affect lipase activity and have acute immediate 

effects on lipolysis similar to what is observed with catecholamine exposure. Although 

several research groups have investigated this pathway (9, 19, 74), contradictory findings 

have been reported and no clear consensus exists. In addition, any changes to this 

pathway have been attributed to changes in the protein expression of upstream regulators 

with long term GC treatment, rather than to acute non-genomic actions. 

As cAMP is the main regulator of the P-adrenergic stimulated lipolysis pathway it 

is often the first target of investigation. Increases in cAMP levels with GC treatment 

would suggest a mechanism for increased lipolysis, however, few studies have seen this 

to be the case. Although there is evidence that GCs decrease PKB and PDE expression 

and activity (5), and would thus be expected to cause increases in cAMP levels, such 

increases are not often found with GC treatment alone (17, 37). In one case, primary 

adipocytes treated with dexamethasone in vitro did produce an increase in cAMP levels 

(74). These increases in cAMP concentrations were associated with decreases in PDE 

protein expression, as well as increased PKA activity. As would be expected with 

increases in PKA, these authors observed increased phosphorylation of HSL and 

perilipin. A surprising finding, however, was that this phosphorylation did not promote 

the translocation of HSL to the lipid droplet, as would be expected to occur with P-

adrenergic agonists and with increased lipolysis. Thus, the mechanisms of how GCs 

might stimulate the p-adrenergic pathways to promote lipolysis are still not clearly 

defined. 
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2.4.4 Glucocorticoids' Anti-Lipolytic Effects: 

Adding to the uncertainty of lipolytic mechanisms is evidence that GCs may also 

have an antilipolytic role (7-9, 47, 58). Treating 3T3-L1 adipocytes with Cort at levels 

that would be found in the plasma (<luM) for 24-48 hours does produce increases in 

lipolysis as previously demonstrated, however if Cort is removed from the media 

following the 48 hour incubation period, lipolysis levels increase further during a one 

hour basal period. If Cort concentrations are increased beyond luM, to levels that may 

be present in the tissue due to the actions of lipHSDl, decreases in lipolysis are 

observed after 48 hours (9). When these high doses of Cort are removed from the media, 

increases in lipolysis are observed as with the lower doses. These results suggest that 

Cort is able to upregulate the expression of lipases and proteins along the lipolytic 

pathway, and these are the effects that remain after the removal of the hormone. 

However, if Cort is present, its effects may be inhibitory. Very little research has 

investigated this potential antilipolytic effect of GCs, but is important when considering 

GC induced adipose accumulation. 

An in vivo study looking at FA efflux from subcutaneous abdominal adipose 

tissue found similar decreases in lipolytic rate when subjects were given elevated levels 

of GCs (58). Although total arterial levels of FA are increased with treatment, the 

adipose venous FA levels are decreased compared to controls suggesting decreased 

lipolysis in the abdominal adipose tissue. These authors hypothesize that LPL activity 

and potential increases in lipolysis in the peripheral tissue may account for the overall 
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increase in FA while there are site specific decreases in lipolysis in the abdominal region. 

It is also possible that site specific increases in FA uptake are occurring, however, as 

suggested previously, it is believed that GCs reduce re-esterification and thus would limit 

re-uptake (21, 30). Similar decreases in lipolysis were also found when abdominal 

subcutaneous adipose tissue was cultured, treated with Cortisol for 3 days, and then 

allowed to undergo basal or stimulated lipolysis (47). It was speculated by the authors 

that GCs were able to either decrease the production of, or increase the elimination of, 

cAMP in order to produce this response, although measurements of cAMP levels were 

not conducted in that study. Decreases in lipolysis, particularly in specific adipose depots 

may contribute to excess adipose accumulation. Greater investigation is needed on this 

topic however as mechanisms of action are not clearly defined and it contradicts the 

traditionally accepted lipolytic role of GCs. 

2.4.5 Possible Non-genomic effects on lipolysis: 

With regards to lipolysis, non-genomic effects have not been previously explored. 

There are several ways that the previously mentioned non-genomic mechanisms of action 

could affect lipolysis. Through interaction with the plasma membrane or membrane 

proteins, GCs may alter membrane permeability and ion transport and alter the levels of 

intracellular Ca2+ (26). Increased intracellular Ca + levels have been shown to inhibit 

both basal and stimulated lipolysis (78), and suggest that GC interactions with membrane 

bound proteins and altered Ca2+ transport could affect lipolysis. It is suspected that 

increased Ca2+ levels reduce lipolysis due to increased PDE transcription and thus 
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reduced cAMP levels and PKA activity (28). Previous research has linked pre

incubation of GCs with increased intracellular Ca2+ levels, however, with this increase a 

9-1-

concomitant increase in lipolysis was observed (33). This link between Ca , GCs and 

lipolysis is not well established. 

GC interactions with cytoplasmic proteins are of considerable interest as many 

proteins that may be non-genomically regulated by GCs are directly linked to lipolysis; 

GCs have been shown to alter the phosphorylation of MAPK and protein kinases (26). 

As mentioned previously, both MAPK and PKA are able to phosphorylate HSL to 

increase lipolytic activity, and thus this may be a potential mechanism for lipolytic 

control by GCs. It has been suggested that GCs inhibit the activation of ERK-1/2 

genomically by increasing the expression MAPK phosphatase-1 (MPK-1), and by 

decreasing proteasomal degradation of MPK-1 (31). Decreased ERK-1/2 activation is a 

potential mechanism by which GCs could reduce lipolysis, however since they involve 

changes in protein expression they may take time to arise. On the other hand, non-

genomic increases in ERK1/2 phosphorylation with GC treatment have also been 

observed in other tissues, and could suggest a mechanism for GC induced lipolysis (59). 

How interactions between GCs and membrane lipids, or the GR protein complex 

itself, may affect lipolysis is not known, but these interactions may have potential effects 

on lipolysis as well. Non-genomic mechanisms of GCs are not well understood in 

regards to adipocyte and lipolysis, however it seems that they may play a role in acute 

effects of GCs. 

2.5 Summary: 
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Acute increases in catecholamines and GCs during the fight or flight response are 

essential to maintain homeostasis during the stressor. While this is an adaptive and 

necessary response, chronic stress can be maladaptive and is linked to increases in 

obesity and metabolic diseases. Research points to elevated GC levels as the cause of 

this adipose accumulation. GCs appear able to affect lipid metabolism within these 

adipocytes directly, although the mechanisms by which this occurs are unclear. It is also 

possible that there are differential effects on the adipocytes depending on the level of GC 

present and the duration of exposure. Evidence suggests that GCs are able to upregulate 

the expression of lipase enzymes, such as ATGL and HSL, to increase lipolysis, while 

other studies suggest that when GCs are present in high amounts within the tissue they 

may inhibit lipolysis and increase lipid accumulation. It may be that GCs have both 

genomic and non-genomic effects that cause differential acute and long term results. It 

seems likely that all mechanisms exist, but some may play larger roles than others, 

depending on the adipose depot in question and the level and duration of exposure. 

Understanding adipose tissue metabolism has become vital to dealing with the obesity 

epidemic, and the treatment and prevention of obesity related diseases such as T2DM. 
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BATIQNALE AND OBJECTIVES 

Rationale: 

A recent study in our lab has observed that Cort has dual effects in adipocytes, promoting 

increases in lipolysis with Cort exposure for 48 hrs, but also having acute inhibitory 

effects. It is the goal of this thesis work to further explore the inhibitory effects of Cort 

on adipocyte lipolysis, and to determine potential mechanisms of action for altered 

lipolytic rate. 

Objectives: 

We wish to assess the acute effects of Cort on adipocyte lipolysis by studying short term 

exposure (0-4 hours), and to assess the effects of Cort in combination with known 

lipolytic stimulants, such as isoproterenol. We will investigate the activation of HSL, as 

well as upstream regulators of stimulated lipolysis, cAMP and PKA, to determine Cort's 

mechanisms of actions. 

Hypothesis: 

We hypothesize that Cort will act through non-genomic mechanisms to reduce lipase 

activity and lipolysis, in both the basal and stimulated state, in 3T3-L1 adipocytes. We 

believe that these effects will be similar in visceral adipose tissue, suggesting possible 

reasons for GC induced increases in adipose accumulation in this depot. 
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Introduction: 

Stress hormones (i.e. catecholamines, glucocorticoids) are thought to be key 

regulators of lipid metabolism within adipocytes, mobilizing fuel for the fight or flight 

response. While catecholamines are well established regulators of lipolysis, liberating 

fatty acids and glycerol via increases in lipase activity, the effects of glucocorticoids 

(GC) on lipolysis is much more controversial. GCs have long been cited to increase 

lipolysis within isolated adipocytes, through changes in protein expression (7, 9, 18, 74). 

However, clinically the opposite appears true, since elevations in both endogenous and 

exogenous GCs are associated with elevations in adipose accumulation and central 

obesity (56). The mechanisms for the paradoxical catabolic and anabolic actions of GCs 

are unknown, however, lipid accumulation and adipocyte hypertrophy could occur due to 

an increase in uptake and storage of fatty acids, or due to a decrease in lipolysis. 

Although much evidence has been provided to support GCs lipolytic effects, there is also 

evidence for anti-lipolytic effects that would favour lipid storage (47, 58). Our study 

investigates these potential anti-lipolytic effects of GCs. 

Lipids are stored within adipocytes in the form of triacylglycerol (TAG). 

Lipolysis, the stepwise hydrolysis of stored TAG, is governed by the lipase enzymes, 

primarily ATGL and HSL (60). The rate of lipolysis may be increased or decreased by 

altering the expression of the main lipase proteins, or altering their activity through 

upstream regulators; mainly, via increases in cAMP and subsequent activation of protein 

kinase A (PKA). HSL is the lipase most known for direct hormonal stimulation, with 

PKA induced phsophorylation of HSL on Ser660, Ser659 and Ser563, and 
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dephosphorylation of Ser565 stimulating translocation to the lipid droplet and lipolytic 

activity (42). PKA also directly phosphorylates perilipin, a protein associated with the 

lipid droplet, which further increases HSL's lipolytic activity (62). Through the 

phosphorylation of perilipin, PKA can also indirectly activate ATGL as it allows perilipin 

to release comparative gene identification 58 (CGI-58), a protein that may then associate 

with ATGL and increase its lipolytic activity (60, 77). AMPK and MAPK are also able 

to affect the activity of HSL by increasing phosphorylation at Ser565 and Ser600 

respectively 

The traditional mechanism for GC action is genomic in nature; GCs bind to the 

glucocorticoid receptor (GR) and subsequently alter the transcription of target genes. 

Previous research suggests that GCs stimulate lipolysis in a genomic fashion, through 

increased expression of both ATGL and HSL with long term treatment; however 

investigation of the effects on cAMP and PKA activity has produced conflicting results 

(9, 19, 47, 74), and suggests that other mechanisms of action may also exist. Recent 

work in our lab suggests that corticosterone (Cort), the naturally occurring GC in rodents, 

plays a dual role, with long term, genomic effects that increase lipase expression and 

lipolysis, as well as acute inhibitory effects that may contribute to adipose accumulation 

(9). 

Our current study investigates these acute antilipolytic effects in greater detail and 

works to clarify mechanisms of GC induced adiposity with the use of an in vitro model. 

Acute Cort exposure produces antilipolytic effects that lead to reductions in both basal 

and stimulated lipolysis in isolated adipocytes. These effects are non-genomic and occur 
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through reductions in PKA activity and resultant reductions in HSL and perilipin 

stimulatory phosphorylation. Such inhibitory effects would favour lipid accumulation 

and thus point to mechanisms for GC induced adiposity. 

Methods: 

3T3-L1 Adipocytes: 

3T3-L1 fibroblasts (ATCC, Manassas, Virginia; lot #58432133) were 

differentiated as previously described (9). In brief, fibroblasts were seeded in 6 well 

plates and maintained in high glucose Dulbecco's Modified Eagle Medium (DMEM; 

Wisent, St. Bruno, Quebec, cat #319005CL) that was supplemented with 10% fetal 

bovine serum (FBS; Wisent, cat #080150), DMEM-FBS. Two days post-confluence 

fibroblasts were treated with DMEM-FBS containing 500uM isobutylmethyxanthine 

(IBMX; Sigma, Oakville, Ontario cat #17018), 500nM dexamethasone (Sigma cat 

#D4902), and 200pM insulin (Humalog, Lilly, Toronto, Ontario cat#VL-7516) to induce 

differentiation, and were maintained in this media for 6 days. Cells were then placed in 

DMEM-FBS containing 200pM insulin for 2 days. Prior to experimentation, cells were 

maintained in DMEM-FBS for 48 hours. Plates were kept in an incubator at 37°C with 

5% CO2, and the media was changed every 48 hours. All media also contained 1% 

Antibiotic/Antimycotic solution (Wisent cat#450-l 15-EL). 

Adipose Tissue Organ Culture (ATOC): 

250 mg of visceral (epididymal) adipose tissue was harvested from Sprague-Dawley rats 

(Charles River, Montreal, Quebec), minced into 5mg pieces, and cultured in 7.5ml of 

Medium 199 (Sigma cat #M4530) supplemented with 500uM dexamethasone and 200pM 
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insulin and 1% antibiotic/antimycotic. After 24 hours, media was switched to Ml 99 

supplemented with 1% antibiotic/antimycotic and 3.5% bovine serum albumin (BSA; 

Bioshop, Burlington, Ontario cat #ALB001). Tissue was incubated in this media for 1 

hour to establish control conditions, after which time 100 uM of Cort was added. 

Lipolysis: 

Following differentiation, 3T3-L1 adipocytes were treated with Cort alone, or in 

combination with known stimulators of lipolysis or inhibitors of GC action. In each case, 

glycerol release was used as the main marker of lipolysis. Media was sampled at 

baseline, during and/or following treatment and glycerol was measured with the use of a 

commercially available kit (Sigma, Cat#FG0100). Fatty acid, non-esterified fatty acid 

(NEFA), release was also measured with the use of a commercially available kit (Wako, 

Richmond, Virgina, cat#999-34691). Cort (Sigma cat #C2505), RU486 (mifepristone; 

Sigma cat#M8046), actinomycin D (Sigma cat#A9415), and forskolin (Sigma cat#F3917) 

were dissolved in dimethyl sulfoxide (DMSO), and isoproterenol (Sigma cat#I2760) was 

dissolved in H2O, prior to use. To assess the effects of Cort alone, Cort was added to 

phenol free DMEM, supplemented with 3.5% FBS, to produce the given concentrations. 

First, the long term effects of Cort were investigated. Adipocytes were treated with 

DMEM containing lOOuM Cort for 48 hours. Glycerol release was also monitored 

during a 1 hour basal period (without the presence of Cort or P-adrenergic stimulants in 

the media) following the 48hr Cort treatment; media was removed, cells were washed 

once in warm PBS, then maintained in DMEM containing 3.5% FBS. Similar 

experiments were conducted to monitor short term effects with 4 hours of Cort treatment 
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followed by a period of basal lipolysis. To determine the dose dependent effects, 

adipocytes were incubated in DMEM containing 0, 1, 10, 50 and 100 uM Cort for 30 

minutes. Dexamethasone was also substituted for Cort to compare the effects of the 

synthetic glucocorticoid over the short term. We chose a dose of 0.1 uM dexamethasone 

as this has been shown to have equivalent lipolytic effects as 1 uM Cort with 24 hours of 

exposure (74), and 100 uM dexamethasone to assess effects at higher doses. In order to 

determine whether short term effects were happening through the GC receptor (GR), 

adipocytes were co-incubated with Cort in DMEM as described above, along with 10 uM 

of RU486, a GR inhibitor. Adipocytes were treated with luM actinomycin D, a 

transcription inhibitor, in combination with Cort to determine whether these acute effects 

involved gene transcription. 

To further assess the inhibitory effects of Cort and its involvement in the |3-

adrenergic pathway, adipocytes were first stimulated with lOOnM isoproterenol in Krebs 

Ringer buffer (125mM NaCL, 4.7mM KC1, 1.2 MgS04, 2.5mM CaCl2, ImM KH2P04, 

25mM Hepes, 5mM D-glucose) supplemented with 3.5% BSA, for 30 minutes to 

increase lipolysis, and then Cort was added to the media at the given concentrations. 

Cort's effects were monitored below the level of the P-adrenergic receptor by initially 

stimulating lipolysis with luM of forskolin, an adenyl cyclase agonist, in Krebs Ringer 

buffer with 3.5% BSA, and then Cort was added to the media. 

cAMP Assay: 

Following treatment, media was removed and 271ul of 0.1 M HC1 was added to 

each well of the 6 well plate. Adipocytes were incubated in HC1 for 10 minutes at room 
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temperature. Cells were then scraped and centrifuged for 10 min at 14,000 x g. The 

pellet was discarded and supernatant was collected and frozen. Samples of the 

supernatant were diluted 5 fold and cAMP was measured in the whole cell lysate with the 

use of a commercially available EIA kit (Cayman Chemicals, Ann Arbor, Michigan, 

cat#581001). Protein concentrations were measured using the Bradford method and 

cAMP values are expressed as pmol of cAMP per gram protein. 

Protein Expression: 

Following treatment, cells were lysed in adipose lysis buffer (150mM NaCL, 

20mM Tris, 2mM EDTA, 0.5% triton, supplemented with protease inhibitor cocktail 

(Sigma cat#P8340) and phosphatase inhibitor 2 cocktail (Sigma cat#5726)), scraped from 

the plate, sonicated for 20 sec, and centrifuged at 14,000 x g for 10 min at 4°C. Protein 

concentrations were determined by the Bradford method for each sample. Equal amounts 

of protein were separated with SDS-PAGE (8 or 10% polyacrylamide gel), then 

transferred to a PVDF membrane. 5% BSA was used to block the membrane for 1 hour 

at room temperature, followed by an overnight incubation in the following primary 

antibodies at 4°C: total HSL, pHSLSer565, pHSLser 563 and pHSLsert>6° (Cell Signaling, 

Danvers, Massachusetts, cat#4107, 4137, 4139, 4126), total and pAMPK (Cell Signaling, 

cat#2793, 2531) as well as total and phosphorylated ERK 1/2 (Cell Signaling cat #4695, 

4370) were measured to determine their activation. The use of a phospho-PKA substrate 

antibody (RRXS*/T*; Cell Signaling cat#9624) allowed for the measurement of PKA 

activity. This same antibody was used to measure perilipin phosphorylation, utilizing the 

band that appears at 62kDa and corresponds to the molecular weight of perilipin. Total 
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perilipin protein was also measured (Cell Signaling cat#9349). The membrane was then 

incubated in the appropriate secondary antibody in 2.5% BSA for 1 hour at room 

temperature. Blots were visualized with chemiluminescence (GE Healthcare, Bai d'Urfe, 

QC) with the use of the Carestream imaging system. Relative band intensity was 

corrected for loading using GAPDH (Abeam, Cambridge, MA cat#9484) or a-tubulin 

(Abeam cat#7291) as loading controls, and set relative to the control for each 6 well 

plate. Band intensity was measured with the use of the Carestream Molecular Imaging 

software. 

Statistical Analysis: 

Data are expressed as mean + SEM. For each experiment the appropriate one

way or two-way ANOVA, or t-test was performed to compare differences between 

groups. When significant, a Fisher post hoc was used to determine specific differences. 

Statistica 6.0 software was used for all analysis. 

RESULTS: 

Cort acutely reduces lipolysis, effects that are non-genomic and are not mediated by the 

glucocorticoid receptor: In order to measure the effects of Cort on lipolysis, we 

monitored glycerol release from adipocytes and whole adipose tissue in the presence of 

Cort for 0-4 or 48 hours, and following the removal of Cort from the treatment media. 

As we have previously reported (9), long term (48hr) exposure of 3T3-L1 adipocytes 

with lOOuM of Cort inhibits the release of glycerol by 30% (p<0.05) (Fig 1A). With the 

removal of Cort from the treatment media, basal glycerol release was elevated above 

levels of control (p<0.05) (Fig 1 A). This suggests that while present Cort produces an 
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inhibitory effect that is acute in nature and easily reversible. To focus on the acute 

effects, adipocytes were treated with Cort for 0-4 hours. Adipocytes treated with lOOuM 

Cort produced an immediate decrease in glycerol release which persisted throughout the 

4 hour treatment, however with the removal of Cort, basal glycerol release was 

immediately normalized to levels of controls (Fig IB). The inhibition of glycerol release 

is dose dependent with significant decreases seen with low and high doses of Cort with 

30 minutes of exposure (FiglC). NEFA release is also reduced with the addition of Cort: 

lOOuM Cort produced a 10% decrease in NEFA release (p<0.05; Appendix Fig 1A). 

Epididymal adipose tissue behaved similarly to 3T3-L1 adipocytes: incubation in lOOuM 

Cort for 2 hours produced a 30% decrease in glycerol release (p<0.05; Fig ID). 

Dexamethasone, a synthetic GC commonly used in experiments to study various GC 

actions, did not produce significant decreases in glycerol release with 30 minutes of 

exposure, with either low (0.1 uM) or high (100 uM) doses (Fig IE). Together, these 

results show that Cort, but not dexamehtasone, inhibits lipolysis in an acute dose 

dependent fashion in 3T3-L1 adipocytes, a model that likely represents the anabolic 

effects of GCs in visceral (epididymal) adipose tissue. 

The traditional mechanisms for GC action involve binding to the glucocorticoid 

receptor (GR) and subsequent up or down regulation of target gene transcription. 3T3-L1 

adipocytes were treated with Cort in combination with either 10 uM of RU486, a GR 

inhibitor, or with luM actinomycin D, a transcription inhibitor, to determine if Cort's 

acute effects were occurring through the traditional genomic mechanisms. The main 

effect of Cort was not abolished with the addition of 10 uM RU486 (Fig 2A), a dose we 
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have shown reduces long term lipolytic effects (Appendix Fig 2A). Increasing the 

concentration of RU486 to lOOuM was also unable to remove the inhibitory effects of 

Cort (Appendix Fig 2B). The inhibition of transcription via Actinomycin D, also did not 

effect the reductions in glycerol release produced by Cort either (Fig 2B). These results 

show that Cort's acute antilipolytic effects occur independent of receptor binding and do 

not involve changes in gene transcription. 

Cort dramatically reduces stimulated lipolysis: To determine if Cort blunts stimulated 

lipolysis, which would also favor an anabolic action of GCs, adipocytes were treated with 

Cort in combination with isoproterenol, a P-adrenergic agonist, or with forskolin, the 

adenyl cyclase agonist. Both isoproterenol and forskolin alone stimulate lipolysis via 

increases in cAMP and PKA; isoproterenol does so through the P-adrenergic receptor, 

while forskolin acts downstream of this, directly stimulating adenyl cyclase. As 

expected, isoproterenol treatment significantly increased glycerol release, however the 

addition of Cort resulted in a dose dependent decrease in glycerol release compared to 

isoproterenol alone, and at doses of 50 and lOOuM, Cort abolished the stimulatory effects 

of isoproterenol (Fig 3A; /?<0.05). Reductions in stimulated glycerol release were not 

dependent on the order that isoproterenol and Cort were added, but did rely on the 

presence of Cort (Appendix Fig 3A-D). This treatment produced a similar pattern in 

NEFA release; increased NEFA release with isoproterenol and significant reductions in 

NEFA release with the addition of 50 and lOOuM Cort (p<0.05; Appendix Fig 1). To 

determine whether Cort's inhibitory effects were happening at or below the level of the B-

adrenergic receptor, adipocytes were first treated with forskolin, and then Cort was added 
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to the media (Fig 3B). Forskolin produced a great increase in glycerol release (~400% 

vs. control, p<0.05), and the addition of Cort caused a dose dependent decrease in this 

stimulation; glycerol release was significantly decreased with doses of 50 and lOOuM 

Cort (p<0.05 vs forskolin alone). Reducing the concentration of forskolin to reduce 

stimulated lipolysis did not alter the ability of Cort to reduce glycerol release (Appendix 

Fig 4). Together these results suggest that Cort is able to reduce stimulated lipolysis with 

effects occurring at or below the level of cAMP. 

cAMP concentration is not altered by Cort: The literature has produced conflicting 

results as to GCs effects on cAMP with studies reporting increases (74), no change (17, 

37) or decreases (9) in cAMP concentration following treatment with GC. We measured 

cAMP concentrations following 30 minutes of Cort treatment alone or in combination 

with isoproterenol. There were no changes in cAMP concentration with Cort treatment 

alone (Figure 4A) suggesting that the acute inhibition of lipolysis is not produced through 

changes in cAMP. The treatment of adipocytes with isoproterenol resulted in significant 

increases in cAMP concentrations, as would be expected from a fl-adrenergic agonist (Fig 

4B;p<0.05), but the addition of Cort did not significantly alter cAMP concentration from 

that of isoproterenol alone. A full dose response shows that cAMP levels do not change 

with any dose of Cort in either the basal or stimulated state (Appendix Fig 5 and 6). It 

therefore does not appear that Cort is able to acutely affect lipolysis through changes in 

cAMP concentration. 

Cort reduces PKA activity in the stimulated state, but cannot alter basal activity: PKA 

acts downstream of cAMP, increasing lipolysis through phosphorylation of both HSL and 
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perilipin. In line with cAMP concentration, there were no detectable changes in PKA 

activity when adipocytes were treated with Cort alone for 30 minutes (Fig 4C). 

Treatment of adipocytes with isoproterenol alone significantly increased PKA activity, 

and with the addition of Cort PKA activity was normalized to levels of controls (Fig 4D; 

p<0.05). A full dose response shows that Cort reduces isoproterenol stimulated PKA 

activity in a dose dependent fashion (Appendix Fig 5 and 6). This suggests that in the 

stimulated state, Cort's antilipolytic effects result from reductions in PKA activity. 

HSL stimulatory phosphorylation is altered with Cort treatment, effects that are most 

prominent in the stimulated state: HSL activity is altered through the phosphorylation 

of multiple serine residues and is largely regulated by PKA. HSL has increased lipolytic 

activity when phosphorylated on Ser660 and Ser563, while phosphorylation of Ser565 

reduces lipolytic activity. The treatment of 3T3-L1 adipocytes with Cort for 30 minutes 

did not alter the expression of HSL total protein (Fig 5A, 5B), pHSLSer565 (Fig 5C) or 

pHSLSer66° (Fig 5D). There was however a 26% decrease in HSL phosphorylation at 

Ser563 that matched reductions in glycerol release (p<0.05; Fig 5E), suggesting that 

altered HSL activity with GCs is likely responsible for the observed reductions in 

lipolysis. 

As with treatment of adipocytes with Cort alone, neither treatment with 

isoproterenol and/or Cort altered total HSL protein expression (Fig 6B), and confirms 

that Cort is not affecting lipolysis through genomic changes in lipase expression. As 

expected, treatment of adipocytes with isoproterenol reduced HSL phosphorylation on 

Ser565 when compared to controls in a paired t-test (Fig. 6C; /?<0.05). With the addition 
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of lOOuM Cort, pHSL er was normalized to levels of controls. Phosphorylation of 

HSL on Ser660 was increased with isoproterenol treatment as expected (p<0.05) and was 

decreased with the addition of 100 uM Cort compared to isoproterenol alone (Fig 6D; 

p=.06). As with pHSLSer660, phosphorylation of HSL on Ser563 was increased with 

isoproterenol treatment, and the addition of Cort significantly reduced phosphorylation 

compared to isoproterenol alone (Fig 6E; p<0.05). A full dose response for each 

treatment was also done (Appendix Fig 7 and 8) and confirmed that Cort's effects occur 

in a dose dependent fashion. Reduced stimulatory phosphorylation of HSL is in line with 

the reductions in PICA activity we have also reported, and suggests that reductions in 

HSL lipase activity may be responsible for reductions in lipolysis. 

Perilipin phosphorylation is reduced with Cort treatment but expression is not 

changed: Perilipin, a protein associated with the lipid droplet, is important in the 

regulation of the lipase enzymes. Perilipin expression is necessary to facilitate the 

translocation of HSL to the lipid droplet (62), and phosphorylation of perilipin increases 

the activity of both ATGL and HSL (62, 77). Total perilipin expression was not altered 

with isoproterenol treatment or the addition of Cort (Fig 7B). Perilipin is a substrate of 

PKA with a molecular weight of 62 kDa. Perilipin phosphorylation was measured with 

the use of the PKA substrate antibody and the band that appears at 62kDa was analyzed 

for relative intensity. In line with decreased PKA activity, phosphorylation of perilipin is 

increased with isoproterenol treatment and significantly reduced with the addition of Cort 

compared to isoproterenol alone (p<0.05; Fig 7C). Reductions in perilipin 
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phosphorylation will produce reductions in lipase activity and contribute to reductions in 

lipolysis. 

Neither AMPK nor ERKl/2 phosphorylation is significantly altered with Cort 

treatment: The phosphorylation of AMPK on Thrl72 causes reductions in lipolysis via 

increases in pHSLSer565, while phosphorylation of ERKl/2 increases lipolysis via 

phosphorylation of HSL on Ser600. Each was analyzed following treatment with 

isoproterenol and Cort to determine if they were playing a role in Cort mediated 

reductions in lipolysis. pAMPK was elevated with isoproterenol treatment alone 

(p<0.05) but was not different from controls or isoproterenol alone when isoproterenol 

and Cort were combined (Figure 8B). pERKl/2 was elevated when compared to controls 

only using a paired t-test (p<0.05), as would be expected with B-adrenergic stimulation, 

but the addition of Cort did not produce a significant difference in phosphorylation status 

from this or controls (Figure 8C). These results suggest that neither AMPK nor ERK is 

responsible for the reductions in lipolysis observed with Cort treatment. 

DISCUSSION: 

In this study, we have shown that Cort, the main GC in rodents, inhibits lipolysis 

in 3T3-L1 adipocytes as well as epididymal adipose tissue cultured ex vivo, through non-

genomic mechanisms. By studying Cort's effects on both basal and stimulated lipolysis, 

we find that the inhibitory effects occur due to reduced PKA activity and decreased 

stimulatory phosphorylation of HSL and perlipin. These reduced lipolytic rates found in 
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this study reveal new mechanisms that likely help to explain the central obesity that 

develops in individuals with elevated GC levels (55, 56). 

GCs have long been considered catabolic and lipolytic in nature (7, 9, 18, 74), 

however in some cases they have been found to inhibit lipolysis (47, 58). The present 

study, combined with our previous reports (9), suggest that Cort has paradoxical and dual 

roles: increasing lipolysis via genomic actions in the long term (9), but also having acute, 

non-genomic inhibitory effects when present at high doses. We have previously 

established that treatment of 3T3-L1 adipocytes with Cort for 48 hours increases lipolysis 

at low and moderate levels (0-lOuM), but decreases lipolysis with high doses (10-

250uM) (9). Placing adipocytes in treatment media without Cort following the 48hr 

exposure immediately removes the inhibitory effects and lipolysis dramatically increases 

compared to controls (Fig 1 A), highlighting Corts paradoxical effects. Indeed, long-term 

increases in lipolysis with GCs have been shown in the literature previously by ourselves 

and others (9, 18, 74) and have been determined to exist primarily through increased 

transcription of lipase enzymes (9, 74). Based on this current study and the investigations 

by others (9, 74), we now propose that changes in protein expression explain the lasting, 

lipolytic effects following the removal of Cort, while the acute inhibiting effects required 

further investigation. 

To isolate the acute effects, we chose to investigate changes in lipolysis during the 

first (0-4) hours of Cort exposure. Previous research has shown that although 

transcription changes occur soon after GC exposure, there are little alterations in protein 

expression during the first 2-6 hours, and thus genomic effects would not likely play a 
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role during this time period (18, 19, 74). We find that high doses (lOOuM) of Cort reduce 

glycerol release in 3T3-L1 adipocytes throughout a 4 hour exposure, effects that are 

readily reversible with the removal of Cort and highlight the acute nature of inhibition 

(Fig IB). These effects were dose dependent with glycerol release reduced following 30 

minutes of Cort exposure with low doses, (luM) that represent those found in the plasma 

of healthy rodents (9-11, 20), and to a greater extent with higher doses (10-100uM) that 

represent those that would be found in diseased states and within the tissue due to the 

effects of 11P-HSD type 1, an enzyme that increases the concentration of Cort within the 

tissue by activating inactive GC (43) (FiglC). Epididymal adipose tissue exhibits similar 

reductions in glycerol release when treated with Cort ex vivo (Fig IE), and allows us to 

conclude that our 3T3-L1 adipocyte model is representative of the effects that occur in 

the visceral adipose tissue. 

Cort's antilipolytic effects appear immediately and are not attenuated by the 

blockade of GR by RU486 (Fig 2A), or the inhibition of transcription by actinomycin D 

(Fig 2B). These are the three main characteristics included in the criteria typically used 

to classify an effect as non-genomic (26), and we thus conclude that Cort is causing these 

antilipolytic effects via non-genomic mechanisms, a concept not previously reported in 

adipocyte lipolysis, at least to our knowledge. 

Importantly, we demonstrate in this study that the acute antilipolytic effects of 

Cort are not recapitulated by the synthetic steroid dexamethasone, which is often used in 

experiments examining the role of GCs on adipose tissue lipolysis (74). Cort and 

dexamethasone have been reported to have differential effects in some tissues (35, 76), 
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and it is possible that although dexamethasone binds to the GR and produces potent 

genomic, lipolytic effects (74), it does not produce the same acute, non-genomic 

antilipolytic effects. In accordance with this, we show that following 24 hours of steroid 

treatment, the antilipolytic effects persist with high doses of Cort exposure, while 

dexamethasone treatment, in fact, increases lipolysis at both low and high doses 

(Appendix Fig 9). These differential effects of synthetic and naturally occurring GCs, 

could suggest reasons for conflicting findings in the literature. 

Prior stimulation of 3T3-L1 adipocytes with the B-adrenergic agonist, 

isoproterenol before the addition of Cort further highlighted the antilipolytic effects. 

Catecholamines are a main regulator of lipolysis during a stress response and cause 

potent increases in lipolysis through elevations in cAMP and PKA activity via the 13-

adrenergic receptor. Cort significantly reduced isoproterenol stimulated lipolysis in a 

dose dependent fashion (Fig 3A), a finding similar to that of Ottosson et al. who showed 

that with 3 days of exposure to the synthetic GC, hydrocortisone, human subcutaneous 

abdominal adipocytes have reduced lipolytic response to isoproterenol (47). Forskolin, a 

potent adenyl cyclase agonist also produces increases in lipolysis through increases in 

cAMP, but does not involve the 13-adrenergic receptor. Cort produced significant 

reductions in forskolin stimulated lipolysis (Fig 3B), pointing to the fact that Cort may be 

altering the activity of enzymes along this stimulatory pathway, at or below the level of 

cAMP. 

cAMP concentrations have a large impact on lipolytic rate via PKA activation and 

subsequent phosphorylation of HSL and perilipin, a protein associated with the lipid 
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droplet. Previously it has been speculated that GCs could increase cAMP levels due to 

decreased transcription or activity of phosphodiesterase (PDE), which hydrolyzes cAMP 

(17, 37, 74), however most studies have been unable to demonstrate changes in cAMP 

concentration with GC treatment (17, 37). Similar to this, we did not find that cAMP 

levels were altered with exposure to Cort in either the basal state (Fig 4A), or after 

stimulation with isoproterenol (Fig 4B), thereby suggesting that Cort is not acutely 

affecting lipolysis through changes in cAMP concentration. Moving downstream of 

cAMP, we find that Cort reduces isoproterenol stimulated elevations in PKA activity (Fig 

4D). Our cAMP and PKA findings do not follow the effects found by Xu et al. who 

report increased cAMP concentrations and PKA activity when primary adipocytes are 

treated for 24 hours with dexamethasone (74). This discrepancy in findings could be due 

to the fact that increases found in cAMP by Xu et al. were attributed to altered protein 

expression of PDE3B, genomic effects which are not present in our model. 

PKA activity mediates lipolysis, primarly through its stimulatory phosphorylation 

of HSL and perilipin. HSL activity is increased with phosphorylation of Ser660, Ser563 

and dephosphorylation of Ser565. In the basal state, even when no change in PKA 

activity was detected, phosphorylation of Ser563 was reduced by 25% with CORT 

treatment (Fig 5E), reductions that closely match those of glycerol release (Fig 1C), and 

suggests that altered HSL stimulation and activity is responsible for the decreased 

glycerol release. This result differs from those of Xu et al, who report increased 

stimulatory phosphorylation of HSL with 24 hours of dexamethasone treatment (74). 

Again this may result from the genomic decreases in PDE3B and increased cAMP they 
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have observed that are not present in our short term study. To confirm if the mechanism 

for reduced lipolysis with GC treatment is via alterations in HSL phosphorylation, we 

next examined the regulation of this key lipase in the stimulated state. HSL total 

expression was not changed with the treatment of isoproterenol and/or Cort, as would be 

expected in this short course of exposure (Fig 6B). In line with reduced PKA activity, 

Cort normalized HSL phosphorylation at inhibitory Ser565, while reducing 

phosphorylation of Ser660 and Ser563 (Fig 6C-E). These results are similar to those we 

have previously reported in 3T3-L1 adipocytes incubated in Cort for 48 hours prior to 

epinephrine stimulation (9), and suggest that even with long term exposure, at high doses, 

antilipolytic reductions in PKA activity and HSL stimulatory phosphorylation overpower 

the genomic stimulatory effects. Perilipin phosphorylation is also reduced with Cort 

treatment compared to isoproterenol alone (Fig 7C). Perilipin phosphorylation is 

important in mediating both ATGL and HSL activity during stimulation (62, 75) and 

reductions would also contribute to reductions in lipolysis. 

Based on this study, it appears that reductions in PKA activity are the primary 

non-genomic mechanisms for Cort's ability to induce reductions in lipolysis. There are 

several ways through which GCs have been reported to induce non-genomic effects in 

other tissues of the body: changes to protein kinase activity (AMPK, MAPK, PKA), 

altered membrane permeability and ion transport into the cytosol, specifically changes to 

intracellular calcium levels, as well as protein-protein interactions mediated by GC 

binding to the GR (reviewed in (26)). The involvement of MAPK and AMPK were of 

considerable interest as the MAPK, ERK, is able to increase HSL activity, while 
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increased phosphorylation of AMPK causes acute inhibition of HSL activity (1). There 

are trends for increases in ERK1/2 phosphorylation with isoporterenol treatment and Cort 

(Fig 8C), however this would suggest increases in lipolysis and would not contribute to 

Cort's antilipolytic effects. Upon investigation we find that AMPK phosphorylation is 

increased with isoproterenol stimulation but normalized with Cort (Fig 8B). pAMPK 

acts as a negative feedback mechanism to decrease lipolysis and reduce costly cycling of 

FA release and reesterification. It therefore appears that pAMPK increases with 

isoporterenol stimulated lipolysis secondary to increases in lipolysis, but is unchanged 

with Cort when lipolysis is normalized. Changes in pAMPK therefore are not responsible 

for reduced HSL stimulatory phospohorylation and reductions in lipolysis. Non-

genomic increases in calcium could also contribute to reductions in lipolysis as elevated 

calcium levels are reported to reduce cAMP concentration (78). Although we have not 

measured calcium levels directly, we have not observed significant changes to cAMP 

levels with treatment, and thus it seems unlikely that elevated calcium levels are 

responsible for these acute antilipolytic effects. Finally, as our effects were not inhibited 

with the blockade of GR (Fig 2A), it seems unlikely that Cort reduces lipolysis through a 

GR associated mechanism. It thus appears that reductions in PKA activity are the 

primary mechanism through which Cort is able to produce this non-genomic, anti

lipolytic effect. 

While we agree with the past literature that GCs have lipolytic effects via 

increased expression of lipase enzymes (9, 74), we clearly show that Cort also has acute 

inhibitory effects that can mask its own lipolytic effects (Fig 1A). These antilipolytic 



50 

effects are most potent at high doses and last only while the hormone is present. We 

suspect that heightened levels and effects of GCs in the abdominal adipose tissue through 

elevated lipHSDl activity (4) may highlight the antilipolytic effects in this depot and 

result in site specific adiposity. Although we show that epididymal adipose tissue 

cultured ex vivo responds to Cort with reduced glycerol release, similarly to 3T3-L1 

adipocytes, further research is needed to fully understand depot specific differences in 

GC levels and effects. Through reductions in PKA activity, Cort non-genomically 

reduces the stimulatory phosphorylation of HSL and perilipin and results in decreased 

NEFA and glycerol release. Lipid accumulation is favoured by increased uptake and 

storage of FA, and reduced breakdown of TAGs. GCs have been previously reported to 

increase FA availability and uptake into adipocytes (reviewed in (50)), and it seems likely 

that this, along with the reductions in lipolysis that we report, contributes to the adiposity 

that exists in individuals with consistently elevated GC levels. 
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Figure 1: Cort has acute antilipolytic effects on 3T3-L1 adipocytes and epididymal 
adipose tissue cultured ex vivo. 
A) 3T3-L1 adipocytes exposed to lOOuM Cort for 48 hours have decreased glycerol release 
compared to control. When Cort is removed from the media, and cells are allowed to undergo 
basal lipolysis for one hour, glycerol release is immediately increased compared to controls 
(n=10). B) Adipocytes treated with lOOuM Cort for 4 hours have decreased glycerol release and 
this decrease was normalized immediately with the removal of Cort. («=6-12) C) Glycerol 
release is dose dependent; adipocytes treated with increasing doses of Cort for 30 minutes show a 
stepwise decrease in glycerol release («>17). D) Epididymal adipose tissue cultured ex vivo 
responds similarly to 3T3 adipocytes with reduced glycerol release following treatment with 
lOOuM Cort (n=8). E) Dexamethasone, a synthetic glucocorticoid did not produce significant 
decreases in glycerol («=6). *p<0.05 vs control, #p<0.05 compared to 48hrs. 



A 
Corticosterone + RU486 

125n DMSO 
10uMRU486 

B 

0 100 
corticosterone (uM) 

Corticosterone + Actinomycin D 

^ D M S O 

Actinomycin D 

0 100 
corticosterone (uM) 

Figure 2: Cort's antilipolytic effects are not mediated by the glucocorticoid 
receptor, and are non-genomic. 
3T3-L1 adipocytes were treated with or without 100 uM Cort in DMEM for 30 minutes as 
before, with either 10 uM RU486, a glucocorticoid receptor (GR) inhibitor, luM Actinomycin D, 
a transcription inhibitor, or an equivalent volume of DMSO as a placebo. A) The acute inhibitory 
effects of Cort were not attenuated with the addition of lOuM RU486 («=4). B) The addition of 
luM actinomycin D did not alter Cort's anti-lipolytic effects (n=6). *main effect of cort,/?<0.05 
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Figure 3: Corticosterone reduces stimulated lipolysis. 
3T3-L1 adipocytes were treated with isoproterenol, a fl-adrenergic receptor agonist, or 1 uM 
forskolin, an adenyl cyclase agonist, in KREBS Ringer buffer for 30 minutes, then Cort was 
added for an additional 30 minutes. A) The addition of Cort to media containing lOOnM 
isoproterenol significantly reduced glycerol release compared to isoproterenol alone in a dose 
dependent fashion («=6). B) luM forskolin stimulated lipolysis to a greater extent than 
isoproterenol, however Cort produced inhibitory effects at doses of 50 and lOOuM («=4). This 
suggests that Cort's effects occur at or below the level of cAMP *p<0.05 vs. controls, #p<0.05 
vs. isoproterenol or forskolin alone 
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Figure 4: Cort reduces ^-adrenergic stimulated increases in PKA but does not alter 
cAMP concentrations. 
3T3-L1 adipocytes were treated with or without 100 uM Cort for 30 minutes, or with a 
combination of isoproterenol and Cort, and then collected for cAMP analysis and 
immunoblotting. There were no changes in cAMP concentration with Cort treatment alone (A; 
n=4-8), nor were there any changes in PKA activity (B; «=4-8). C) cAMP concentrations were 
elevated with isoproterenol treatment, and the addition of 100 uM Cort did not significantly alter 
cAMP concentrations («=5-6). D) PKA activity was significantly increased with isoproterenol, 
and was normalized to levels of controls with the addition of 100 uM Cort («=7). *p<0.05 vs. 
controls, #p<0.05 vs. isoproterenol alone 
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Figure 5: Cort alters HSL phosphorylation status in the basal state. 
3T3-L1 adipocytes were maintained in DMEM with or without lOOuM Cort for 30 minutes. 
Blots are representative of those used to quantify total and phophorylated HSL expression (A). 
Cort for 30 minutes did not produce changes in total HSL (B; «>8), pHSLSer565 (C; «=4-8) or 

Ser563 pHSL!,eroou (D; w>3). There was however a significant decrease in pHSLserD0J (E; ri>l). *p<0.Q5 
vs. control 
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Figure 6: Cort reduces IJ-adrenergic stimulatory phosphorylation of HSL 
3T3-L1 adipocytes were treated with lOOnM isoproterenol in KREBS Ringer buffer for 30 
minutes, then 100 uM Cort or an equivalent volume of DMSO was added for an additional 30 
minutes. Following treatment adipocytes were collected and immunoblotted for total HSL, 
pHSLSer565, pHSLSer660 and pHSLSer563. With fl-adrenergic stimulated lipolysis it is expected that 
pHSL565 would be reduced while pHSLSer66° and pHSLSer563 would be increased. A) Blots 
represent those used to quantify the expression of total and phosphorylated HSL. B) Total HSL 
protein was not changed with treatment {n=\ 1-14). C) As expected pHSLSer565 was reduced with 
isoproterenol treatment compared to controls, but was normalized to levels of controls with the 
addition of Cort («=6-8). D) pHSLSer660 was increased with isoproterenol treatment, however this 
increase was attenuated with the addition of Cort (n=5). E) Isoproterenol increased pHSL er 63, 
and in combination with Cort phosphorylation was reduced («=6-7). *p<0.05 vs. controls, 
#p<0.05 vs. isoproterenol alone, |p<0.05 vs control in a paired t-test 
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Figure 7: Cort reduces fi-adrenergic, stimulatory phosphorylation of perilipin 
3T3-L1 adipocytes were treated with lOOnM isoproterenol in KREBS Ringer buffer for 30 
minutes, then 100 uM Cort or an equivalent volume of DMSO was added for an additional 30 
minutes. Following treatment adipocytes were collected and immunoblotted for total perilipin, 
and phosphorlyated PKA substrate 62 kDa (representative of phosphorylated perilipin). With J3-
adrenergic stimulated lipolysis it is expected that perilipin phosphorylation would be increased. 
A) Blots represent those used for quantification. B) Perilipin expression was unchanged with 
treatment (w=7-8). C) Perilipin phosphorylation was significantly decreased with the addition of 
Cort compared to isoproterenol alone (n=4-8). *p<0.05 vs. controls, #p<0.05 vs. isoproterenol 
alone 
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Figure 8: Cort's inhibitory effects are not mediated through AMPK or ERK 
3T3-L1 adipocytes were treated with lOOnM isoproterenol in KREBS Ringer buffer for 30 
minutes, then 100 uM Cort or an equivalent volume of DMSO was added for an additional 30 
minutes. Following treatment adipocytes were collected and immunoblotted for pAMPK and 
pERKl/2. Phosphorylation of AMPK is known to occur with B-adrenergic stimulation, and acts 
as a negative feedback mechanism, increasing inhibitory phosphorylation of pHSLSer565. ERK is a 
member of the MAPK family and is phosphorylated with B-adrenergic stimulation, increasing 
HSL activity by phosphorylating it at Ser600. A) Blots represent those used to quantify the 
expression of each protein. B) AMPK is phosphorylated as a result of isoprotereonol stimulation, 
the addition of Cort normalizes pAMPK to levels of controls (n=4-6). C) The phosphorylation 
status of ERK 1/2 is not significantly altered with treatment, although there are trends for 
increases with isoproterenol and Cort treatment (p=0.07 for interaction; «=5-6). *p<0.05 vs 
control 
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SUMMARY AND FUTURE DIRECTIONS <6 

Summary: 

In this study, we investigate the acute effects of Cort on 3T3-L1 adipocyte 

lipolysis. By focusing our attention on the effects of 30 minutes of Cort exposure we 

were able to isolate the non-genomic effects of these stress hormones in vitro. We 

observed non-genomic, antilipolytic effects of Cort that oppose the well known genomic, 

lipolytic effects (9, 74). We believe that inhibitory effects result from reductions in PKA 

activity and persist as long as Cort is present, as evidenced by the fact that even after 48 

hours of exposure doses greater than 10(xM Cort reduce lipolysis. This would suggest 

that at high doses the antilipolytic effects of Cort are strong enough to overcome the 

genomic, lipolytic effects and contribute to adipose accumulation, which is typically 

charactistic of individuals with elevated Cortisol levels (55). Interestingly, the synthetic 

GC, dexamethasone, does not display such potent antilipolytic effects with either short 

(30min) or longer (24h) exposure. In this and previous studies (7, 9), we have 

demonstrated that GCs are able to produce differential effects on adipocyte lipolysis 

depending on dose, type of GC used, and duration of exposure, and these differential 

effects may explain some of the conflicting reports within the literature. This study has 

thus been important not only for understanding potential mechanisms for GC induced 

adipose accumulation, but also in elucidating possible reasons for contradictions within 

the literature. 
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Limitations and Future Directions: 

Although we have observed important changes in adipocyte lipolysis with Cort 

treatment, there are limitations when making inferences to the clinical understanding of 

individuals with elevated GC levels. By studying 3T3-L1 adipocytes, we are able to 

investigate effects on isolated adipocytes to specify the effects of Cort. 3T3-L1 

adipocytes are differentiated from an immortal embryonic mouse fibroblast cell line, and 

thus are expected to act similarly to primary rodent adipocytes. It is possible, however, 

that there are differences between rodent and human adipocyte function. It also seems 

likely that adipocytes located in specific adipose depots (ie. visceral or subcutaneous) 

function differently. By comparing the effects of Cort on 3T3-L1 adipocytes and 

epididymal adipose tissue (Fig ID), it would appear that these adipocytes act similarly, 

however preliminary data comparing the effects of Cort on epididymal and subcutaneous 

depots (Appendix Fig 10 and 11) suggests that Cort may have differential effects in each 

depot. More work is thus needed to clarify particular differences between sites as well as 

species. 

Another major limitiation of this thesis and other research studies using in vivo or 

ex vivo techniques, is that measuring tissue levels of Cort is technically quite challenging. 

Although we know that luM of Cort treatment represents approximately the plasma 

levels of Cort in rodents (9, 20), measurements within the tissue are much more difficult, 

likely due to the fact that intracellular Cort is bound to receptors while commercially 

available kits are designed to measure free, unbound Cort. Elevated levels of 1 ipHSD-1 

in the visceral adipose tissue suggest that Cort levels would be higher in this region, 
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perhaps highlighting antilipolytic effects there. Given the fact that Cort has dose 

dependent effects on lipolysis, further work is needed to gain a better understanding of 

Cort levels in the adipose depots. 

Finally, it will also be important to study Cort's effects in vivo. GCs have whole 

body effects that may cause lipid accumulation: GCs are known to cause changes in food 

intake, increase lipogenesis within the liver, elevate FA delivery and uptake into the 

adipose tissue, and alter adipokine release, in addition to altering lipid metabolism within 

the tissue itself (reviewed in (50)). Reductions in lipolysis therefore could contribute to 

increases in lipid accumulation, but are not likely solely responsible for the adiposity seen 

in individuals with GC excess. Therefore a better understanding of GC's full effects on 

the body and how these factors may all interact is necessary as well. 
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Appendix A: Supplementary Work 
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Figure 1: Cort reduces NEFA release 
A) 3T3-L1 adipocytes were exposed to increasing doses of Cort in DMEM + 3.5% FBS for 30 
minutes. Media was collected and NEFA content was measured. There were no significant 
changes to NEFA release with low doses of Cort, however at a dose of lOOuM NEFA release was 
reduced by 11% («>1 l,p<0.05). B) 3T3-L1 adipocytes were treated with isoproterenol and Cort 
as before, however DMEM + 3.5% FBS was used in place of Krebs Ringer + BSA as the BSA 
contained fatty acids that altered the NEFA assay. In this media neither glycerol nor NEFA 
release was not increased to the same extent as in Krebs, however Cort reduces glycerol and 
NEFA release similarly with increasing concentrations («=6, *p<0.05 vs control, #p<0.05 vs 
isoproterenol alone). 
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Figure 2: RU486 reduces long term genomic effects, but not acute effects of Cort 
3T3-L1 adipocytes were treated with or without Cort in DMEM as before, along with either 
RU486, a glucocorticoid receptor (GR) or an equivalent volume of DMSO as a placebo. A) The 
addition of lOuM RU486 inhibited the lipolytic effects of 1 uM Cort with 48 hours of exposure 
(«=3) B) The acute inhibitory effects of Cort were not attenuated with the addition of lOuM or 
100uMRU486(«=4). 
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Figure 3: The presence of Cort reduces isoproterenol stimulated lipolysis regardless 
of order added. 
To ensure that the order of isoproterenol and Cort addition did not affect lipolytic stimulation, 
3T3 adipocytes were exposed to isoproterenol and Cort in Krebs Ringer Buffer + 3.5% BSA in a 
variety of combinations. A new batch of cells was used for these experiment; although these 
adipocytes responded more strongly to isoproterenol, 100 uM Cort still produced a significant 
reduction in glycerol release and also confirms that all 3T3-L1 adiopcytes respond similarly to 
Cort. Significant reductions in glycerol release occurred regardless of whether Cort was added 30 
minutes after the introduction of isproterenol (A), 30 minutes prior to isoproterenol (B), or at the 
same time as isoproterenol (C). When adipocytes were first exposed to Cort for 30 minutes, then 
washed and exposed to isoproterenol alone for 30 minutes there were no reduction in glycerol 
release, confirming that the presence of Cort is necessary for inhibitory effects (D). 
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Figure 4: Cort reduces forskolin stimulated lipolysis similarly at doses of 500nM 
and 1 uM forskolin 
To ensure that heightened lipolytic stimulation by 1 uM forskolin did not mask the effects of 
Cort, 3T3-L1 adipocytes were treated with 500nM Forskolin prior to the addition of Cort. 
Similar reductions appeared as when 1 uM forskolin was used; glycerol release was significantly 
reduced compared to forskolin alone at doses of 50uM and lOOuM Cort. *p<0.05 vs control, 
#p<0.05 vs forskolin alone 
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Figure 5: There are no detectable changes to cAMP concentration or PKA activity 
with Cort alone - full dose response 
3T3-L1 adipocytes were maintained in DMEM + 3.5% BSA, with or without Cort for 30 minutes, 
and then collected for cAMP analysis or immunoblotting. There were no changes in cAMP 
concentration with Cort treatment (A; n=4-8), nor were there any changes in PKA activity (B; 
n=4-8). 
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Figure 6: Corticosterone reduces stimulated lipolysis with reductions in PKA 
activity - full dose response 
3T3-L1 adipocytes were treated with isoproterenol, a fl-adrenergic receptor agonist, in KREBS 
Ringer buffer for 30 minutes, then Cort was added for an additional 30 minutes. A) cAMP 
concentrations were elevated with isoproterenol treatment, but the addition of Cort did not 
significantly reduce cAMP concentrations («=4-5). B) PKA activity, as measured by the 
phosphorylation of PKA substrates, was significantly increased with isoproterenol, but was 
reduced in a dose dependent fashion with the addition of Cort («=7). *p<0.05 vs. controls, 
#p<0.05 vs. isoproterenol alone 
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Figure 7: Cort alone alters HSL phosphorylation status - full dose response 
3T3-L1 adipocytes were maintained in DMEM with or without Cort for 30 minutes, and then 
collected for immunoblotting. Cort for 30 minutes did not produce changes in total HSL (C; n=7-
16), pHSLSer565 (D; n=4-8) or pHSLSer660 (E; /i=3-8). There was however a significant, dose 
dependent decrease in pHSLSer563 (F; n=7-16). *p<0.05 vs. control 
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Figure 8: Cort reduces B-adrenergic stimulatory phosphorylation of HSL - full 
dose response 
3T3-L1 adipocytes were treated with lOOnM isoproterenol in KREBS Ringer buffer for 30 
minutes, then Cort or an equivalent volume of DMSO was added for an additional 30 minutes. 
Following treatment adipocytes were collected and immunoblotted for total HSL, pHSLr Ser565 

565 pHSLsert>6U and pHSLseo . With B-adrenergic stimulated lipolysis it is expected that pHSL 
would be reduced while pHSLSer66° and pHSLSer563 would be increased. A) Total HSL protein 
was not changed with treatment («=6-8). B) As expected pHSLSer565 was reduced with 
isoproterenol treatment compared to controls, but was normalized to levels of controls with the 
addition of Cort («=5-8). C) pHSLSer660 was increased with isoproterenol treatment, however this 
increase was attenuated with the addition of lOOuM Cort («=5-ll). D) Isoproterenol increased 
pHSLSer563, and in combination with Cort phosphorylation was reduced in a dose dependent 
fashion («=4-6). *p<0.05 vs. controls, #p<0.05 vs. isoproterenol alone, tp<0.05 vs control in a 
paired t-test 
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Figure 9: Dexamethasone does not produce potent antilipolytic effects 
3T3-L1 adipocytes were treated with DMEM + 3.5% FBS containing Cort or dexamethasone for 
the given durations. A) Cort produced a dose dependent decrease in glycerol release with 30 
minutes of expsosure («>17). B) Dexamethasone did not produce significant reductions in 
glycerol release after 30 minutes («=6). C) Cort's antilipolytic effects persist with high doses at 
2 hours («=4). D) There were no changes in glycerol release with 2 hours of dexamethasone 
exposure («=3-4). E) With 24 hours of exposure to Cort, glycerol release remains suppressed 
with high doses of Cort (n=10-12). F) Glycerol release is elevated with both low and high doses 
of dexamethasone after 24 hours of exposure («=4). */?<0.05 vs. controls 
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Figure 10: Cort may have differential effects on epididymal and subcutaneous 
adipose depots 
Adipose tissue organ culture was utilized to compare epididymal and subcutaneous adipose 
tissues' response to isoproterenol and Cort stimulation. Tissue was minced and cultured in 
Medium 199, then isoproterenol and Cort were added to the media at the same time. Glycerol 
release was measured 2 hours following treatment. Differential concentrations of isoproterenol 
were used to determine the optimal amount to stimulate lipolysis and determine if Cort could 
have an effect. Patterns emerge that suggest that Cort may affect epididymal and subcutaneous 
adipose depots differently. This is a matter worth further investigation in the future. (n=2 animals 
for each concentration of isoproterenol) 
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Figure 11: Subcutaneous adipose tissue from animals treated with Cort has elevated 
basal lipolytic rates while epididymal is unchanged. 
Wax (Control) or Cort pellets were subcutaneously implanted in male Sprague-Dawley rats for 14 
days to elevate plasma Cort levels. Following treatment, animals were euthanized and adipose 
tissue was removed from subcutaneous and epididymal depots and cultured using the adipose 
tissue organ culture method. 2 hours of basal lipolysis was measured in Medium 199. A) 
Although overall body mass was reduced in Cort treated animals, with visible peripheral wasting, 
relative epididymal adipose tissue mass was increased (n=7, *p<0.05). B) Subcutaneous adipose 
tissue had reduced levels of basal lipolysis compared to epididymal tissue, as is consistent with 
the literature («=5, */?<0.001). B) There were no differences in glycerol release between the 
epididymal adipose tissue of animals previously treated with or without Cort (n=3-5). C) 
Subcutaneous adipose tissue from animals previously treated with Cort had elevated glycerol 
release compared to controls («=3-5, *p=.07). This suggests that Cort may have differential 
effects on epididymal and subcutaneous depots and may help to explain why there is peripheral 
tissue wasting (due to increased lipolysis) and visceral adipose accumulation in this animal 
model. 
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Appendix B: Other Contributions 
The following papers were published during the completion of this Masters thesis 

Campbell J.E., Peckett A.J., D'souza A.M., Hawke T.J., Riddell M.C. Adipogenic and 
lipolytic effects of chronic glucocorticoid exposure. Am J Physiol Cell Physiol. 2011 
Jan;300(l):C198-209. 

Peckett, A.J., Timmons, B.W., Riddell, M.C. The interactions of exercise, stress and 
inflammation on growth. In Handbook of Growth and Growth Monitoring in Health and 
Disease; Preedy, V.R., ED.; Springer Science and Business Media - In Press 

Peckett, A. J., Wright, W.C, Riddell, M.C. The effects of glucocorticoids on adipose 
tissue metabolism. Metabolism. 2011 - In Press 



75 

REFERENCES O 

1. Anthony NM, Gaidhu MP and Ceddia RB. Regulation of visceral and subcutaneous 

adipocyte lipolysis by acute AICAR-induced AMPK activation. Obesity (Silver 

Spring) 17: 7: 1312-1317, 2009. 

2. Appel B and Fried SK. Effects of insulin and dexamethasone on lipoprotein lipase in 

human adipose tissue. Am J.Physiol. 262: 5 Pt 1: E695-9, 1992. 

3. Bujalska IJ, Kumar S, Hewison M and Stewart PM. Differentiation of adipose 

stromal cells: the roles of glucocorticoids and 1 lbeta-hydroxysteroid dehydrogenase. 

Endocrinology 140: 7: 3188-3196, 1999. 

4. Bujalska IJ, Kumar S and Stewart PM. Does central obesity reflect "Cushing's 

disease of the omentum"? Lancet 349: 9060: 1210-1213, 1997. 

5. Buren J, Lai YC, Lundgren M, Eriksson JW and Jensen J. Insulin action and 

signalling in fat and muscle from dexamethasone-treated rats. 

Arch.Biochem.Biophys. 474: 1: 91-101, 2008. 

6. Buttgereit F and Scheffold A. Rapid glucocorticoid effects on immune cells. Steroids 

67: 6: 529-534, 2002. 

7. Campbell JE, Fediuc S, Hawke TJ and Riddell MC. Endurance exercise training 

increases adipose tissue glucocorticoid exposure: adaptations that facilitate lipolysis. 

Metabolism 58: 5: 651-660, 2009. 

8. Campbell JE, Kiraly MA, Atkinson DJ, D'souza AM, Vranic M and Riddell MC. 

Regular exercise prevents the development of hyperglucocorticoidemia via 



76 

adaptations in the brain and adrenal glands in male Zucker diabetic fatty rats. 

AmJ.Physiol.Regul.Integr.Comp.Physiol. 299: 1: R168-76, 2010. 

9. Campbell JE, Peckett AJ, D'souza AM, Hawke TJ and Riddell MC. Adipogenic 

and lipolytic effects of chronic glucocorticoid exposure. Am.J.Physiol.Cell.Physiol. 

300: l:C198-209, 2011. 

10. Campbell JE, Rakhshani N, Fediuc S, Bruni S and Riddell MC. Voluntary wheel 

running initially increases adrenal sensitivity to adrenocorticotrophic hormone, 

which is attenuated with long-term training. J.Appl.Physiol. 106: 1: 66-72, 2009. 

11. Coutinho AE, Fediuc S, Campbell JE and Riddell MC. Metabolic effects of 

voluntary wheel running in young and old Syrian golden hamsters. Physiol.Behav. 

87: 2: 360-367, 2006. 

12. Croxtall JD, Choudhury Q and Flower RJ. Glucocorticoids act within minutes to 

inhibit recruitment of signalling factors to activated EGF receptors through a 

receptor-dependent, transcription-independent mechanism. Br. J.Pharmacol. 130: 2: 

289-298, 2000. 

13. Desbriere R, Vuaroqueaux V, Achard V, BouUu-Ciocca S, Labuhn M, Dutour A 

and Grino M. 1 lbeta-hydroxysteroid dehydrogenase type 1 mRNA is increased in 

both visceral and subcutaneous adipose tissue of obese patients. Obesity (Silver 

Spring) 14: 5: 794-798, 2006. 

14. Djouder N, Tuerk RD, Suter M, Salvioni P, Thali RF, Scholz R, Vaahtomeri K, 

Auchli Y, Rechsteiner H, Brunisholz RA, Viollet B, Makela TP, Wallimann T, 



77 

Neumann D and Krek W. PKA phosphorylates and inactivates AMPKalpha to 

promote efficient lipolysis. EMBOJ. 29: 2: 469-481, 2010. 

15. Duma D, Jewell CM and Cidlowski JA. Multiple glucocorticoid receptor isoforms 

and mechanisms of post-translational modification. J.Steroid Biochem.Mol.Biol. 102: 

1-5: 11-21,2006. 

16. Epel E, Lapidus R, McEwen B and Brownell K. Stress may add bite to appetite in 

women: a laboratory study of stress-induced Cortisol and eating behavior. 

Psychoneuroendocrinology 26: 1: 37-49, 2001. 

17. Fain JN, Dodd A and Novak L. Enzyme regulation in gluconeogenesis and 

lipogenesis. Relationship of protein synthesis and cyclic AMP to lipolytic action of 

growth hormone and glucocorticoids. Metabolism 20: 2: 109-118, 1971. 

18. Fain JN, Kovacev VP and Scow RO. Effect of growth hormone and dexamethasone 

on lipolysis and metabolism in isolated fat cells of the rat. J.Biol. Chem. 240: 9: 

3522-3529, 1965. 

19. Fain JN and Saperstein R. The involvement of RNA synthesis and cyclic AMP in 

the activation of fat cell lipolysis by growth hormone and glucocorticoids. 

Horm.Metab.Res. 2: Suppl 2:20-7, 1970. 

20. Fediuc S, Campbell JE and Riddell MC. Effect of voluntary wheel running on 

circadian corticosterone release and on HPA axis responsiveness to restraint stress in 

Sprague-Dawley rats. J. Appl. Physiol. 100:6: 1867-1875,2006. 

21. Franckhauser S, Antras-Ferry J, Robin P, Robin D, Granner DK and Forest C. 

Expression of the phosphoenolpyruvate carboxykinase gene in 3T3-F442A adipose 



78 

cells: opposite effects of dexamethasone and isoprenaline on transcription. 

Biochem.J. 305 ( Pt 1): Pt 1: 65-71, 1995. 

22. Fricke K, Heitland A and Maronde E. Cooperative activation of lipolysis by 

protein kinase A and protein kinase C pathways in 3T3-L1 adipocytes. 

Endocrinology 145: 11: 4940-4947, 2004. 

23. Fried SK, Russell CD, Grauso NL and Brolin RE. Lipoprotein lipase regulation by 

insulin and glucocorticoid in subcutaneous and omental adipose tissues of obese 

women and men. J.Clin.Invest. 92: 5: 2191-2198, 1993. 

24. Gauthier MS, Miyoshi H, Souza SC, Cacicedo JM, Saha AK, Greenberg AS and 

Ruderman NB. AMP-activated protein kinase is activated as a consequence of 

lipolysis in the adipocyte: potential mechanism and physiological relevance. 

J.Biol.Chem. 283: 24: 16514-16524,2008. 

25. Greenberg AS, Shen WJ, Muliro K, Patel S, Souza SC, Roth RA and Kraemer 

FB. Stimulation of lipolysis and hormone-sensitive lipase via the extracellular 

signal-regulated kinase pathway. J.Biol.Chem. 276: 48: 45456-45461, 2001. 

26. Haller J, Mikics E and Makara GB. The effects of non-genomic glucocorticoid 

mechanisms on bodily functions and the central neural system. A critical evaluation 

of findings. Front.Neuroendocrinol. 29: 2: 273-291, 2008. 

27. Hauner H, Entenmann G, Wabitsch M, Gaillard D, Ailhaud G, Negrel R and 

Pfeiffer EF. Promoting effect of glucocorticoids on the differentiation of human 

adipocyte precursor cells cultured in a chemically defined medium. J.Clin.Invest. 84: 

5: 1663-1670, 1989. 



79 

28. He Y, Zhang H, Teng J, Huang L, Li Y and Sun C. Involvement of calcium-

sensing receptor in inhibition of lipolysis through intracellular cAMP and calcium 

pathways in human adipocytes. Biochem.Biophys.Res.Commun. 404: 1: 393-399, 

2011. 

29. Ismaili N and Garabedian MJ. Modulation of glucocorticoid receptor function via 

phosphorylation. Ann.N.Y.Acad.Sci. 1024: 86-101,2004. 

30. Jeanrenaud B. Effect of glucocorticoid hormones on fatty acid mobilization and re-

esterification in rat adipose tissue. Biochem.J. 103: 3: 627-633, 1967. 

31. Kassel O, Sancono A, Kratzschmar J, Kreft B, Stassen M and Cato AC. 

Glucocorticoids inhibit MAP kinase via increased expression and decreased 

degradation of MKP-1. EMBO J. 20: 24: 7108-7116, 2001. 

32. Kato S, Masunaga R, Kawabe T, Nagasaka A, Miyamoto T, Itoh M, Nakai A, 

Iwase K, Tsujimura T and Ohtani S. Cushing's syndrome induced by 

hypersecretion of Cortisol from only one of bilateral adrenocortical tumors. 

Metabolism 41: 3: 260-263, 1992. 

33. Kawai A and Kuzuya N. Effects of glucocorticoids on hormone-stimulated lipolysis 

and calcium uptake in the adipose cells. Horm.Metab.Res. 13:4: 224-228, 1981. 

34. Keeney DS, Jenkins CM and Waterman MR. Developmentally regulated 

expression of adrenal 17 alpha-hydroxylase cytochrome P450 in the mouse embryo. 

Endocrinology 136: 11: 4872-4879, 1995. 



80 

35. Kovacs KJ and Makara GB. Corticosterone and dexamethasone act at different 

brain sites to inhibit adrenalectomy-induced adrenocorticotropin hypersecretion. 

Brain Res. 474: 2: 205-210, 1988. 

36. Kumar R and Thompson EB. Gene regulation by the glucocorticoid receptor: 

structure:function relationship. J.SteroidBiochem.Mol.Biol. 94: 5: 383-394, 2005. 

37. Lamberts SW, Timmermans HA, Kramer-Blankestijn M and Birkenhager JC. 

The mechanism of the potentiating effect of glucocorticoids on catecholamine-

induced lipolysis. Metabolism 24: 6: 681-689, 1975. 

38. Lindquist JM, Fredriksson JM, Rehnmark S, Cannon B and Nedergaard J. Beta 

3- and alphal-adrenergic Erkl/2 activation is Src- but not Gi-mediated in Brown 

adipocytes. J.Biol.Chem. 275: 30: 22670-22677, 2000. 

39. Livingston JN and Lockwood DH. Effect of glucocorticoids on the glucose 

transport system of isolated fat cells. J.Biol.Chem. 250: 21: 8353-8360, 1975. 

40. Lu NZ and Cidlowski JA. Translational regulatory mechanisms generate N-terminal 

glucocorticoid receptor isoforms with unique transcriptional target genes. Mol.Cell 

18:3:331-342,2005. 

41. Manganiello VC, Degerman E, Taira M, Kono T and Belfrage P. Type III cyclic 

nucleotide phosphodiesterases and insulin action. Curr.Top.Cell.Regul. 34: 63-100, 

1996. 

42. Martin S, Okano S, Kistler C, Fernandez-Rojo MA, Hill MM and Parton RG. 

Spatiotemporal regulation of early lipolytic signaling in adipocytes. J.Biol.Chem. 

284: 46: 32097-32107, 2009. 



81 

43. Masuzaki H, Paterson J, Shinyama H, Morton NM, Mullins JJ, Seckl JR and 

Flier JS. A transgenic model of visceral obesity and the metabolic syndrome. 

Science 294: 5549: 2166-2170, 2001. 

44. McDonough AK, Curtis JR and Saag KG. The epidemiology of glucocorticoid-

associated adverse events. Curr.Opin.Rheumatol. 20: 2: 131-137, 2008. 

45. MinshuU M and Strong CR. The stimulation of lipogenesis in white adipose tissue 

from fed rats by corticosterone. Int.J.Biochem. 17: 4: 529-532, 1985. 

46. Molina ME. Endocrine Physiology. United States: McGraw-Hill, 2010. 

47. Ottosson M, Lonnroth P, Bjorntorp P and Eden S. Effects of Cortisol and growth 

hormone on lipolysis in human adipose tissue. J.Clin.Endocrinol.Metab. 85: 2: 799-

803, 2000. 

48. Ottosson M, Vikman-Adolfsson K, Enerback S, Olivecrona G and Bjorntorp P. 

The effects of Cortisol on the regulation of lipoprotein lipase activity in human 

adipose tissue. J.Clin.Endocrinol.Metab. 79: 3: 820-825, 1994. 

49. Pantoja C, Huff JT and Yamamoto KR. Glucocorticoid signaling defines a novel 

commitment state during adipogenesis in vitro. Mol.Biol.Cell 19: 10: 4032-4041, 

2008. 

50. Peckett AJ, Wright DC and Riddell MC. The effects of glucocorticoids on adipose 

tissue lipid metabolism. Metabolism 2011. - In Press 

51. Rahn T, Ridderstrale M, Tornqvist H, ManganieUo V, Fredrikson G, Belfrage P 

and Degerman E. Essential role of phosphatidylinositol 3-kinase in insulin-induced 

activation and phosphorylation of the cGMP-inhibited cAMP phosphodiesterase in 



82 

rat adipocytes. Studies using the selective inhibitor wortmannin. FEBS Lett. 350: 2-

3:314-318, 1994. 

52. Rahn T, Ronnstrand L, Leroy MJ, Wernstedt C, Tornqvist H, Manganiello VC, 

Belfrage P and Degerman E. Identification of the site in the cGMP-inhibited 

phosphodiesterase phosphorylated in adipocytes in response to insulin and 

isoproterenol. J.Biol.Chem. 271: 19: 11575-11580, 1996. 

53. Rask E, Walker BR, Soderberg S, Livingstone DE, Eliasson M, Johnson O, 

Andrew R and Olsson T. Tissue-specific changes in peripheral Cortisol metabolism 

in obese women: increased adipose 1 lbeta-hydroxysteroid dehydrogenase type 1 

activity. J.Clin.Endocrinol.Metab. 87: 7: 3330-3336, 2002. 

54. Rebuffe-Scrive M, Bronnegard M, Nilsson A, Eldh J, Gustafsson JA and 

Bjorntorp P. Steroid hormone receptors in human adipose tissues. 

J.Clin.Endocrinol.Metab. 71: 5: 1215-1219, 1990. 

55. Rebuffe-Scrive M, Krotkiewski M, Elfverson J and Bjorntorp P. Muscle and 

adipose tissue morphology and metabolism in Cushing's syndrome. 

J.Clin.Endocrinol.Metab. 67: 6: 1122-1128, 1988. 

56. Rebuffe-Scrive M, Walsh UA, McEwen B and Rodin J. Effect of chronic stress 

and exogenous glucocorticoids on regional fat distribution and metabolism. 

Physiol.Behav. 52: 3: 583-590, 1992. 

57. Richelsen B, Pedersen SB, MoUer-Pedersen T and Bak JF. Regional differences in 

triglyceride breakdown in human adipose tissue: effects of catecholamines, insulin, 

and prostaglandin E2. Metabolism 40: 9: 990-996, 1991. 



83 

58. Samra JS, Clark ML, Humphreys SM, MacDonald IA, Bannister PA and Frayn 

KN. Effects of physiological hypercortisolemia on the regulation of lipolysis in 

subcutaneous adipose tissue. J. Clin.Endocrinol.Metab. 83: 2: 626-631, 1998. 

59. Sasson R, Shinder V, Dantes A, Land A and Amsterdam A. Activation of multiple 

signal transduction pathways by glucocorticoids: protection of ovarian follicular cells 

against apoptosis. Biochem.Biophys.Res.Commun. 311:4: 1047-1056, 2003. 

60. Schweiger M, Schreiber R, Haemmerle G, Lass A, Fledelius C, Jacobsen P, 

Tornqvist H, Zechner R and Zimmermann R. Adipose triglyceride lipase and 

hormone-sensitive lipase are the major enzymes in adipose tissue triacylglycerol 

catabolism. J.Biol.Chem. 281: 52: 40236-40241, 2006. 

61. Selye H. Stress and the general adaptation syndrome. Br.Med.J. 1: 4667: 1383-1392, 

1950. 

62. Shen WJ, Patel S, Miyoshi H, Greenberg AS and Kraemer FB. Functional 

interaction of hormone-sensitive lipase and perilipin in lipolysis. J.Lipid Res. 50: 11: 

2306-2313,2009. 

63. Shimizu Y, Tanishita T, Minokoshi Y and Shimazu T. Activation of mitogen-

activated protein kinase by norepinephrine in brown adipocytes from rats. 

Endocrinology 138: 1: 248-253, 1997. 

64. Sjogren J, Week M, Nilsson A, Ottosson M and Bjorntorp P. Glucocorticoid 

hormone binding to rat adipocytes. Biochim.Biophys.Acta 1224: 1: 17-21, 1994. 



84 

65. Slavin BG, Ong JM and Kern PA. Hormonal regulation of hormone-sensitive lipase 

activity and mRNA levels in isolated rat adipocytes. J.LipidRes. 35: 9: 1535-1541, 

1994. 

66. Stewart PM and Petersenn S. Rationale for treatment and therapeutic options in 

Cushing's disease. Best Pract.Res.Clin.Endocrinol.Metab. 23 Suppl 1: SI5-22, 2009. 

67. Strack AM, Sebastian RJ, Schwartz MW and Dallman MF. Glucocorticoids and 

insulin: reciprocal signals for energy balance. Am.J.Physiol. 268: 1 Pt 2: R142-9, 

1995. 

68. van Jaarsveld CH, Fidler JA, Steptoe A, Boniface D and Wardle J. Perceived 

stress and weight gain in adolescence: a longitudinal analysis. Obesity (Silver 

Spring) 17: 12: 2155-2161, 2009. 

69. Volpe JJ and Marasa JC. Hormonal regulation of fatty acid synthetase, acetyl-CoA 

carboxylase and fatty acid synthesis in mammalian adipose tissue and liver. 

Biochim.Biophys.Acta 380: 3: 454-472, 1975. 

70. Walker BR and Andrew R. Tissue production of Cortisol by 1 lbeta-hydroxysteroid 

dehydrogenase type 1 and metabolic disease. Ann.N.Y.Acad.Sci. 1083: 165-184, 

2006. 

71. Wang Y, Jones Voy B, Urs S, Kim S, Soltani-Bejnood M, Quigley N, Heo YR, 

Standridge M, Andersen B, Dhar M, Joshi R, Wortman P, Taylor JW, Chun J, 

Leuze M, Claycombe K, Saxton AM and Moustaid-Moussa N. The human fatty 

acid synthase gene and de novo lipogenesis are coordinately regulated in human 

adipose tissue. J.Nutr. 134:5: 1032-1038,2004. 

http://Biochim.Biophys.Acta


85 

72. Wijkander J, Landstrom TR, Manganiello V, Belfrage P and Degerman E. 

Insulin-induced phosphorylation and activation of phosphodiesterase 3B in rat 

adipocytes: possible role for protein kinase B but not mitogen-activated protein 

kinase or p70 S6 kinase. Endocrinology 139: 1: 219-227, 1998. 

73. Wiper-Bergeron N, Wu D, Pope L, Schild-Poulter C and Hache RJ. Stimulation 

of preadipocyte differentiation by steroid through targeting of an HDAC1 complex. 

EMBOJ. 22: 9: 2135-2145, 2003. 

74. Xu C, He J, Jiang H, Zu L, Zhai W, Pu S and Xu G. Direct effect of 

glucocorticoids on lipolysis in adipocytes. Mol.Endocrinol. 23: 8: 1161-1170, 2009. 

75. Yamaguchi T. Crucial role of CGI-58/alpha/beta hydrolase domain-containing 

protein 5 in lipid metabolism. Biol.Pharm.Bull. 33: 3: 342-345, 2010. 

76. Yu IT, Lee SH, Lee YS and Son H. Differential effects of corticosterone and 

dexamethasone on hippocampal neurogenesis in vitro. 

Biochem.Biophys.Res.Commun. 317: 2: 484-490, 2004. 

77. Zechner R, Kienesberger PC, Haemmerle G, Zimmermann R and Lass A. 

Adipose triglyceride lipase and the lipolytic catabolism of cellular fat stores. J.Lipid 

Res. 50: 1:3-21,2009. 

78. Zemel MB, Shi H, Greer B, Dirienzo D and Zemel PC. Regulation of adiposity by 

dietary calcium. FASEB J. 14: 9: 1132-1138, 2000. 

79. Zhou J and Cidlowski JA. The human glucocorticoid receptor: one gene, multiple 

proteins and diverse responses. Steroids 70: 5-7: 407-417, 2005. 


