
 

 

Abstract 

Regulation of Lipolysis By Perilipin: Influence of Obesity and Exercise Training  

By: Emily Ann Johnson 

June 2010 

Director: Robert C. Hickner 

Department of Exercise and Sport Science 

Obesity is the result of excess energy storage due to an imbalance between 

energy storage and energy utilization. Excess energy is stored as triacylglycerol (TAG) 

in adipose tissue in various regions throughout the body. In order to reduce excess fat 

stores, one must increase the utilization of fat stores for energy. Lipolysis is the process 

where TAG are hydrolyzed to provide free fatty acids as an energy substrate to other 

organs during times of energy demand. Blunted catecholamine stimulated lipolysis has 

been well documented in obese adults. The purpose of this study was to evaluate the 

effects of obesity and exercise training on lipolysis and lipolytic protein expression in 

abdominal subcutaneous adipose tissue (SCAT) in men. 

Lean endurance trained (n=10), lean sedentary (n=10), and obese sedentary 

(n=8) men were recruited for this study. Abdominal SCAT was obtained using needle 

aspiration. Western blots were used to determine the protein content of adipose 

triglyceride lipase (ATGL), comparative gene identification 58 (CGI-58), hormone 

sensitive lipase (HSL), and perilipin. Microdialysis was used to evaluate abdominal 

SCAT lipolysis in vivo. Two probes were inserted into abdominal SCAT. One probe 

served as a control (perfused with a Ringer solution) while the second probe was 



 

 

perfused with isoproterenol, followed by a mixture of isoproterenol and phentolamine. 

Ethanol was added to the perfusates to measure local blood flow. 

Unstimulated, resting lipolysis was higher in exercise trained compared to obese 

men. β-adrenergic stimulation increased lipolysis above baseline in exercise trained and 

sedentary men, but not in obese men. Blood flow was not different in exercise trained, 

sedentary, and obese men during any treatment. Perilipin protein content was lower in 

the sedentary compared to exercise trained men but was not different than obese men. 

There were no differences in ATGL, HSL, or CGI-58 protein content in any of the groups.  

In response to 8 weeks of exercise training in the obese group, unstimulated, 

resting lipolysis did not change. β-adrenergic stimulated lipolysis did not stimulate 

lipolysis before exercise training but  increased above baseline after exercise training. 

Lipolysis during a 60 minute acute exercise bout (30 minutes at 70% VO2max and 30 

minute of intervals (2 minutes at 85% VO2max and 4 minutes at 50%VO2max)) was not 

different from baseline before training but was higher than baseline after exercise 

training. Adipose tissue blood flow was lower than baseline during an acute exercise 

bout after exercise training. There were no other differences in blood flow during any 

treatment. ATGL and perilipin protein content in subcutaneous SCAT increased in 

response to an acute exercise bout before exercise training. Resting ATGL protein 

content increased in response to 8 weeks of exercise training. Resting Perilipin protein 

content tended to be higher at rest after 8 weeks of exercise training.  

Based on our results, exercise training increases perilipin protein content in 

abdominal subcutaneous adipose tissue of lean men, which appears to be a key 



 

 

component for a reduced β-adrenergic responsiveness in sedentary compared to lean 

men. It also appears that acute exercise increases ATGL and perilipin in obese men. 

Eight weeks of exercise training increased ATGL and tended to increase perilipin in 

obese men. ATGL and perilipin are likely the key components to increasing β-

adrenergic lipolysis in abdominal subcutaneous adipose tissue of obese men after 

exercise training.
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Chapter I 

Introduction 

Obesity is an ever growing concern in the United States. In a 2007-2008 survey, 

31.6% of United States citizens were considered to be obese, defined as having a body 

mass index (BMI) greater than 30 kg/m2. Obesity incidence among men has increased 

4.7 percentage points since 1999-2000 (35). Obesity is the result of a number of factors 

such as genetics, physical inactivity, poor nutrition choices, compulsive eating patterns, 

and a stressful lifestyle (13). Obesity is a significant health risk, as it is associated with 

metabolic disorders such as Type 2 diabetes and insulin resistance as well as 

cardiovascular disorders such as hypertension and coronary artery disease.(26) 

Obesity is the result of excess energy storage. Excess energy is stored as 

triacylglycerol (TAG) in adipose tissue in various regions throughout the body. However, 

subcutaneous adipose tissue (SCAT) is the largest reservoir of TAG.  Excess energy 

storage is the result of a lipolytic imbalance, that is, energy is being stored at a greater 

rate than it is being utilized (22).  

TAG supply free fatty acids (FFA) for energy generation in times of need such as 

during fasting and during exercise (14). FFA and glycerol are the products of lipolysis, 

or TAG hydrolysis. FFA released from adipocytes enter the circulation where they can 

be utilized by other organs to produce adenosine triphosphate (ATP) via β-oxidation. 

(2).  

Lipolysis (See Figure 1.1) 

           Lipolysis is hormonally regulated by the catecholamines epinephrine and 
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norepinephrine, which are potent stimulators of lipolysis. Catecholamines stimulate 

lipolysis by binding to Gs-coupled β-adrenergic receptors (β-AR) located on the 

adipocyte membrane (1, 2, 26). β-adrenergic stimulation increases cyclic adenosine 

monophosphate (cAMP) which, in turn, activates protein kinase A (PKA). PKA 

phosphorylates perilipin and hormone sensitive lipase (HSL) (26).  

Perilipin is a lipid droplet coating protein which binds comparative gene 

identification 58 (CGI-58) in the unstimulated state. Upon PKA phosphorylation, CGI-58 

loses its affinity for perilipin and translocates to activate adipose triglyceride lipase 

(ATGL). ATGL demonstrates a high specificity for TAG and is the primary enzyme 

responsible for TAG hydrolysis. HSL shows some specificity for TAG but HSL has a ten-

fold specificity for diacylglycerol (DAG). Monoacylglycerols (MAG) are hydrolyzed by 

monoglyceride lipase (MGL). FFA and glycerol are then released by the adipocyte into 

the interstitial space and circulation to be delivered to peripheral tissues (56).  

Lipolysis is also stimulated via the atrial natriuretic peptide (ANP) pathway which 

acts independently of catecholamines.  ANP binds to natriuretic peptide A which 

increases cyclic guanosine monophosphate (cGMP), thus activating protein kinase G 

(PKG). PKG phosphorylates HSL (26) and perilipin (32). ANP increases during 

exercise, allowing for lipolysis to increase in a catecholamine independent manner (26).  

Lipolysis is inhibited by insulin and via the α-adrenergic pathway. Insulin a potent 

antilipolytic hormone that decreases lipolysis in times of energy storage such as in the 

fed or resting state. Insulin dephosphorylates HSL and also activates 

phosphodiesterase which results in lower cAMP levels. Catecholamines can bind to α-
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adrenergic receptors which are coupled to Gi proteins causing a decrease in cAMP 

levels due to adenylate cyclase (AC) inhibition (22).    

Lipolytic Proteins 

              ATGL is most highly expressed in brown and white adipose tissue but is also 

found in testis, cardiac, and skeletal muscle (51). ATGL has a high specificity for TAG 

and little to no specificity for DAG (28, 51).  ATGL knockout mice exhibit increased 

adipose tissue stores and lipid droplet size (41) and reduced TAG hydrolase activity 

(39). ATGL knockout mice do not have an impaired basal lipolytic rate (16) but basal 

lipolysis appears to be reduced in human adipocytes under ATGL inhibition (28). β-

adrenergic stimulated lipolysis is significantly lower in ATGL knockout mice than wild 

type mice (16). A reduction in β-adrenergic stimulated lipolysis indicates an impaired 

ability to release FFA for energy during times of need such as during exercise or fasting 

(21). Huijsman et al (2009) found that ATGL knockout mice have lower maximal running 

capacity and overall lower running endurance (20). Thus, ATGL is not only important to 

initiate TAG hydrolysis to maintain a lipolytic balance, but is crucial for energy 

production during exercise.  

CGI-58 is primarily located on the lipid droplet membrane, though a small amount 

can be found in the cytosol. CGI-58 activates ATGL thus CGI-58 plays an essential role 

in the initiation of lipolysis (15, 55). A rare autosomal recessive disease in humans 

referred to as Chanarian-Dorman syndrome (CDS) is characterized by mutated CGI-58. 

Those with CDS have an excessive TAG accumulation. (55). CGI-58 is bound to 

unphosphorylated perilipin on the lipid droplet membrane (53). In those with CDS, the 
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interaction between perilipin and CGI-58 is disrupted, and therefore hinders CGI-58 

association with the lipid droplet membrane. (55). Once perilipin is phosphorylated by 

PKA, CGI-58 dissociates from perilipin, translocates, and associates with ATGL to allow 

for activation (15). CGI-58 is not a lipase itself but it does improve the ATGL enzymatic 

activity. Without CGI-58, lipolysis is hindered while TAG content increases (54). CGI-58 

is essential to the functionality of TAG hydrolysis.  

 HSL is a cytosolic protein that is directly phosphorylated by PKA, which results in 

activation of HSL and promotes HSL translocation to the lipid droplet.  HSL 

translocation is directed by perilipin (51) and perilipin phosphorylation is required for 

HSL to translocate to the lipid droplet (31). HSL knockout mice do not show a reduction 

in TAG hydrolase activity or MAG accumulation (40). HSL knockout mice have reduced 

white adipose tissue stores despite no differences in intracellular TAG levels compared 

to wild type mice (18). However, DAG accumulates in white adipose tissue of HSL 

knockout mice, indicating that HSL has a high specificity for DAG (17).  White adipose 

tissue incubated with a HSL inhibitor resulted in an accumulation of DAG and a 

reduction in basal and stimulated FFA release. Like ATGL, HSL is necessary to provide 

FFA for energy during aerobic exercise. HSL-null mice have a reduced capacity for 

aerobic exercise. HSL-null mice compensate for the lack of substrate provided by 

lipolysis by utilizing liver glycogen stores. HSL-null mice have reduced liver glycogen 

stores indicating a substrate shift from FFA to carbohydrates. This shift contributes to 

the reduced aerobic capacity in HSL-null mice (12).  
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 Perilipin is a primary target for catecholamine signaling and is essential for 

ATGL, CGI-58, and HSL to completely and efficiently hydrolyze triglycerides.  Though 

perilipin is required for stimulated lipolysis, perilipin does not possess any enzymatic 

activities. (52). Perilipin null mice are lean and have lower overall fat mass than wild 

type mice (30, 33). Perilipin null mice have a higher basal lipolytic activity in adipocytes 

than wild type mice which largely contributes to the lower fat mass and lower adipocyte 

size in perilipin null mice (45, 46). Perilipin null mice have an attenuated lipolytic 

response to isoproterenol stimulation. Stimulated lipolysis remains impaired when 

adipocytes are activated with forskolin, an AC agonist; this indicates that the deficiency 

is downstream of the β-adrenergic receptor. When cells were stimulated with 

isoproterenol, a nonspecific β-AR agonist, there was no increase in HSL associated with 

the lipid droplet in perilipin null mice where HSL is clearly associated with the lipid 

droplet in wild type mice (45) Thus, perilipin is required for HSL to associate with the 

lipid droplet in order for HSL to participate in lipolysis.  

Obesity 

           Obese individuals have a reduced capacity for catecholamine stimulated lipolysis 

(24, 38). This phenomenon has been explained a number of ways. De Glisezinski et al. 

(1998) determined that the antilipolytic influence of α2-AR was the major contributing 

factor to decreased lipolysis in obese men (8). Reynisdottir et al. (1994) found that 

obese women have a reduced β2-AR binding capacity while β1-AR binding capacity was 

not different between obese and lean women (38). Langin et al. (2005) found that β2-AR 

density was similar in lean and obese preadipocytes but lower HSL in obese individuals 

is to blame as it is the rate limiting enzyme during stimulated lipolysis (28) since perilipin 
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is essential for HSL translocation to the lipid droplet surface (45). It is possible that the 

lipolytic defect observed in human obesity is the result of the interplay between perilipin 

and associated lipases.  

Lower lipolytic protein contents have been observed in human obesity. ATGL 

(42) and HSL are lower in obese than lean men and women. Despite the elevated basal 

lipolysis in obese individuals, stimulated lipolysis in the obese was severely attenuated 

in mature adipocytes in vitro (28). Perilipin protein content has been shown to be much 

higher in the lean than the obese individuals (47). At present, little is known about the 

effects of obesity on CGI-58. CGI-58 mRNA has been shown to be similar in lean and 

obese SCAT (42). However, more work needs to be done to clarify the effects of obesity 

on CGI-58, particularly given what is known about Chanarian-Dorman syndrome. To 

date, no studies have evaluated all lipolytic proteins (ATGL, CGI-58, HSL, and perilipin) 

in human SCAT at one time.  

Exercise Training 

Not only are obese individuals at a disadvantage at rest due to stimulated 

lipolytic impairment, but they are at a disadvantage during exercise as well. 

Catecholamine stimulation of the β-adrenergic pathway is a primary source of FFA 

which provide a substrate for ATP production during exercise (56). Resistance to 

simulated lipolysis creates a challenge for obese individuals to improve their lipolytic 

imbalance. 

Aerobic exercise training improves β-AR stimulated lipolysis in overweight and 

obese individuals (8, 9, 43). Increased β-adrenergic responsiveness is crucial for 
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shifting the lipolytic imbalance in the obese in order to reduce adiposity and improved 

overall health. Though the connection between improved lipolytic responsiveness and 

exercise training is well-established, the mechanisms behind this occurrence are not. 

Specifically, the roles of lipolytic proteins are not clear.  

Physical activity may impact perilipin content; however perilipin’s response to 

exercise training is unclear. Perilipin protein content in SCAT depots in ET rats was 

reported to be similar to that of untrained rats; however, perilipin was higher in 

epididymal fat tissue after exercise training (36). Perilipin function plays a critical role in 

modulating lipolysis through regulation of lipolytic proteins. As physical activity and 

exercise training are used to maintain body fat balance and cardiovascular/metabolic 

health, the response of perilipin and associated proteins to these stimuli needs to be 

determined (11). 

HSL null mice have a reduced exercise capacity simply due to a lack of FA 

mobilization. This demonstrates the importance of HSL during submaximal exercise 

(12). ET has been shown to increase HSL in rat SCAT (36) while HSL phosphorylation 

is up regulated during exercise in SCAT (49, 49, 50). Specifically, β-adrenergic 

stimulation results in an increase in phosphorylation of HSL Ser563 and Ser660, 

corresponding with an increase in SCAT lipolysis (36). However, HSL does not appear 

to change in response to exercise training in muscle (3). 

ATGL and CGI-58 are essential for energy utilization and exercise capacity (5), 

yet few studies have examined the effects of exercise training on ATGL and CGI-58. In 

muscle, ATGL increases in response to exercise training while CGI-58 remains 
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unchanged (3). Research studies evaluating the effects of ATGL and CGI-58 in adipose 

are needed to clarify the role of these lipolytic proteins in β-AR stimulated lipolysis, the 

contribution of FFA to working muscles for fatty acid oxidation, and overall impact on 

adiposity.  

Statement of the Problem 

Obesity significantly contributes to the development of insulin resistance, Type 2 

Ddiabetes, and cardiovascular disorders. The cause of obesity is a lipolytic imbalance, 

that is, excess energy is not being utilized for energy production at a rapid enough rate. 

Additionally, the ability to mobilize TAG is, despite no impairment in basal lipolysis in 

vitro, reduced under catecholamine stimulation which is a significant problem given that 

catecholamines are the greatest activator of lipolysis.  

Lipolysis is carried out by a cascade involving perilipin, ATGL, CGI-58, and HSL. 

These proteins directly influence the rate at which TAG is hydrolyzed in humans. 

Evidence shows that obesity affects these lipolytic proteins and that these proteins may 

be largely responsible for the reduced ability to mobilize TAG in the obese and 

sedentary state. However, the effect of obesity and exercise training on lipolytic proteins 

is not clear since not studies to date have evaluated all lipolytic proteins (ATGL, CGI-58, 

HSL, and perilipin) in relation to obesity and exercise training in human SCAT.  

Hypotheses 

           Resting and stimulated lipolysis, perilipin, and lipolytic proteins are lower in 

obese individuals but can be increased in response to exercise training.  
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Specific Aims 

 Our aim is to evaluate differences in lipolysis and lipolytic proteins in lean 

exercise trained mean, lean sedentary men, and obese sedentary men. We also intend 

to evaluate lipolysis and lipolytic protein content in obese men before and at the end of 

eight weeks of endurance exercise training.  
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Figure 1.1. Proposed model for the regulation of lipolysis (57).  



 

 

Chapter II 

The Effects of Obesity on Lipolysis and Lipolytic Proteins 

Abstract 

Emily A. Johnson. The Effects of Obesity on Lipolysis and Lipolytic Proteins 

(under the direction of Robert C. Hickner). Department of Exercise and Sport 

Science. June 2010 

Lipolysis is the process where TAG are hydrolyzed to provide free fatty acids as an 

energy substrate to other organs during times of energy demand. Blunted 

catecholamine stimulated lipolysis has been well documented in obese adults. The 

purpose of this study was to evaluate the effects of obesity and exercise training status 

on lipolysis and lipolytic protein expression in abdominal subcutaneous adipose tissue 

(SCAT) in men.  Lean endurance trained (ET, n=10), lean sedentary (SED, n=10), and 

obese sedentary (OB, n=10) men were recruited for this study. Abdominal SCAT was 

obtained using needle aspiration. Western blots were used to determine the protein 

content of adipose triglyceride (ATGL), comparative gene identification 58 (CGI-58), 

hormone sensitive lipase (HSL), and perilipin. Microdialysis was used to evaluate 

abdominal SCAT lipolysis in vivo. Two probes were inserted into abdominal SCAT. One 

probe served as a control (perfused with a Ringer solution) while the second probe was 

perfused with isoproterenol (ISO) and a mixture of isoproterenol and phentolamine (IP). 

Ethanol was added to the perfusates to measure blood flow. Unstimulated, resting 

lipolysis was higher in ET than OB. ISO stimulated lipolysis was higher in ET and SED 

compared to baseline (BASE). Lipolysis did not increase further in response to IP in any 

of the groups. Ethanol outflow/inflow was not different in any group during any 

treatment. Perilipin was lower in the SED than ET but not different than OB. There were 

no differences in ATGL, HSL, or CGI-58 in any of the groups. Based on our results, it 
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appears that exercise training increases perilipin protein expression in abdominal SCAT 

in lean men. This may be the key component for a reduced β-adrenergic 

responsiveness in SED compared to lean. This may be the key component for a 

reduced β-adrenergic responsiveness in SED compared to lean.  
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Introduction 

Obesity, defined as excess fat storage, is a significant health risk as it is 

associated with metabolic disorders such as Type 2 diabetes and insulin resistance as 

well as cardiovascular disorders such as hypertension and coronary artery disease (26, 

28). Excess fat is stored as triacylglycerols (TAG) in subcutaneous adipose tissue 

(SCAT). TAG are broken down in times of need, such as during exercise and fasting 

conditions, to provide various body tissues with energy substrate.. 

Lipolysis is the process where TAG are hydrolyzed to provide free fatty acids 

(FFA) as an energy substrate to other organs during times of energy demand (1). FFA 

enter the circulation and are taken in by other organs to generate ATP via β-oxidation 

(1, 2). Lipolysis is largely regulated by catecholamines which bind to Gs-coupled β-

adrenergic receptors (β-AR), leading to stimulation of the lipolytic cascade (2).  

Blunted catecholamine stimulated lipolysis has been well documented in obese 

adults (22, 23, 37) and is, in part, attributed to lower expression of β2-AR, an increased 

antilipolytic effect of α2-AR, and/or decreased HSL expression (28). However, exercise 

training increases stimulated lipolysis (10). 

It has been shown that HSL has a high specificity for diacylglycerol (DAG), 

indicating that an undetermined protein is responsible for TAG hydrolysis. In recent 

years, adipose triglyceride lipase (ATGL) has been identified as the primary TAG 

hydrolase. ATGL knockout mice do not have an impaired basal lipolytic rate (16) but 

basal lipolysis appears to be reduced in human adipocytes under ATGL inhibition (28). 

ATGL and HSL work with one another to hydrolyze TAG into DAG and 
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monoacylglycerol (MAG) (1). Perilipin has been identified as a director of stimulated 

lipolysis. Upon phosphorylation by PKA, perilipin releases the ATGL activator 

comparative gene identification 58 (CGI-58) (15) and promotes HSL translocation to the 

lipid droplet surface (45). It is not clear at this time how ATGL, CGI-58, HSL, and 

perilipin are affected by obesity and/or exercise training status. It is also unclear if these 

proteins are responsible for the blunted catecholamine stimulated lipolysis seen in 

obesity or contribute to increased catecholamine stimulated lipolysis in response to 

exercise training. The purpose of this study was to evaluate the effects of obesity and 

exercise training status on lipolysis and lipolytic protein expression in SCAT in men.  
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Materials and Methods 

Subjects 

Lean endurance trained (ET, n=10), lean sedentary (SED, n=10), and obese 

sedentary (OB, n=10) men were recruited for this study. Lean subjects had a body mass 

index (BMI) less than 25 kg/m2 and obese subjects had a BMI greater than 28 kg/m2 but 

less than 40 kg/m2. Endurance trained subjects participated in endurance physical 

activity for at least 30 minutes per day, 3 times or more per week, for the last 3 months. 

Sedentary subjects participated in regular physical activity for less than 20 minutes per 

day and less than 1 day per week and were weight stable for at least 6 months prior to 

testing. Individuals that were excluded from this study included those with Type 1 or 

Type 2 diabetes, insulin resistance, coronary artery disease, hypertension or any 

condition that may interfere with exercise including arthritis, Parkinson’s disease, and 

stroke. Individuals who smoked were excluded from this study.  Individuals taking 

prescription medications that alter lipid metabolism or blood flow were also excluded. 

Subjects were instructed to not use vitamin supplements at least 48 hours prior to 

microdialysis and SCAT biopsy procedures. 

Study Design 

At least 1 week prior to the clinical investigation, subjects underwent 

anthropometric measurements and a maximal aerobic capacity test. A clinical 

investigation took place at the Brody School of Medicine the morning after a 12 hour 

fast. Subjects were instructed to avoid heavy physical activity and alcohol for at least 24 

hours prior to testing. On this day, subjects underwent a microdialysis experiment, an 



16 

 

abdominal SCAT biopsy, and a venous blood sample. All measurements are described 

in detail below. Subjects were also asked to log all food and drink consumption three 

days prior to the clinical investigation. 

Anthropometric Measurements 

Height was measured on a mounted stadiometer. Body weight was measured on 

a calibrated, electronic scale to the nearest 0.1lb and converted to kilograms. BMI was 

calculated as body mass in kilograms divided by height in square meters. Minimum 

waist, umbilical, and maximum waist circumferences were measured in all participants 

as outlined by the American College of Sports Medicine (4). Waist to hip ratio was 

calculated as the minimum waist circumference divided by the maximum waist 

circumference. Body composition (body fat percentage, fat mass, fat free mass and lean 

body mass) was analyzed by whole body scans using dual energy x-ray absorptiometry 

(DEXA, Lunar USA).  

VO2max Test 

Subjects performed a VO2max test on an electric treadmill using a ParvoMedics 

TrueMax metabolic cart (Anaheim, CA). Prior to each exercise test, the metabolic cart 

was calibrated according to the manufacturer’s indications. A tank consisting of 16% 

oxygen and 4% carbon dioxide was used for gas calibration. Flow rate was calibrated 

using a 3 liter syringe. Heart rate was monitored throughout the test with a heart rate 

monitor (Polar, Lake Success, NY). Expiratory gases were collected throughout the test 

and recovery. A headgear piece was used to stabilize the mouthpiece, and noseclips 

were used to prevent any expiratory gases from escaping through the nose. All 

participants completed the Bruce exercise protocol (4). Heart rate was recorded every 
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minute of the test and recovery. A test was deemed successful if three of the following 

four criteria were met: maximal heart rate is within 20 beats per minute (bpm) of the age 

predicted maximal heart rate (220-age in years), the rate of perceived exertion (RPE) 

reaches or exceeds 17, the respiratory exchange ratio met or exceeded 1.15, and the 

participant reached volitional exhaustion (4). If three of the four previous criteria were 

not met, the test was repeated to ensure accurate results. 

Adipose Tissue Biopsy 

Abdominal SCAT was obtained using needle aspiration. Local anesthesia (5cc of 

1% Lidocaine) was injected into the abdominal SCAT. Fat tissue (approx. 0.5-1 mg) was 

aspirated from the abdominal SCAT using a 16g needle attached to a 60cc syringe for 

suction. The tissue was placed in microcentrifuge vials and subjected to centrifuge at 

1500xg for 10 minutes. The infranatant was drawn off and discarded. Adipose tissue 

was frozen and stored in a -80°C freezer.  

Microdialysis  

Microdialysis provides an effective technique for evaluating localized abdominal 

SCAT   lipolysis in vivo (43). Two 10mm, 20kDa cutoff microdialysis probes (CMA Elite, 

CMA, Microdialysis, Stockholm, Sweden) were inserted into the abdominal SCAT, 2-3 

cm apart, using an 18 gauge needle under sterile conditions. The insertion sites were 

sprayed with ethyl chloride followed by insertion of microdialysis probes. The probes 

were allowed to equilibrate with a Ringer solution consisting of 5mM ethanol and saline 

at 2.0µl/min using a CMA/102 microinfusion pump (CMA/Microdialysis, Stockholm, 

Sweden) for 60 minutes. After equilibration, the probes were perfused for 30 minutes 
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the Ringer solution to measure unstimulated lipolysis. Then, one probe was perfused for 

30 minutes with a Ringer to serve as a control while the second was perfused with 1µM 

of isoproterenol (ISO) to measure β-adrenergic simulated lipolysis. Probe #2 was then 

perfused with the Ringer solution with 0.1mmol/l phentolamine and 1µM ISO (IP). 

Dialysate glycerol was measured using the CMA Microdialysis Analyzer 

(CMA/Microdialysis, Stockholm Sweden). Data for each probe and stage was averaged.  

Ethanol was added to the perfusates to measure blood flow. Inclusion of 5mM 

ethanol in the perfusate has been shown to effectively detect nutritive blood flow 

changes around the microdialysis probe in skeletal muscle (34). The ethanol outflow: 

inflow ratio is inversely related to blood flow and was calculated as: Ethanol 

Outflow:Inflow=[Ethanoldialysate]/[Ethanolperfusate]. Ethanol concentrations was determined 

using the Victor3 Multilabel counter (PerkinElmer, Wellesley, MA) (19).  

Biochemical Analysis 

 Venous blood samples were centrifuged at 4°C for 15 minutes then stored at 

4°C. Samples were shipped on ice and plasma samples analyzed for glucose (GLU), 

total cholesterol (TC), triglycerides (TG), high density lipoprotein (HDL), and insulin 

(INS) (LabCorp, Burlington, NC). Low density lipoproteins (LDL) were calculated as: TC-

HDL-(TG/5). HOMA was calculated as (INS x GLU)/450. 

Western Blot Analysis 

Abdominal SCAT samples were homogenized as described by Wang et al (48). 

SCAT was manually homogenized on ice in glass vials with protein lysis buffer (5% 

SDS, 50mM HEPES,  2 mM EDTA,50 mM NaF, 1mM benzamidine, and 1mL/5mL 
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buffer Protease Inhibitor Cocktail Set III (Calbiochem, San Diego, CA), pH=7.4 ). SCAT 

was homogenized in a ratio of 200µL buffer per 100mg of tissue. Homogenates were 

incubated at 37ºC and were vortexed every ten minutes for a total of one hour. 

Homogenates were then centrifuged for 15 minutes at 14,000g at room temperature. 

The internatent was separated from the fat cake and pellet. The internatent was saved 

and the pellet and fat cake were discarded. Wang et al found that an additional 

extraction of the remaining fat cake does not yield any additional protein (48). 

Protein concentration of the homogenate was measured using a Bioinchoninic 

Acid Protein Assay Kit (Pierce-23225, Pierce Laboratories, Rockford, IL). 40µg of tissue 

added to each well of a 10% polyacrylamide gel (Bio-Ray, Hercules, CA) and separated 

by SDS-PAGE. Proteins were transferred to polyvinylidine fluoride membranes. 

Membranes were blocked with a 5% non-fat milk solution for 1 hour. Primary antibodies 

for perilipin (Sigma Aldrich, St. Louis, MO), ATGL, HSL, CGI-58, and β-actin (Novus 

Biologicals, Littleton, CO) were applied in a 1:5000 ratio and incubated overnight at 4°C. 

Membranes were washed in TBST and the secondary antibody was applied for one 

hour. Membranes were rewashed with TBST/TBS and an ECL solution was applied for 

5 minutes. Blots were detected using an enhanced chemiluminescence system. 

Autoradiographs were quantified using Gel Pro Analyzer software (MediaCybernetics, 

Bethesda, Maryland). Blots were stripped using Restore™ Western Blot Stripping Buffer 

(Pierce Biotechnology, Rockford, IL) and reprobed for the aforementioned programs 

and for β-actin (Sigma-Aldrich Corp), a strong indicator of DNA content (25). Protein 

values are reported in relation to β-actin. 

Statistical Analysis 
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Data are expressed as mean±standard error. Data were considered significant at 

p<0.05. A two-way mixed plot factorial analysis of variance (ANOVA) was used to 

compare demographic information, and expression of perilipin, HSL, ATGL, and CGI-58 

between ET, SED, and OB men. A 3x3 repeated measures ANOVA (participant 

category x probes) was used to analyze microdialysis data. Correlations analysis was 

used to determine relationships between lipolysis and lipolytic proteins.  
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Results 

 Subject characteristics are presented in Table 2.1. None of the subjects were 

taking any medications, vitamins, or supplements. None had ever been diagnosed with 

cardiovascular or metabolic disorders. None suffered from skeletal-muscular conditions 

that prevented the completion of the maximal exercise test. The OB group had a higher 

weight (p<0.001), BMI (p<0.001), body fat percentage (p<0.001), and fat mass 

(p<0.001) than the ET and SED groups. Waist to hip ratio was lower in SED than ET 

and OB (P<0.05). OB had a lower relative VO2max than ET and SED (p<0.05). ET had a 

higher relative VO2max than SED (p<0.05). ET had a higher absolute VO2max than SED 

and OB (p<0.05). Time to exhaustion during the VO2max test was lower in OB than ET 

and SED (p<0.05). Time to exhaustion was higher in ET than SED (p<0.05). No other 

significant findings were observed. 

Biochemical Results 

Biochemical results are listed in Table 2.2. TG were higher in OB than ET 

(p<0.05). LDL were higher in ET than SED (p<0.05). No other significant findings were 

observed.  

Nutritional Analysis 

 Macronutrient intake, calculated from 3 day diet logs, is listed in Table 2.3. There 

were no differences in caloric intake, carbohydrate, fat, or protein consumption in ET, 

SED, or OB.  
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  Dialysate Glycerol 

 Basal.  All dialysate glycerol levels are found in Figure 2.1. Unstimulated glycerol 

was lower in OB (37.96±8.6 µmol/L) than ET (61.81±6.9 µmol/L; p<0.05). SED glycerol 

(51.50±9.2 µmol/L) was not different that ET or OB.  

β-adrenergic stimulation. ISO stimulated glycerol was higher in ET 

(134.40±10.0 µmol/L) than in SED (87.28±11.7 µmol/L; p<0.05) and OB (46.11±9.3 

µmol/L; p<0.001). There was no difference in ISO stimulated glycerol levels between 

SED and OB. Glycerol levels were higher than baseline in response to ISO in ET 

(p<0.001) and SED (p<0.05). ISO stimulated glycerol was not different than baseline in 

OB.  

Beta-adrenergic stimulation and alpha-receptor blockade. IP stimulated 

glycerol (Figure 2.1) was higher in ET (143.21±24.5 µmol/L) than in SED (87.00±9.5 

µmol/L; p=0.05) and OB (63.43±12.9 µmol/L; p<0.05). There was no difference in IP 

stimulated glycerol levels in SED and OB. IP glycerol levels were higher than baseline 

in ET (p<0.05) and SED (p<0.05). IP stimulated lipolysis was not different than baseline 

in OB. IP glycerol levels were not different than ISO stimulated glycerol in any of the 

groups. 

Ethanol Outflow:Inflow (EtOH O/I) 

 EtOH O/I (shown in figure 2.2) during nonstimulated conditions was not different 

between the groups (ET: 0.71±0.02; SED: 0.69±0.04; OB: 0.71±0.05). EtOH O/I during 

ISO conditions (ET: 0.59±0.03; SED: 0.68±0.04; OB: 0.73±0.05) and IP conditions (ET: 

0.64±0.02; SED: 0.73±0.04; OB: 0.70±0.05) was not different between the groups (IP 
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data not shown).  There were no differences in EtOH O/I in responses to any of the 

treatments in any group.  

Protein Expression 

As shown in figure 2.3, ATGL protein expression was not different between ET 

(0.32±0.1 AU/Beta Actin), SED (0.15±0.04 AU/Beta Actin; p=0.14), and OB (0.17±0.05 

AU/Beta Actin; p=0.21).  

CGI-58 was not different between ET (0.60±0.2) and SED (0.24±0.06 AU/Beta 

Acin; p=0.15) or OB (0.26±0.1 AU/Beta Actin; p=0.19). There was also no difference 

between SED and OB (p=0.88) as illustrated in Figure 2.4. 

HSL, presented in figure 2.5, was not different between ET (0.39±0.2 AU/Beta 

Actin), SED (0.25±0.04 AU/Beta Actin), and OB (0.22±0.06 AU/Beta Actin). 

Shown in Figure 2.6, perilipin was higher in ET (1.62±0.6 AU/Beta Actin) than 

SED (0.55±0.09 AU/Beta Actin; p=0.05). There was no difference between ET and OB 

(0.95±0.2 AU/Beta Actin) or between SED and OB.  

Correlations 

 Correlations are shown in Table 2.4 and 2.5. We did not observe any significant 

relationships between lipolysis and lipolytic protein content. We did observe significant 

correlations between lipolytic protein content.  
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 ET SED OB 

N 10 10 10 

Age (yrs) 27±2.8 22±1.4 23.±0.9 

Height (cm) 178.0±2.3 179.9±2.8 178.0±3.2 

Weight (kg) 75.4±2.6 73.5±3.9 103.7±9.1ET**, SED** 

Body Mass Index (kg/m2) 23.8±2.6 22.7±0.9 32.5±2.4ET**, SED** 

Body Fat (%) 17.9±2.1 18.5±2.5 34.9±2.1ET**, SED** 

Fat mass (kg) 12.9±1.5 13.5±2.6 37.0±6.2ET, SED 

Lean Body Mass (kg) 58.6±2.1 57.1±1.5 59.9±1.8 

Waist:Hip 0.9±0.02 0.8±0.01ET, OB 0.9±0.02 

VO2max (ml/kg/min) 52.6±2.7 45.0±1.7ET, OB 34.8±1.5OB 

VO2max (L/min) 4.0±0.1SED, OB 3.3±0.2 3.5±0.2 

Time to Exhaustion  (min) 13.7±0.8 11.9±0.4ET, OB 8.8±0.6ET 

Table 2.1: Subject Characteristics. ET: different from ET group, p<0.05. ET**: different 
from ET group, p<0.001. SED: different from SED group, p<0.05. SED**: different from 
SED group, p<0.001. OB: different from OB group, p<0.05. OB**: different from OB group, 
p<0.001.  All data presented as Mean±SE. 

  



25 

 

 ET SED OB 

GLU (mg/dl) 89.20 91.90±2.6 92.29±3.5 

TC (mg/dl) 160.20±10.5 146.40±11.1 187.14±14.0 

TG (mg/dl) 70.80±9.7 79.80±11.3 146.40±38.9ET 

 HDL (mg/dl) 48.00±2.5 55.30±6.9 42.29±5.2 

 LDL (mg/dl) 98.04±8.6 77.73±13.9 115.57±9.8SED 

INS (uIU/ml) 4.11±1.9 3.63±0.8 8.51±2.2 

HOMA 0.94±0.5 0.83±0.2 1.98±0.6 

Table 2.2: Plasma biochemical results. ET: different from ET group, p<0.05. SED: different 
from SED group, p<0.05. ET n=10, SED n=10, OB n=8. Data is presented as mean±SE. 
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 kcal/day CHO (g) FAT (g) PRO (g) 

ET 2051.44±354.1 234.24±33.0 91.26±27.4 95.57±16.7 

SED 2317.44±59.1 241.18±41.54 97.17±14.7 101.78±13.71 

OB 2331.49±506.1 241.16±46.8 76.80±8.7 122.75±43.4 

Table 2.3: Nutritional intake in lean exercise trained (ET), lean sedentary (SED), and 

obese sedentary (OB) men.  There were no significant differences in caloric intake 

(kcal/day), carbohydrate (CHO), fat (FAT), or protein (PRO) consumption between the 

three groups. ET n=10, SED n=10, OB n=8. Data are expressed as mean±SE. 
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 Ringer ISO IP 

ATGL 0.06 0.13 -0.17 

CGI-58 0.12 0.01 0.04 

HSL 0.07 0.10 -0.06 

Perilipin 0.003 0.16 -0.10 

Table 2.4: Correlations between lipolytic proteins and lipolysis in abdominal 
subcutaneous adipose tissue in lean exercise trained (n=10), lean sedentary (n=10), 
and obese men (n=10). There were no significant correlations between lipolysis under 
unstimulated (Ringer), isoproterenol stimulated (ISO) and isoproterenol and 
phentolamine stimulated (IP) conditions with adipose triglyceride lipase (ATGL), 
comparative gene identification 58 (CGI-58), hormone sensitive lipase (HSL) and 
perilipin.  
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 ATGL CGI-58 HSL Perilipin 

ATGL  0.58** 0.50* 0.76** 

CGI-58 0.58**  0.87** 0.17 

HSL 0.50* 0.87**  0.02 

Table 2.5: Correlations between lipolytic proteins and lipolysis in abdominal 
subcutaneous adipose tissue in lean exercise trained (n=10), lean sedentary (n=10), 
and obese men (n=10). We observed significant correlations between adipose 
triglyceride lipase (ATGL) and comparative gene identification 58 (CGI-58), ATGL and 
hormone sensitive lipase (HSL), ATGL and perilipin, and HSL and CGI-58. *p<0.05. 
**p≤0.001.  
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Figure 2.1: Dialysate glycerol concentrations in abdominal subcutaneous adipose 
tissue of lean sedentary (SED, n=10), lean trained (ET, n=10) and obese sedentary 
(OB, n=10). Resting, unstimulated dialysate glycerol was lower in obese sedentary men 
(SED) than in lean exercise trained men (ET). Under isoproterenol stimulation (ISO), 
dialysate glycerol increased above unstimulated conditions in ET and lean sedentary 
men (SED). Dialysate glycerol under ISO stimulation was higher in ET than in SED and 
OB. Under ISO and phentolamine stimulation (IP), glycerol levels were higher than 
baseline in ET and SED. Glycerol levels did not increase above ISO simulation in any of 
the groups. *p<0.05; different from Ringer Probe. #: p<0.05; different from ET. Data are 
expressed as means±SE. 
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Figure 2.2: Ethanol ouflow:inflow ratios in abdominal subcutaneous adipose tissue in 
lean exercise trained (ET, n=10), lean sedentary (SED, n=10) and obese sedentary 
(OB, n=10) men. Ethanol outflow:inflow ratio was not different during any treatment 
(ringer, isoproterenol (ISO), isoproterenol and phentolamine (IP)) and were not different 
between groups (lean exercise trained (ET), lean sedentary (SED) and obese sedentary 
(OB) men. Data are expressed as mean±SE. 
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Figure 2.3: Adipose triglyceride lipase (ATGL) protein content in subcutaneous adipose 
tissue in lean exercise trained (ET, n=10), lean sedentary (SED, n=10), and obese 
sedentary (OB, n=10) men. ATGL expression was not different between lean exercise 
trained (ET), lean sedentary (SED), and obese sedentary (OB) men. Data are 
expressed as mean±SE. 
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Figure 2.4: Comparative gene identification 58 (CGI58) expression in subcutaneous 
adipose tissue in lean exercise trained (ET, n=10), lean sedentary (SED, n=10), and 
obese sedentary (OB, n=10) men. CGI-58 was not different between lean exercise 
trained (ET), lean sedentary (SED), and obese sedentary (OB) men. Data are 
expressed as mean±SE. 
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Figure 2.5: Hormone sensitive lipase (HSL) expression in abdominal subcutaneous 
adipose tissue in lean exercise trained (ET, n=10), lean sedentary (SED, n=10), and 
obese sedentary (OB, n=10) men. HSL was not different between lean exercise trained 
(ET), lean sedentary (SED), and obese sedentary (OB) men. Data are expressed as 
mean±SE. 
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Figure 2.6: Perilipin protein content in abdominal subcutaneous adipose tissue in lean 

exercise trained (ET, n=10), lean sedentary (SED, n=10), and obese sedentary (OB, 

n=10) men.. Perilipin was significantly lower in SED than ET men. There was no 

differences between ET and OB or SED and OB. *p<0.05. Data are expressed as 

mean±SE.  
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Discussion 

We determined that lean ET and lean sedentary men (SED) have an increased 

lipolysis in response to β-adrenergic stimulation. Lipolysis in OB men did not respond to 

β-adrenergic stimulation.  These findings support the previous work of others in that 

obese individuals have a reduced capacity for catecholamine stimulated lipolysis (24, 

38). We did not observe further increases in lipolysis with the addition of phentolamine 

(an α-AR antagonist). This supports the contention that β-adrenergic stimulation of 

lipolysis is impeded in obese (23, 24, 28, 29) but does not agree with previous studies 

reporting the antilipolytic action of α-AR is responsible for defects in lipolysis (8).  

Additionally, we observed a higher lipolytic rate in ET than SED in response to β-

adrenergic stimulation, indicating that a sedentary lifestyle may also hinder stimulated 

lipolysis. Others have found that indeed exercise training does increase lipolytic 

response to β-adrenergic stimulation (43). We believe that a significant defect exists in 

the β-adrenergic pathway that hinders stimulated lipolysis but that this defect can be, at 

least in part, reversed in response to exercise training. The increase in stimulated 

lipolysis was higher in ET compared to SED and OB indicating that exercise plays a 

substantial role in increasing response to β-adrenergic stimulation. We do not believe 

that an increase in insulin (a potent antilipolytic hormone) sensitivity is responsible for 

our findings since plasma insulin and insulin sensitivity were not different between 

groups.   

We observed a decreased lipolysis at rest in OB men compared to ET. Again, 

this is likely due to a resistance to β-adrenergic stimulated lipolysis and not due to an 

antilipolytic effect from insulin or α-adrenergic pathway. This further illustrates the defect 
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in human obesity; obese men are not able to mobilize FFA from SCAT at rest or in 

times of need such as during exercise as effectively as their lean and/or exercise 

trained counterparts. Though we did not observe a significant relationship between 

lipolysis and lipolytic protein content, we did observe significant relationships among the 

four lipolytic proteins measured. This may indicate that ATGL, CGI-59, HSL, and 

perilipin protein content are regulated in concert.  

We evaluated the differences in essential lipolytic proteins in ET, SED, and OB 

as well in an attempt to clarify where the defects in the β-adrenergic pathway are 

located. We did not observe any differences in ATGL, CGI-58, or HSL among groups. 

Perilipin, however, was lower in the SED compared to the ET group and were not 

different in SED and OB. Based on our results, it appears that exercise training 

increases perilipin protein expression in lean men. This may be the key component for a 

reduced β-adrenergic responsiveness in SED compared to ET. As previously 

determined, perilipin null mice have a 75% lower glycerol release from adipocytes than 

wild type mice (45). It may be that the increase in perilipin content increases HSL 

translocation to the lipid droplet (51) and/or enables lipases’ ability to hydrolyze TAG by 

fragmenting the lipid droplet in order to increase the surface area of the lipid droplet (6). 

It is also possible that an increased perilipin content increases HSL translocation to the 

lipid droplet and/or CGI-58 release. However, one limitation to this study is lipolytic 

protein activity was not evaluated. It is possible that the activity levels of each protein 

will clarify and help explain our results. Lipolytic protein activity evaluation is a 

necessary avenue to be explored in future studies.  
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Atrial natriuretic peptide (ANP) may play a role in the increases in stimulated 

lipolysis in exercise trained men. ANP, released in response to atrial stretching, 

activates cGMP which, in turn, phosphorylates perilipin and HSL (32).  Response to 

ANP stimulated lipolysis increases in response to aerobic exercise training and is 

therefore a potential target for future studies. (32).   

In the present study, we identify exercise as a potentially crucial element to a 

stimulated lipolytic response to β-adrenergic activation due to perilipin upregulation.  It 

appears that exercise training increases lipolysis in response to β-adrenergic 

stimulation. This effect may be more important in obese men due to a lower lipolysis at 

rest as well as a blunted lipolytic response to stimulation. In the present study, we 

determined that perilipin may respond to exercise training and therefore increase 

lipolysis. However, the precise mechanisms of perilipin’s action should be investigated 

further in future investigations.



 

 

Chapter III 

The Effects of Exercise Training on Lipolysis and Lipolytic Proteins in Human 

Obesity 

Abstract 

Emily A. Johnson. The Effects of Exercise Training on Lipolysis and Lipolytic 

Proteins in Human Obesity (under the direction of Robert C. Hickner). Department 

of Exercise and Sport Science. June 2010.  

Lipolysis is the process where TAG are hydrolyzed to provide free fatty acids as an 

energy substrate to other organs during times of energy demand such as exercise. 

Blunted catecholamine stimulated lipolysis has been well documented in obese adults 

yet the mechanisms of how this defect can be alleviated by exercise is not clear. It is the 

purpose of this study to evaluate the effects of 8 weeks of exercise training on lipolysis 

and key lipolytic proteins (ATGL, CGI-58, HSL, and perilipin) in subcutaneous 

abdominal adipose tissue (SCAT) of obese men. Eight obese, sedentary men 

participated in this study. Abdominal SCAT was obtained using needle aspiration. 

Western blots were used to determine the protein content of ATGL, CGI-58, HSL, and 

perilipin. Microdialysis was used to evaluate abdominal SCAT lipolysis in vivo. Two 

probes were inserted into abdominal SCAT. One probe served as a control (perfused 

with a Ringer solution). The second probe was perfused with isoproterenol (ISO) and a 

mixture of isoproterenol and phentolamine (IP) to evaluate beta-adrenergic regulation of 

lipolysis. Ethanol was added to the perfusates to measure local microvasculature 

exchange. Unstimulated, resting lipolysis did not change in response to ET. ISO 

stimulated lipolysis increased from baseline (BASE) before and after ET. The response 

to ISO stimulation was higher after ET than before ET. Lipolysis did not increase further 

from ISO in response to IP before or after ET. Lipolysis was higher than BASE during 
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an acute exercise bout (ACEX) after ET but not before ET. Ethanol outflow/inflow ratio 

was lower than BASE during ACEX after ET. There were no other differences in ethanol 

outflow/inflow during any treatment. ATGL increased in response to ACEX before ET 

and in response to ET. Perilipin was higher after ACEX before ET and tended to be 

higher at rest after ET. Based on our results, it appears that ACEX increases ATGL and 

perilipin in abdominal subcutaneous adipose tissue of obese men. ET increased ATGL 

protein content, and tended to increase perilipin, protein content in abdominal SCAT. 

ATGL and perilipin may be the key components to increasing β-adrenergic lipolysis in 

abdominal subcutaneous adipose tissue of obese men after endurance training.  
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Introduction 

Obesity rates among men have increased 4.7% in the last ten years and is on 

the rise (35). Obesity is the result of an energy surplus; excess energy is stored as 

triacylglycerols (TAG) in adipose tissue. Obesity is a significant health risk, as it is 

associated with metabolic disorders such as Type 2 Diabetes and insulin resistance as 

well as cardiovascular disorders such as hypertension and coronary artery disease.(26). 

Lipolysis, or TAG hydrolysis, releases FFA from adipocytes which enter the 

circulation where they can be taken up and utilized by other organs for energy 

production (2).  There are a number of proteins that help facilitate the lipolytic process. 

Perilipin is a lipid droplet coating protein which binds comparative gene identification 58 

(CGI-58) protein in the unstimulated state. Upon PKA phosphorylation, CGI-58 loses 

affinity for perilipin and translocates to activate adipose triglyceride lipase (ATGL) which 

resides on the lipid droplet surface. ATGL demonstrates a high specificity for TAG and 

is the primary enzyme responsible for TAG hydrolysis. HSL shows some specificity for 

TAG but HSL has a ten-fold specificity, as compared to ATGL, for diacylglycerol (DAG). 

Monoacylglyerols (MAG) are hydrolyzed by monoglyceride lipase (MGL). FFA and 

glycerol are then released by the adipocyte into circulation where they are delivered to 

peripheral tissues (56).  

It has been reported that catecholamine stimulated lipolysis is blunted in the 

obese state (24, 38). This is of particular concern in the obese population: with reduced 

circulating free fatty acid (FFA) availability during exercise, the ability to generate 

adenosine triphosphate (ATP) in muscle is hindered (2, 14). 
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A reduced β2-adrenergic receptor density (38) and lower hormone sensitive 

lipase (HSL) content (28) have been offered as explanations for reduced lipolysis in 

obese individuals during exercise. However, in recent years, other proteins, such as 

ATGL and CGI-58 have been identified as critical lipolytic components. These 

developments have caused the reasons for a lipolytic defect in obesity to be less 

certain. However, perilipin, ATGL and HSL protein content and CGI-58 mRNA have 

been shown to be lower in obese (28, 42). Given the role of these essential proteins, it 

seems logical that these proteins contribute to the reduction in catecholamine 

stimulated lipolysis, yet this premise has not been clarified in humans. To date, no 

studies have evaluated the content all of the lipolytic proteins in obese human SCAT.   

Exercise training has been shown to improve catecholamine stimulated lipolysis 

in obese and overweight individuals (8, 9, 43). However, given the recent 

advancements in our understanding of the lipolytic cascade, it is unknown if exercise 

training has any effect on ATGL, CGI-58, HSL, or perilipin in adipose tissue of obese 

humans. In a previous study in human skeletal muscle, Alsted et al (2008) found that 

ATGL protein content was increased in response to 8 weeks of exercise training in 

overweight males while CGI-58 AND HSL remained unchanged (3).Despite these 

findings, the effects of exercise training on the aforementioned proteins in human 

abdominal SCAT is, at this time, unknown.  Therefore, it is the purpose of this study to 

evaluate the effects of 8 weeks of exercise training on stimulated lipolysis and key 

lipolytic proteins (ATGL, CGI-58, HSL, and perilipin) in obese men. We believe that 

lipolysis and lipolytic protein content is lower in obese but exercise trained individuals 

have an increased lipolysis and lipolytic protein content.   
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Materials and Methods 

Subjects 

Obese sedentary (OB, n=8) men were recruited for this study. Participants had a 

body mass index (BMI) greater than 30 kg/m2 but less than 40 kg/m2. Participants 

participated in regular physical activity for less than 20 minutes per day and less than 1 

day per week and were weight stable for at least 6 months prior to testing. Individuals 

that were excluded from this study included those who smoked or had Type 1 or Type 2 

diabetes, insulin resistance, coronary artery disease, hypertension or any condition that 

may interfere with exercise including arthritis, Parkinson’s disease, and stroke.  

Individuals taking prescription medications that alter lipid metabolism or blood flow were 

also excluded. Participants were instructed to not use vitamin or other nutritional 

supplements at least 48 hours prior to microdialysis and SCAT biopsy procedures. 

Study Design 

At least 1 week prior to the clinical investigation, participants underwent 

anthropometric measurements and a maximal aerobic capacity test. Anthropometric 

measurements and the maximal aerobic capacity test were repeated 4 weeks into, and 

during the final week of exercise training (ET). A clinical investigation took place before 

and within 24 hours of the final exercise training bout, at the Brody School of Medicine 

the morning after a 12 hour fast. Participants were instructed to avoid heavy physical 

activity and alcohol. On these days, participants underwent a microdialysis experiment, 

abdominal SCAT biopsies, and a venous blood sample. All measurements are 
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described in detail below. Subjects were also asked to log all food consumption three 

days prior to each clinical investigation. 

Anthropometric Measurements 

Height was measured on a mounted stadiometer. Body weight was measured on 

a calibrated, electronic scale to the nearest 0.1lb and converted to kilograms. BMI was 

calculated as body mass in kilograms divided by height in square meters. Minimum 

waist, umbilical, and maximum waist circumferences was measured in all participants 

as outlined by ACSM (4). Waist to hip ratio was calculated as the minimum waist 

circumference divided by the maximum waist circumference. Body composition (body 

fat percentage, fat mass, fat free mass and lean body mass) was analyzed by whole 

body scans using dual energy x-ray absorptiometry (DEXA, Lunar USA).  

VO2max Test 

Participants performed a VO2max test prior to, 4 weeks into, and in the last week 

of exercise training, on an electric treadmill using a ParvoMedics TrueMax metabolic 

cart (Anaheim, CA). Prior to each exercise test, the metabolic cart was calibrated 

according to the manufacturer’s indications. A tank consisting of 16% oxygen and 4% 

carbon dioxide was used for gas calibration. Flow rate was calibrated using a 3 liter 

syringe. Heart rate was monitored throughout the test with a heart rate monitor (Polar, 

Lake Success, NY). Expiratory gases were collected throughout the test and recovery. 

A headgear piece was used to stabilize the mouthpiece, and noseclips were used to 

prevent any expiratory gases from escaping through the nose. All participants 

completed the Bruce exercise protocol (4). Heart rate was recorded every minute of the 

test and recovery. A test was deemed successful if three of the following four criteria 
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were met: maximal heart rate is within 20 beats per minute (bpm) of the age predicted 

maximal heart rate (220-age in years), the rate of perceived exertion (RPE) reaches or 

exceeds 17, the respiratory exchange ratio met or exceeded 1.15, and the participant 

reached volitional exhaustion (4). If three of the four previous criteria were not met, the 

test was repeated to ensure accurate results. 

Exercise Training 

Subjects exercised for the 8 weeks on a treadmill, cycle ergometer, and/or 

elliptical trainer. Subjects progressed from 3 exercise sessions/week (weeks 1 and 2) 

and progressed to 4 sessions/week (weeks 3-5, and 8) and 5 sessions/week (weeks 6-

7). Subjects exercised at a heart rate corresponding to 65-70%VO2max for the first 30 

minutes. The second 30 minutes of exercise included intervals at a heart rate 

corresponding to 80-85% VO2max (2 minute work intervalsduring weeks 1-2, 3 minutes 

during weeks 3-5 and 8, 4 minutes during weeks 6-7) with 2-4 minutes of recovery (4 

minutes weeks 1-2, 3 minutes weeks 3-5 and 8, 2 minutes weeks 6-7) at a heart rate 

corresponding to 45-50% VO2max. The intensity of each exercise sessions was 

determined by their individual VO2max assessment. 

Each subject was monitored during every exercise session by a trained exercise 

professional. Subjects wore a heart rate monitor (Polar, Lake Success, NY) throughout 

each exercise session and heart rate was measured regularly to ensure exercise was 

being performed at the prescribed intensity; adjustments to workload were made if the 

participants’ heart rate fell out of the prescribed range.  All subjects remained weight 

stable throughout the intervention. Weight was measured once a week during the 8 

weeks of ET.  
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Acute Exercise Bout 

Participants completed an acute exercise bout before and immediately after 8 

weeks of exercise training. Dialysate glycerol was measured during the exercise bout 

and abdominal SCAT biopsies were taken before and immediately following the 

exercise bouts. Subjects exercised at the same absolute workload during the first and 

last exercise bout. 

Adipose Tissue Biopsies 

Abdominal SCAT biopsies were collected prior to, and immediately following, the 

microdialysis experiments. Abdominal SCAT was obtained using needle aspiration. 

Local anesthesia (5cc of 1% Lidocaine) was injected into the abdominal SCAT. Fat 

tissue (approx. 0.5-1 mg) was aspirated from the abdominal SCAT using a 16g needle 

attached to a 60cc syringe for suction. The tissue was placed in microcentrifuge vials 

and subjected to centrifuge at 1500xg for 10 minutes. The infranatant was drawn off and 

discarded. Adipose tissue was frozen and stored in a -80°C freezer. Abdominal SCAT 

biopsies were collected prior to and following the microdialysis experiments.  

Microdialysis  

Microdialysis provides an effective technique for evaluating localized abdominal 

SCAT lipolysis in vivo (44)Microdialysis was performed prior to and following 8 weeks of 

exercise training. Two microdialysis probes (CMA Elite, CMA, Microdialysis, Stockholm, 

Sweden) were inserted into the abdominal SCAT, 2-3 cm apart, using an 18 gauge 

needle under sterile conditions. The insertion sites were sprayed with ethyl chloride 

followed by insertion of microdialysis probes. The probes were allowed to equilibrate 

with a Ringer solution consisting of 5mM ethanol and saline at 2.0µl/min using a 
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CMA/102 microinfusion pump (CMA/Microdialysis, Stockholm, Sweden) for 60 minutes. 

After equilibration, the probes were perfused for 30 minutes with Ringer solution to 

measure unstimulated lipolysis. Then, one probe was perfused for 30 minutes with a 

Ringer to serve as a control while the second was perfused with Ringer containing 1µM 

of isoproterenol (ISO) to measure β-adrenergic simulated lipolysis. Probe #2 was then 

perfused with the Ringer solution with 0.1mmol/l phentolamine and 1µM isoproterenol 

(IP). Glycerol was measured using CMA/600 Microdialysis Analyzer 

(CMA/Microdialysis, Stockholm Sweden). Data for each probe and stage were 

averaged.  

Ethanol was added to the perfusates to measure local microvascular exchange. 

Inclusion of 5mM ethanol in the perfusate has been shown to effectively detect nutritive 

blood flow changes around the microdialysis probe in skeletal muscle (34). The ethanol 

outflow: inflow ratio is inversely related to local nutritive blood flow and was calculated 

as: Ethanol Outflow:Inflow=[Ethanoldialysate]/[Ethanolperfusate]. Ethanol concentrations were 

determined using the Victor3 Multilabel counter (PerkinElmer, Wellesley, MA) (19).  

Biochemical Analysis 

 Venous blood samples were centrifuged at 4°C for 15 minutes then stored at 

4°C. Samples were shipped on ice and plasma samples analyzed for glucose (GLU), 

total cholesterol (TC), triglycerides (TG), high density lipoprotein (HDL), and insulin 

(LabCorp, Burlington, NC). Low density lipoproteins (LDL) were calculated as: TC-HDL-

(TG/5). HOMA was calculated as (GLUxINS)/450.  

Western Blot Analysis 
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Abdominal SCAT samples were homogenized as described by Wang et al (48). 

SCAAT was manually homogenized on ice in glass vials with protein lysis buffer (5% 

SDS, 50mM HEPES,  2 mM EDTA,50 mM NaF, 1mM benzamidine, and 1mL/5mL 

buffer Protease Inhibitor Cocktail Set III (Calbiochem, San Diego, CA), pH=7.4 ). 

SCAAT was homogenized in a ratio of 200µL buffer per 100mg of tissue. Homogenates 

were incubated at 37ºC and were vortexed every ten minutes for a total of one hour. 

Homogenates were then centrifuged for 15 minutes at 14,000g at room temperature. 

The internatent was separated from the fat cake and pellet. The internatent was saved 

and the pellet and fat cake were discarded. Wang et al found that an additional 

extraction of the remaining fat cake does not yield any additional protein (48). 

Protein concentration of the homogenate was measured using a Bioinchoninic 

Acid Protein Assay Kit (Pierce-23225, Pierce Laboratories, Rockford, IL). 40µg of tissue 

added to each well of a 10% polyacrylamide gel (Bio-Ray, Hercules, CA) and separated 

by SDS-PAGE. Proteins were transferred to polyvinylidine fluoride membranes. 

Membranes were blocked with a 5% non-fat milk solution for 1 hour. Primary antibodies 

for perilipin (Sigma Aldrich, St. Louis, MO), ATGL, HSL, CGI-58, and β-actin (Novus 

Biologicals, Littleton, CO) were applied in a 1:5000 ratio and incubated overnight at 4°C. 

Membranes were washed in TBST and the secondary antibody was applied for one 

hour. Membranes were rewashed with TBST/TBS and an ECL solution was applied for 

5 minutes. Blots were detected using an enhanced chemiluminescence system. 

Autoradiographs were quantified using Gel Pro Analyzer software (MediaCybernetics, 

Bethesda, Maryland). Blots were stripped using Restore™ Western Blot Stripping Buffer 

(Pierce Biotechnology, Rockford, IL) and reprobed for the aforementioned proteins and 
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for β-actin (Sigma-Aldrich Corp), a strong indicator of DNA content (25). Protein values 

are reported in relation to β-actin. 

Statistical Analysis 

Data are expressed as mean±standard error. Data were considered significant at 

p<0.05. Multiple Paired sample t-tests were performed to analyze differences between 

pre and post exercise training (demographics, expression of perilipin, HSL, ATGL, and 

CGI-58). A 2x2 (pre/post training x probe) repeated measured analysis of variance 

(ANOVA) was used to analyze lipolysis at rest and during exercise. A 2x3 (pre/post 

training x probe) repeated measures ANOVA was used to analyze lipolysis at rest, 

during ISO stimulation, and during IP stimulation. 
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Results 

Subject Characteristics 

Subject characteristics are listed in Table 3.1. There were no significant 

differences in body composition (weight, BMI, body fat percentage, lean body mass, 

and waist to hip ratio) after, as compared to before, 8 weeks of exercise training.  There 

was no change in VO2max (relative or absolute); however, time to exhaustion during the 

VOmax test was longer after, compared to before, exercise training (P=0.001).  

Blood Chemistry 

Blood chemistry characteristics are listed in Table 3.2. There were no significant 

differences in any of the parameters measured in response to exercise training.  

Nutritional Analysis 

 Nutritional analysis calculated from 3 day diet logs are listed in Table 3.3. There 

were no differences in caloric intake, carbohydrate, fat, or protein consumption before, 

as compared to after, 8 weeks of ET.  

Glycerol 

Resting, unstimulated dialysate glycerol levels did not change in response to 8 

weeks of ET (PRE ET: 35.71±8.6, POST ET: 34.63±7.2 µmol/L, p=0.93). 

Dialysate glycerol did not change in response to ISO from baseline (resting, 

unstimulated, BASE) before 8 weeks of ET (BASE: 35.71±8.6, ISO: 46.11±9.2 µmol/L, 

p=0.16). Dialysate glycerol increased from BASE in response to ISO after 8 weeks of 

ET (BASE: 34.63±7.2, ISO: 71.29±15.9 µmol/L, p=0.05).   
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Dialysate glycerol did not increase further (as compared to ISO) with IP before 

ET (ISO: 46.11±9.2, IP: 63.43±12.9 µmol/L, p=0.39) or after ET (ISO: 71.29±15.9, IP: 

91.42±19.6 µmol/L, p=0.52, Figure 3.1). 

Dialysate glycerol was higher than BASE during an acute exercise bout (ACEX: 

113.69±17.7; p=0.01) before ET. Dialysate glycerol was not different that BASE during 

ACEX (106.08±25.5; p=0.06) after ET. There was no difference in dialysate glycerol 

during ACEX before and after ET.  

Ethanol Outflow/Inflow 

 Ethanol outflow/inflow ratios (Eth O/I) are shown in figure 3.2. Before ET, Eth O/I 

was not different from BASE (0.71±0.05) in response to ISO (0.73±0.05), IP 

(0.70±0.05), or Ac. Ex (0.67±0.03).  

 After ET, Eth O/I was not different from BASE (0.78±0.03) in response to ISO 

(0.79±0.06) and IP (0.65±0.05,data not shown). Eth O/I was lower than BASE during 

ACEX (0.63±0.02; p=0.003).   

 There were no differences in Eth O/I in any of the treatments before ET 

compared to after ET.  

Protein Content 

ATGL expression is detailed in figure 3.1. ATGL increased significantly in 

response to ACEX before ET (PRE ACEX: 0.16±0.06, POST ACEX: 2.74±1.0 AU/beta, 

p=0.04). ATGL did not change in response to ACEX after ET (PRE ACEX: 1.23±0.5, 
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POST ACEX: 3.31±1.5 AU/beta, p=0.22). Resting ATGL increased in response to 8 

weeks of ET (PRE ET: 0.16±0.06, POST ET: 1.23±0.5 AU/beta, p=0.05). 

CGI-58 did not respond to AC before ET (PRE ACEX: 0.27±0.1, POST AC: 

0.74±0.5 AU/beta, p=0.34) or after ET (PRE ACEX: 0.89±0.6, POST ACEX: 1.90±1.2 

AU/beta, p=0.34). Resting CGI-58 did not change in response to 8 weeks of ET (PRE 

ET: 0.27±0.1, POST ET: 1.90±1.2 AU/beta, p=0.43). 

HSL did not respond to ACEX before ET (PRE ACEX: 0.22±0.09, POST ACEX: 

0.30±0.08 AU/beta, p=0.54) or after exercise training (PRE ACEX: 0.41±0.2, POST 

ACEX: 1.11±0.6 AU/beta, p=0.34). Resting HSL did not change in response to 8 weeks 

of ET (PRE ET: 0.22±0.09, POST ET: 0.41±0.2 AU/beta, p=0.35). 

Perilipin increased significantly in response to an AC before ET (PRE ACEX: 

0.83±0.2, POST ACEX: 3.46±1.1 AU/beta, p=0.05). Perilipin did not change in response 

to AC after ET (PRE ACEX: 2.47±0.7, POST ACEX: 8.68±3.3 AU/beta, p=0.11). Resting 

perilipin increased in response to 8 weeks of ET (PRE ET: 0.83±0.2, POST ET: 

2.47±0.7 AU/beta, p=0.056). 
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 PRE  ET POST ET 

Age (yrs) 22.5±0.9 

Height (cm) 177.0±3.2 

Weight (kg) 96.2±5.2 96.2±5.1 

Body Mass Index (kg/m2) 30.7±1.2 30.7±1.4 

Body Fat (%) 34.9±2.1 34.0±2.6 

Fat mass (%) 32.7±3.4 31.7±3.6 

Lean Body Mass (kg) 59.9±1.8 60.9±2.3 

Waist:Hip 0.9±0.02 0.9±0.03 

VO2max (ml/kg/min) 34.8±1.5 38.0±3.4 

VO2max (L/min) 3.5±0.2 3.6±0.3 

Time to Exhaustion  (min) 8.8±0.6 11.1±0.5* 

Table 3.1: Subject Characteristics. Time to exhausting during the VO2max test was 
higher after 8 weeks of exercise training (ET). *p=0.001 Data are expressed as 
mean±SE Data are expressed as mean±SE 
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 PRE ET POST ET 

GLU (mg/dl) 92.3±3.5 82.2±2.9 

TC (mg/dl) 187.1±14.0 193.7±14.6 

TG (mg/dl) 146.4±38.9 153.5±22.4 

HDL (mg/dl) 42.3±5.2 43.0±2.3 

LDL (mg/dl) 115.6±9.8 119.5±12.0 

INS (uIU/ml) 8.5±2.2 8.5±1.9 

HOMA 2.0±0.6 1.6±0.4 

                  Table 3.2: Biochemical characteristics. There were no differences 
in blood chemistry in response to 8 weeks of ET. Data are 
expressed as mean±SE.  
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 kcal/day CHO (g)/day FAT (g)/day PRO (g)/day 

PRE ET 2331.5±506.1 241.2±46.8 76.8±8.7 122.8±43.4 

POST ET 1877.8±184.9 219.3±25.4 75.4±8.6 85.2±13.2 

Table 3.3: Nutritional analysis before and after 8 weeks of exercise training (ET). There 

were no significant differences in caloric intake (kcal/day), carbohydrate (CHO), fat 

(FAT), or protein (PRO) consumption before and after ET. Data are expressed as 

mean±SE. 
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Figure 3.1: Dialysate glycerol concentrations before and after 8 weeks of exercise 

training (ET) in abdominal subcutaneous adipose tissue in obese (n=8) men. 

Unstimulated glycerol was not different after 8W ET. Dialysate glycerol was higher than 

BASE after ET. Dialysate glycerol was higher than BASE during exercise before 8W ET. 

*p<0.05; different from BASE. Data are expressed as mean±SE. 
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Figure 3.2: Ethanol outflow/Inflow ratios (Eth O/I) before and after 8 Weeks of exercise 

training (ET) in abdominal subcutaneous adipose tissue in obese (n=8) men. Eth O/I 

was not different among any of the treatments before ET. Eth O/I during ISO was not 

different than BASE after ET. Eth O/I during acute exercise (ACEX) was lower than 

BASE after ET. There were no differences before and after ET among any of the 

treatments. *p=0.003; different form BASE. Data are expressed as mean±SE. 
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Figure 3.3: Adipose triglyceride (ATGL) protein content in response to an acute 

exercise bout (ACEX) and 8 weeks of aerobic exercise training (ET) in abdominal 

subcutaneous adipose tissue in obese (n=8) men. ATGL increased after ACEX before, 

but not after, ET. Resting ATGL increased in response to ET. *p<0.05; different from 

PRE ACEX. #: p<0.05; different from PRE ACEX, PRE 8W ET. Data are expressed as 

mean±SE 
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Figure 3.4: Comparative gene identification 58 (CGI-58) expression in response to an 

acute exercise bout (ACEX) and 8 weeks of exercise training (ET) in abdominal 

subcutaneous adipose tissue in obese (n=8) men. CGI-58 expression was not different 

after an acute exercise bout before or after ET. Resting CGI-58 expression was not 

different in response to ET. Data are expressed at mean±SE. 
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Figure 3.5: Hormone sensitive lipase (HSL) expression before and after 8 weeks of 

exercise training (ET) in abdominal subcutaneous adipose tissue in obese (n=8) men. 

HSL content did not increase after an acute exercise bout (ACEX) before or after ET. 

Resting HSL expression did not change in response to 8 weeks of ET. Data are 

expressed as mean±SE. 
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Figure 3.6: Perilipin expression before and after 8 weeks of exercise training (ET) in 

abdominal subcutaneous adipose tissue in obese (n=8) men. Perilipin expression 

significantly increased after acute exercise bout (ACEX) before but not after ET. Resting 

perilipin expression tended to be higher in response to ET (p=0.056).  *p=0.05. Data are 

expressed as mean±SE. 
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Discussion 

 We have previously demonstrated that obese men have a blunted lipolytic 

response to β-adrenergic stimulation compared to lean men. Additionally, we found that 

sedentary men have a reduced lipolytic response to β-adrenergic stimulation compared 

to their aerobically trained counterparts (unpublished data). These findings indicate that 

exercise training may be an effective method to increase β-adrenergic stimulated 

lipolysis. It was therefore the purpose of this study to investigate the effects of acute 

exercise and exercise training on lipolysis and the lipolytic proteins ATGL, CGI-58, HSL, 

and perilipin. At present, this is the only study to evaluate the effects of endurance 

training and acute exercise on these lipolytic proteins in the SCAT tissue of obese men. 

Eight weeks of aerobic exercise training (ET) increased β-adrenergic stimulated lipolysis 

in the SCAT of obese men in this study. Lipolysis increased during an acute exercise 

bout was higher than baseline before ET but was not different than baseline after ET. 

Subjects exercised at the same absolute workload before and after ET. Therefore, 

subjects were exercising at a lower stimulus relative to their maximal aerobic capacity 

after ET which may explain the lack of increase in lipolysis during acute exercise. 

Additionally, ATGL protein content in SCAT obtained under fasting, resting conditions 

increased, and perilipin tended to be higher, after 8 weeks of aerobic ET. Previous 

studies also concluded that exercise training improves β-adrenergic stimulated lipolysis 

(9, 43), which agree with the current findings. However, we extend these findings further 

by finding increases in ATGL, and likely perilipin, which may contribute to increases in 

β-adrenergic stimulated lipolysis.  
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In the present study, lipolysis did not increase further in response to α-adrenergic 

blockade before or after ET. Others believe that the antilipolytic action of α-AR is 

partially responsible for lower exercise-induced lipolysis in obese individuals, but that 

exercise training decreased the α-adrenergic suppression of  lipolysis (8). We did not 

find that stimulated lipolysis was hindered by α-adrenergic action in our subjects and 

therefore, decreases in lipolysis were due to defects in the β-AR stimulated pathway 

and/or alternative pathways. Additionally, insulin is a potent antilipolytic hormone (2), 

however, insulin was not different after exercise training. Therefore we don’t believe that 

increases in lipolysis are due to a decrease in the antilipolytic action of insulin.  

 We found that resting ATGL protein content increased in subcutaneous 

abdominal adipose tissue in response to ET.  ATGL has previously been shown to 

increase in skeletal muscle in response to 8 weeks of exercise training in overweight 

men. Interestingly, CGI-58 and HSL did not change in response to ET in skeletal 

muscle, which agrees with our results in abdominal SCAT (3).  

ATGL is hormonally regulated, is essential for providing FFA during exercise, and 

is required for optimal exercise performance (20). Based on our findings, it seems that 

ATGL is indeed a key component to lipolysis during exercise. We are confident that 

exercise training does increase ATGL expression in obese men and that our results are 

not merely due to an acute elevation in ATGL because an acute exercise bout after ET 

did not increase ATGL expression. The increase in ATGL is likely a significant 

component to the improvement in β-adrenergic stimulated lipolysis given that ATGL-null 

mice have a reduced capacity for catecholamine stimulated lipolysis (16). In the current 
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study, increased ATGL is likely responsible for the increase in β-adrenergic stimulated 

lipolysis.  

We found that resting perilipin tended (p=0.056) to be higher after ET. We also 

detected an increase in perilipin content in response to an acute bout of exercise prior 

to 8 weeks of ET, demonstrating the importance of perilipin during exercise. In addition, 

perilipin protein content tended (p=0.10) to increase in response to an acute exercise 

bout after ET. Though perilipin null mice are leaner than wild-type mice and resist diet-

induced obesity, they also have a reduced capacity for stimulated lipolysis (46). In 

response to PKA stimulation, perilipin coated lipid droplets fragment and disperse 

throughout the cytosol of adipocytes while lipid droplets lacking perilipin do not fragment 

at all (6). Perilipin is an essential lipolytic component during stimulated conditions, and 

likely has a significant function during exercise given the increased expression in 

response to acute exercise in this study.  

It is possible that lipolytic protein activity differs in response to acute exercise 

and/or exercise training, although we did not measure lipolytic protein activities in this 

study. The measurement of lipolytic protein activity is a potential area of investigation in 

future studies. 

 We believe that increases in ATGL and perilipin are significant contributors to an 

increased response to β-adrenergic stimulated lipolysis after ET. We are confident that 

the changes observed in lipolysis, ATGL, and perilipin are due to the isolated effects of 

exercise and ET and not a result of body composition changes because fat mass and 

lean body mass were not different after, compared to before, 8 weeks of ET. 



65 

 

Additionally, it is possible that the increases in ATGL and perilipin content at rest are a 

result of the last exercise bout although subjects were tested at least 12 hours after their 

last exercise bout.    

 Other pathways that were not explored in this particular study could play a role in 

our findings as well. Atrial natriuretic peptide (ANP), released in response to an increase 

in end diastolic volume (as seen during exercise), promotes lipolysis through the cGMP-

dependent phosphorylation of perilipin and HSL (7). Aerobic ET has been shown to 

increase dialysate glycerol during ANP infusion in vivo and has been shown to increase 

lipolysis with greater efficiency than isoproterenol in isolated adipocytes (32). Therefore, 

studies evaluating the role of ANP in SCAT lipolysis in relation to perilipin and HSL, in 

particular, are needed.  

Additionally, tumor necrosis factor alpha (TNFα) has been shown to increase 

lipolysis by inhibiting the antilipolytic effects of insulin, the Gi pathway, and adenosine. 

However, TNFα has also been shown to degrade perilipin which increases basal 

lipolysis in-vitro. The effects of TNFα on lipolysis and perilipin in vivo need to be 

clarified. TNFα production is increased in obese SCAT and may contribute to a lower 

stimulated lipolysis in obese SCAT that should be evaluated in future studies (27).   

 In conclusion, we found, that 8 weeks of aerobic ET increased β-AR stimulated 

lipolysis in abdominal SCAT in obese men. It seems that the increase in β-AR 

stimulated lipolysis is largely a result of an increase in ATGL expression and may also 

be explained by an increase in perilipin. However, future studies should focus on 

lipolytic protein activity as well as the influence of ANP and TNFα on lipolysis. These 
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findings may further elucidate the mechanism of training-induced alterations in lipolysis 

in obese individuals. 



 

 

Chapter IV 

Summary and Conclusions 

Our purpose in the present investigations was to determine if lipolysis is hindered 

in obese and/or sedentary men and if so, can this hindrance be attributed to adipose 

triglyceride lipase (ATGL), comparative gene identification 58 (CGI-58), hormone 

sensitive lipase (HSL), and/or perilipin. We believe that 8 weeks of exercise training will 

increase lipolysis and lipolytic protein content in abdominal SCAT in obese men.   

In aim #1, we found that lean exercise-trained men (ET) increased dialysate 

glycerol release in response to isoproterenol significantly over lean sedentary men 

(SED). This indicates that exercise training may have a significant impact on stimulated 

lipolysis. Additionally, isoproterenol stimulated lipolysis was higher in SED (and ET) 

than in obese sedentary men (OB) indicating a blunted lipolytic response to β-

adrenergic stimulation in the obese state. Additionally, resting unstimulated lipolysis in 

OB was lower than ET men as well. OB are in need of triacylglyerol (TAG) mobilization 

to reduce adipose tissue stores since obesity is a significant health risk, as it is 

associated with metabolic  and cardiovascular disorders (26). Lipolysis is also hindered 

in OB under stimulated conditions; this may lead to reduced lipolysis during times of 

need such as during exercise. To help explain what may be causing this defect in 

sedentary and obese individuals, we measured lipolytic protein content in ATGL, CGI-

58, HSL, and perilipin, which are all involved with lipolysis downstream of β-adrenergic 

receptors (β-AR). ATGL, CGI-58, and HSL were not different in any of the groups. 

Perilipin, however, was lower in SED compared to ET but was not different between 

SED or ET and OB. Perilipin may play a larger role in exercise and exercise training 
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than originally thought in that exercise training may increase perilipin content in men. 

Perilipin enhances lipases’ ability to hydrolyze TAG by fragmenting the lipid droplet in 

order to increase the surface area of the lipid droplet (6). Perilipin also increases HSL 

translocation to the lipid droplet which is essential during stimulated conditions (51). It is 

possible that an increase in perilipin content enhances the ability to fragment lipid 

droplets and is able to recruit more HSL to the lipid droplet surface in trained as 

compared to sedentary and obese men. The activity of perilipin (and other lipolytic 

proteins) was not measured in this study and is a potential direction to be explored in 

future studies.  

In aim #2 we studied the effects of 8 weeks of exercise training on lipolysis and 

lipolytic proteins in obese men. Unstimulated resting lipolysis did not change in 

response to exercise training. Lipolysis was higher during isoproterenol stimulation 

after, as compared to before, exercise training. It appears that aerobic exercise training 

does increase stimulated lipolysis. We also found that lipolysis increased in response to 

an acute exercise bout before exercise training but not after exercise training when the 

acute exercise bout was performed at the same absolute intensity before and after 

training. However, blood flow was higher during an exercise exercise bout after ET. A 

higher blood flow may account for the reduced dialysate glycerol observed during 

exercise after ET. We found that ATGL and perilipin increased in response to an acute 

exercise bout before ET while CGI-58 and HSL did not change. Catecholamine 

stimulation of the β-adrenergic pathway is a primary source of FFA which provides a 

substrate for ATP production during exercise as shown by the increase in lipolysis 

during the acute exercise bout (56). In the present study, we observed an increase in β-
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adrenergic stimulated lipolysis. This may be attributed to an increase in ATGL and 

perilipin since, in this study, ATGL increased and perilipin tended to increase (though 

not significantly) in response to exercise training. CGI-58 and HSL did not change in 

response to exercise training.  

In conclusion, we found that obese individuals have a blunted lipolytic response 

under stimulated conditions but exercise training improves this defect. The precise 

components in the lipolytic cascade responsible for this improvement may likely be 

ATGL and perilipin since perilipin is reduced in lean sedentary men compared to lean 

exercise trained men. Furthermore, ATGL increases and perilipin tends to increase in 

response to an acute exercise bout and in response to exercise training. We 

demonstrate for the first time that ATGL and perilipin are likely responsible, in part, for a 

decreased stimulated lipolytic response in sedentary obese men, but that this defect 

may be alleviated with exercise. 
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