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Loss of ovarian hormones (ie. menopause) results in a significant increase in risk 

for developing the metabolic syndrome.  Thus, the purpose of this study is to investigate 

the effectiveness of exercise in preventing the metabolic syndrome in a model of 

menopause.  Female C57/BL6 mice were divided into three groups, ovariectomized 

(OVX), SHAM, and ovariectomized supplemented with 17β-estradiol (OVX+E2), with 

mice placed in either voluntary running wheel cages or standard cages for eight weeks.  

OVX animals ran significantly less than SHAM animals, with the OVX+E2 group 

exhibiting a partial recovery in distance.  Visceral fat mass and blood glucose levels were 

elevated in the OVX sedentary group as compared to SHAM and OVX+E  groups. 2  

Voluntary wheel running and 17-β estradiol supplementation attenuated increases in 

visceral fat mass, blood glucose levels, and ERK1/2 phosphorylation in OVX animals, 

thus preventing symptoms of the metabolic syndrome which accompany loss of ovarian 

hormones. 
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INTRODUCTION 

 
 Over the past twenty years, the incidence of obesity among adults and children 

alike has risen dramatically (138).  While most of the upward trend in obesity is 

attributed to decreased physical activity (201), other physiological factors have been 

linked to weight gain.  For example, various metabolic disorders, such as menopause and 

hypothyroidism (214) have been associated with changes in body fat, body composition, 

and total body weight (50; 149; 175; 184).  Menopause begins approximately in the fifth 

decade of life and currently it is estimated that 1 in 3 women are postmenopausal (36).  

Post-menopausal females are at greater risk of developing obesity than pre-menopausal 

women.  Thus, a large percentage of the female population is at increased risk for 

developing obesity based on ovarian hormone status.    

In studying the physiological changes associated with menopause, it is important 

to understand the function of estrogens.  Estrogens are steroid hormones which operate as 

the primary sex hormones in females.  Three major types exist: estradiol, estriol, and 

estrone, with 17β-estradiol the predominant form present in pre-menopausal females (21).  

Estrogens play an important role in the development of female secondary sex 

characteristics, regulation of the menstrual cycle, and bone growth (129).  During 

menopause, production of estrogens by the ovary declines and almost stops completely 

(49; 185; 206).  Not only does this drop in production of estrogens result in the loss of 

menses, but it has also been associated with changes in metabolism, fat distribution, 

blood lipid profile, and blood glucose levels (129; 184).  Thus, conditions such as the 

metabolic syndrome, cardiovascular disease, and osteoporosis may result as the level of 

estrogens declines (46; 216).  
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 One of the most visible changes associated with menopause is weight gain 

accompanied by a significant increase in visceral fat.  This link between estrogens and 

weight gain has been demonstrated in both human and animal models (44; 117; 149; 

188).  Significant weight gain and increases in visceral fat mass have been attributed to 

decreased levels of estrogens in post-menopausal females (114; 116; 117; 169; 188).  

However, with the use of hormone replacement therapy (HRT), attenuation of weight 

gain and central obesity is possible (98; 138), suggesting that estrogens play an important 

role in weight maintenance in women.  Unfortunately, studies recently performed as part 

of the Women’s Health Initiative link use of HRT to increased risk of stroke, blood clots, 

heart disease, and cancer (206), suggesting that HRT may be contraindicated in post-

menopausal women.  In contrast, a number of investigations have questioned the validity 

of these findings and called for more extensive research of HRT use (for review see Wise 

2003) (218).  With the equivocal nature of HRT, further research is warranted in 

determining the mechanisms by which estrogens impact weight gain, particularly in the 

visceral region, in post-menopausal females (206).  

 Not only does estrogen status play a role in body composition, it has also been 

demonstrated to impact the onset of the metabolic syndrome (18; 30; 46; 48; 50; 184).  

Post-menopausal women have a 60% chance of developing metabolic syndrome, while in 

age-matched pre-menopausal women, the risk is only 20-30% (151).  Presence of the 

metabolic syndrome is linked to an increased occurrence of coronary heart disease, type 

II diabetes, and other conditions resulting from arterial plaque build-up (55).  According 

to the American Heart Association, metabolic syndrome is defined by the presence of 

three or more of the following criteria: elevated waist circumference, elevated 
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triglycerides, decreased HDL cholesterol, elevated blood pressure, and/or elevated blood 

glucose (71).  The loss of estrogens has been linked to alterations in visceral adiposity, 

blood glucose regulation, and blood triglyceride levels among post-menopausal women 

(11; 18; 30; 50; 177; 184), with HRT reversing many of these negative changes (22; 27).  

Thus, HRT may be a way to prevent deleterious metabolic alterations in post-menopausal 

women.   Furthermore, there are data which would suggest that estrogens provide women 

with a metabolic phenotype that favors lipid utilization over lipid storage (31; 172; 173).   

 While pharmaceutical treatment is often employed in treating many of the health 

problems associated with obesity and metabolic syndrome, the use of exercise as a 

treatment is an effective alternative for most individuals (1; 5; 52).  Properly designed 

exercise programs, along with a balanced diet, can contribute to significant weight loss in 

obese individuals (7; 162).  Furthermore, weight loss through diet and exercise often 

eliminates the presence of obesity-related diseases such as diabetes (92; 192) and 

cardiovascular disease (80; 81; 113).  Regular exercise can also result in significant 

improvements in blood lipid profiles (81; 162) and blood pressure (169).  Overall, 

exercise has been demonstrated as an effective treatment for many of the components of 

metabolic syndrome.  

 Although exercise has been utilized as an effective treatment for metabolic 

syndrome in males, or in pre-menopausal females, little is known about the potential for 

exercise treatment of weight gain and metabolic syndrome which occur in females 

following menopause.  With the current recommendations indicating that females should 

discontinue use of HRT, the use of remedial therapies warrants further investigation.  

Unfortunately, few data exist demonstrating that exercise is an effective intervention in 
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post-menopausal women and it is unclear if exercise is effective at all without concurrent 

use of HRT.  Therefore, the testing of exercise, and its potential interaction with 

estrogens, as a preventative measure in development of chronic conditions accompanying 

menopause, should be further investigated.   

Purpose:  The purpose of this study is three fold: 

1) To explore the effectiveness of voluntary exercise in preventing metabolic 

syndrome associated with the surgical loss of estrogens.   

2) To determine if estrogens are necessary for exercise induced benefits in female 

mice.   

3) To elucidate if molecular and cellular mechanisms known to regulate lipid 

oxidation are up-regulated with exercise training when estrogen levels are 

decreased.  

Specific Aim 1: To determine if voluntary exercise will attenuate the onset of the 

metabolic syndrome in ovariectomized mice and if this effect will be accentuated in 

mice supplemented with 17β-estradiol.  

H1: Ovariectomized mice undergoing voluntary exercise training will have similar 

fat masses to female control mice, but higher masses than ovariectomized mice 

supplemented with 17β-estradiol.   

H2: Ovariectomized mice undergoing voluntary exercise training will have similar 

levels of circulating free fatty acids to control mice, but higher levels than 

ovariectomized mice supplemented with 17β-estradiol. 
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H3: Ovariectomized mice undergoing voluntary exercise training will have similar 

fasting blood glucose levels to control mice, but impaired fasting blood glucose 

levels compared to ovariectomized mice supplemented with 17β-estradiol.  

Specific Aim 2: To determine if voluntary exercise will induce a metabolic 

phenotype in skeletal muscle that encourages lipid oxidation in ovariectomized mice, 

and if this effect will be accentuated with 17β-estradiol supplementation.   

H4: The sedentary ovariectomized mice will have greater amounts of 

intramuscular triglycerides than the exercise-trained ovariectomized mice or 17β-

estradiol-supplemented mice. 

H5: The sedentary ovariectomized mice will have decreased expression levels of 

lipid oxidative genes as compared to the exercise-trained ovariectomized mice or 

17β-estradiol-supplemented mice.   

H6: The sedentary ovariectomized mice will have increased expression levels of 

genes promoting lipid storage as compared to the exercise-trained ovariectomized 

mice or 17β-estradiol-supplemented mice. 

H7: The sedentary ovariectomized mice will have increased phosphorylation of 

ERK1/2 (Thr 202/Tyr 204) in adipose tissue at rest as compared to the sedentary 

SHAM mice and ovariectomized mice supplemented with 17β-estradiol.  The 

exercise-trained SHAM mice and 17β-estradiol-supplemented mice will have 

increased phosphorylation ERK1/2 (Thr 202/Tyr 204) compared to their 

sedentary counterparts.  The exercise-trained OVX mice will have 

phosphorylation levels of ERK1/2 (Thr 202/Tyr 204) similar to sedentary OVX 

mice.  
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METHODS 

Animals: Thirty-two 8-week old C57/BL6 (Harlan) female mice were divided into three 

groups (SHAM, OVX, OVX+E2).  Due to limitations in the number of running wheels 

available, the total number of animals utilized was less than the total of 48 that was 

originally proposed.  One group of mice (n=12) underwent a bi-lateral ovariectomy 

(OVX), a frequently used animal model of menopause (103).  Our lab has previously 

shown that this model decreases the levels of circulating estrogens by 70% within 48 

hours (191).  A second group (n=10) was subjected to a SHAM surgery where they were 

anesthetized, but did not undergo ovariectomy.  The third group (n=10) consisted of 

ovariectomized mice which underwent a second surgery one week after the ovariectomy 

where exogenous estrogen was introduced via implantation of a subcutaneous time-

release pellet (Innovative Research, Sarasota, FL).  This pellet results in the animals 

receiving ~40pg/mL of 17-β estradiol per day, which is similar to levels found in the 

mouse during estrous (142).   

 Mice were given ad libitum access to water and standard rodent chow (Purina 

Laboratory Rodent Diet 5001: 23% protein, 4.5% fat, 6% fiber) and were housed in a 

temperature-controlled room on a 12h light/dark cycle.  The exercise training group was 

placed in cages with voluntary running wheels, while the sedentary group was placed in 

standard mouse cages.  Running activity, including distance run, average speed, and 

running duration was monitored for 8 weeks with a photocell counter interfaced with a 

computer through customized software (Layfayette Instruments, Layfayette, IN).  

However, due to unforeseen circumstance involving the computer, only total running 

distance is reported.  Following the 8-week training protocol, animals were sacrificed and 
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tissue (see table 1 below) was collected, snap frozen in liquid nitrogen, and stored at        

-80°C.  Mice were removed from the wheel cages 24 hours prior to sacrifice to account 

for acute effects of exercise, followed by the removal of food 4-5 hours prior to sacrifice. 

Table 1. Tissue samples collected from mice. 

Muscle Tissue: 

L-Gastrocnemius R-Gastrocnemius L-Tibialis Anterior R-Tibialis Anterior 

L-Plantaris R-Plantaris L-Soleus R-Soleus 

L-Quadriceps R-Quadriceps L-Flexor 
Digitorum Brevis 

R-Flexor 
Digitorum Brevis 

Other Tissues: 

Visceral fat pad Spleen Pancreas Brain 

Heart Blood Liver Hippocampus 

 
In order to obtain serum samples, blood was removed from the chest cavity and placed in 

a microcentrifuge tube which was spun at 750g for 30 minutes at room temperature.  The 

serum was drawn off, placed in a fresh tube, and stored at -80°C.  All aspects of this 

study were approved by the University of Maryland Institutional Animal Care & Use 

Committee (IACUC) Review Board (protocol R-06-77). 

PAS staining:  A cryostat was used to cut a 10 µm thick section from each tibialis 

anterior (TA) sample.  The muscle sections were attached to a glycine-coated glass slide, 

which was then placed in a staining dish.  Carnoy’s fixative was added to the dish for 10 

minutes, followed by a gentle rinse with deionized water. The Periodic Acid solution was 

then added to the dish for 10 minutes, again followed by rinsing of the slides with 

deionized water.  Next, Shiff Reagent was added for 5 minutes and deionized water was 

used to wash the samples three times after removal from reagent.  Ascending alcohol 
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solutions (50%, 70%, 80%, 95% x 2, 100% x 2) placed in staining dishes were used to 

dehydrate the samples.  After alcohol dehydration, samples were washed with neoclear 

(Harleco, Darmstadt, Germany) three to four times in a staining dish.  Permount 

(Biomeda, Burlingame, CA) was used to mount coverslips onto the glass slides.  The 

slides were analyzed under a microscope, with fibers containing high levels of glycogen 

appearing pink, red, or purple in color.  The numbers of positive, partially positive, and 

negative fibers were counted and expressed as a percentage of total fibers.  A minimum 

of 50 fibers per muscle were counted. 

Oil-Red-O:    A cryostat was used to cut a 10 µm section of each frozen TA muscle 

sample.  Samples were air dried onto to a glass slide then fixed in formalin for 5 minutes 

followed by a 1-minute wash with tap water.  The slides were then rinsed with 60% 

isopropanol, stained with Oil-Red-O solution for 30 minutes and rinsed with 60% 

isopropanol.  Permount (Biomeda, Burlingame, CA) was used to mount a coverslip onto 

the glass slide.  The slides were analyzed under a microscope and representative pictures 

of triglyceride content were taken for each muscle from each animal.   

Western Blotting of Adipose Tissue: Western blotting was performed in order to analyze 

protein content of total ERK1/2 and p-ERK1/2 (Thr 202/Tyr 204) in visceral fat.  Fat was 

homogenized in Mueller buffer (50 mM Hepes (pH 7.4), 0.1% Triton –X100, 4 mM 

EGTA, 10 mM EDTA, 15 mM Na4P2O7H2O, 100 mM β-glycerophosphate, 25 mM 

NaF, 50 µg/mL leupeptin, 50 µg/mL pepstatin, 40 µg/mL aprotinin, 5 mM Na3VO4, and 

1 mM PMSF) using a mechanical homogenizer, then centrifuged for 10 minutes at 4°C 

and 13,000 rpm.  The supernatant between the fat cake and the pellet was removed using 

a syringe and placed into a separate tube, which was spun once more under the same 
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conditions.  The middle layer was drawn off again and placed in a fresh tube.  Mueller 

buffer was used to create a 1:50 dilution of the sample for a Pierce protein assay where 

protein concentration was determined via absorbance at 562 nm as compared to a 

standard curve.  Equal amounts of total protein were resolved on 10% SDS-PAGE gels 

and transferred to PVDF membranes as previously described (32).  Blots were incubated 

with Ponceau S (Sigma Chemical) to ensure equal loading of the lanes and then blocked 

with 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween (TBS-T).  Membranes 

were probed with antibodies for p-ERK1/2 (Thr 202/Tyr 204; 1:2000), or total ERK1/2 

(1:2000) in a buffer of 5% BSA in TBS-T on a rocker in a cold room overnight.  

Following incubation with the primary antibody, membranes were washed in TBS-T (3 x 

5 min) and then incubated for 1 hour with horseradish peroxidase (HRP)-conjugated 

rabbit secondary antibody (1:1000) in 5% nonfat dry milk in TBS-T.  Next, membranes 

were washed in TBS-T (1 x 10 min, 3 x 5 min), followed by enhanced 

chemiluminescence reagent (ECL) (Pierce, Rockford, Ill).  Following ECL exposure, 

bands were visualized and quantified with GeneSnap and the GeneTools program 

(Syngene, Frederick, Md).   

RNA isolation:  TRIzol reagent (Invitrogen Technologies, San Diego, CA) was used for 

RNA extraction from the quadriceps muscle samples by the guanidine isothiocyanide 

method previously described by Chomczynsky (35).  First, each sample was 

homogenized with 1 mL of TRIzol and placed in a 1.7 mL microfuge tube.  Homogenates 

were incubated for 10 minutes and vortexed periodically.  Next, 0.2 mL of chloroform 

was added to each sample, which was then inverted until the sample became cloudy, 

followed by 10 minutes of gentle rotation.  Tubes were centrifuged at 12,000 rpm for 12 
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minutes at 4°C.  The upper aqueous phase was transferred to a new microfuge tube to 

which was added 0.5 mL of isopropyl alcohol.  Following 10 minutes of gentle rotation, 

tubes were centrifuged at 12,000 rpm for 8 minutes at 4°C.  The supernatant was then 

removed and discarded without disrupting the RNA pellet.  Next, 1.5 mL of 75% ethanol 

was added to each tube, which was vortexed briefly, then incubated at room temperature 

for 5 minutes, then spun at 7500 rpm for 5 minutes at 4°C.  The ethanol was removed 

without disrupting the RNA pellet.  The pellet was air dried until it became semi-

transparent, at which time 50 µL of TE buffer was added.  A 1:50 dilution of each sample 

to TE buffer was placed in another tube.  A UV spectrophotometer was used to measure 

absorbance at 260 and 280 nm.  TE buffer was used to blank the spectrophotometer, then 

absorbance of the 1:50 dilutions was measured for each sample.  The absorbance at 260 

nm was used to calculate the volume of RNA necessary to reverse transcribe for 1 µg of 

RNA in the subsequent RT reaction.  

Reverse Transcription (RT): One µg of total RNA was reverse transcribed for each 

sample with the Applied Biosystems RT kit (Applied Biosystems, Foster City, CA) in a 

20-µL reaction volume at 25°C for 10 min, followed by incubations at 37°C for 120 

minutes and 85°C for 5 seconds. The samples were subsequently stored at 4°C for future 

analyses. 

PCR: PCR was used to analyze mRNA expression levels of Citrate Synthase (CS), 

Glycogen Phosphorylase (GP), Carnitine Palmitoyl Transferase-1 (CPT-1) and Fatty 

Acid Translocase/Cluster of Differentiation 36 (FAT/CD36). 
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Table 2. Targets for mRNA expression, forward (F) and reverse (R) primers, annealing temperature, and 
cycle number for each target. 
 

Target   Anneal. 
Temp(°C) 

Cycle 
# 

F CACAGCCCCTCACAGTGAAAGCCS 
R GTAGTCTCGTAACTTCTCATCTGACA

55 
 

24 

F GTCGCTTCTTCAAGGTCTGGGP 
R AAGAAAGCAGCACGTTCGAT

47 22 

F GTCGCTTCTTCAAGGTCTGGCPT-1 
R AAGAAAGCAGCACGTTCGAT

51 25 

F GGCCAAGCTATTGCGACATCD36 
R CAGATCCGAACACAGCGTAGA

51 25 

F GATCCATTGGAGGGCAAGTCT18S 
R CCAAGATCCAACTACGAGCTTTTT

55,47 25 

 
 

In order to optimize the PCR conditions for each target, PCR reactions were conducted at 

20, 25, 30, 35, and 40 cycles.  The PCR products were run out on a 2% agarose gel.  

Optimal cycle number was determined by the cycle number that produced a band that 

was still in the linear range of detection, as shown below. 

  

     

A

m

P

c

p

Cycle #   20    25     30    35    40
 

  

 relativ

RNA 

rimers

reated 

rimer, 
Selected cycle # = 25
 
Figure 1. An example of optimization of PCR conditions for GP.

 

e RT-PCR method using 18S, as an internal standard was used to measure 

expression of metabolic targets listed above by methods previously described (3).  

 were diluted to a concentration of 10 µM with TE buffer.  A master mix was 

with 2.5 µL 10X Taq buffer, 1.5 µL MgCl2, 2.5 µL dNTP, 0.4 µL forward 

0.4 µL reverse primer, 0.2 µL Taq DNA polymerase, 14 µL dH2O, and 2 µL 
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cDNA per reaction.  However, each reaction for CPT-1 also contained 2.5 µL 

dimethylsulfoxide (DMSO) and only 12 µL dH2O.  This created a 25 µL reaction for 

each sample.  PCR was run in a PTC-100 Peltier thermal cycler (MJ Research, Waltham, 

MA) under the following conditions: 

1) 75°C for 10 minutes 

2) 95°C for 30 seconds 

3) X°C for 30 seconds (annealing temp) 

4) 75°C for 30 seconds 

5) X cycles of steps 2-4 (specific for each target) 

6) 75°C for 5 minutes 

After removal from the thermal cyclers, 8ul of Orange G was added to each sample.  

Samples were loaded onto a 2% agarose gel (300 µL SB, 6 g agarose, 15 µL EtBr) along 

with a molecular weight marker, and run at 120V for one hour.  Bands were visualized 

using a camera and Kodak ID software (Kodak, Rochester, NY).  Quantification of bands 

was performed using ImageJ software (Image J, NIH Bethesda, MD).  The ratio of GP to 

CS was used as an indication of energy utilization potential, while the ratio of FAT/CD36 

to CPT-1 served as a measure of lipid storage.   

NEFA Assay: 

 In order to determine levels of non-esterified fatty acid (NEFA) in mouse serum, a 

colorimetric assay was performed (Wako Diagnostics, Richmond, VA).  A standard curve 

was made using supplied NEFA stock solutions.  Tubes were labeled for each sample and 

for all concentrations of the standard curve.  To each tube, 25 µL of sample was added, 

followed by the addition of 1 mL of reagent A.  Contents were mixed well and then 
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incubated for 5 minutes at 37°C.  Following incubation, absorbance was measured at both 

550 nm and 660 nm.  Next, 0.5 mL of reagent B was added to each tube.  Tubes were 

mixed well and incubated for another 5 minutes at 37°C.  After the second incubation, 

absorbance was measured at 550 nm and 660 nm.  Absorbance values at 660 nm were 

subtracted from absorbance values at 550 nm to get final absorbance values.  Absorbance 

value versus concentration was plotted for the standard curve, which resulted in a linear 

relationship.  The linear equation was used with the final absorbance values for each 

sample in order to calculate NEFA levels.    

Blood Glucose Measurement: 

 When animals were sacrificed, 100 µL of blood was placed into a microcentrifuge 

tube and stored at -80°C until analyses were made.  Blood was thawed on ice and 

vortexed just prior to conducting measurements.  Blood glucose was measured using a 

YSI Glucose Analyzer (YSI Life Sciences, Yellow Springs, OH).  The machine was 

calibrated and samples were measured in manual mode.  For each sample, the sipper 

aspirated 25 µL of blood.  In order to get readings in duplicate, measures were taken from 

two separate probes.  Measures were made for each sample with the two probes and 

recorded in mg/dL. 

Statistical Analysis: 

 All data are expressed as means ± SEM.  Statistical significance was determined 

using t-tests (one-tail) with Sigma Stat statistical analysis software (Systat Software Inc., 

San Jose, CA).  All comparisons that were analyzed were based on the specific, 

directional hypotheses described in the proposal.  A p-value ≤ 0.05 was considered 

significant. 
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RESULTS 
 
The effects of OVX, exercise training, and 17β-estradiol supplementation on anatomical 

characteristics and markers of metabolic syndrome in 16-week-old C57/Bl6 mice.  The 

average body and tissue weights for animals in each group are summarized in Figure 2 

and Table 3(A-B).  The visceral fat mass in the sedentary OVX group was significantly 

greater compared to all the other groups, with a significant 313% higher value compared 

to the sedentary SHAM animals (p=0.004) (Fig. 2).  Further, voluntary wheel running 

was effective at preventing the increase in visceral fat mass in the OVX mice as 

compared to the sedentary OVX mice (p=0.027).  Supplementation with 17β-estradiol 

prevented any increase in the visceral fat mass of the OVX animals when compared to 

the SHAM animals, with no additional effect of exercise in conjunction with 17-β 

estradiol supplementation.  Body mass of sedentary OVX animals was significantly 

greater than that of sedentary SHAM animals (p=0.044) (Table 3A).  Heart and liver 

weights in the OVX+E  ex group were significantly greater than those of the SHAM sed 

group (p=0.011 and p=0.012, respectively) (Table 3B).   
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 Figure 2. Visceral fat mass for each group.  N=5 for SHAM sed/ex, 

OVX+E2 sed/ex groups. N=6 for OVX sed/ex groups.  Values are 
presented as means ± SEM.  *Indicates significantly greater than all other 
groups (p<0.05). 
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Table 3 (A-B). Anatomical characteristics.  N=5 for SHAM sed/ex, OVX+E2 sed/ex groups.  N=6 for OVX 
sed/ex groups. Values are presented as means ± SEM.  
 
A) Body weight and muscle mass 

 

Group Body 
Weight (g) 

TA-R 
(g) 

TA-L 
(g) 

Quad-R 
(g) 

Quad-L  
(g) 

SHAM 
sed 

22.94± 
0.57 

0.038± 
0.001 

0.039± 
0.001 

0.152± 
0.008 

0.145± 
0.007 

SHAM 
ex 

23.35± 
0.49 

0.043± 
0.001 

0.039± 
0.002 

0.146± 
0.011 

0.153± 
0.011 

OVX  
sed 

25.20±  * 
0.96 

0.039± 
0.001 

0.036± 
0.002 

0.150± 
0.011 

0.148± 
0.010 

OVX  
ex 

23.85± 
0.53 

0.036± 
0.001 

0.036± 
0.002 

0.134± 
0.016 

0.151± 
0.004 

OVX+E2 
sed 

23.72± 
0.43 

0.037± 
0.006 

0.036± 
0.001 

0.158± 
0.006 

0.143± 
0.003 

OVX+E2 
ex 

24.08± 
0.50 

0.036± 
0.002 

0.034± 
0.002 

0.153± 
0.015 

0.156± 
0.006 

B) Organ weight 
Group Liver  

(g) 
p value 

(v.SHAM sed) 
Heart 

(g) 
p value 

(v.SHAM sed) 
SHAM sed 0.904±0.063 - 0.102±0.002 - 
SHAM ex 1.075±0.075 0.060 0.109±0.006 0.165 
OVX sed 0.940±0.068 0.356 0.105±0.007 0.382 
OVX ex 0.939±0.059 0.494 0.106±0.002 0.470 

OVX+E2 sed 1.025±0.049 0.084 0.104±0.004 0.390 
OVX+E2 ex 1.088±0.041       0.020    * 0.115±0.004       0.011    * 

 
 
The effects of OVX and17β- estradiol supplementation on voluntary wheel-running 

activity.  The average distances run per day for the SHAM, OVX, and OVX+E2 mice in 

the wheel-running groups are shown in Figure 3.  Ovariectomy resulted in a significant 

73% decrease in running distance compared to the SHAM animals (p=0.0005). 

 Supplementation of the OVX animals with 17β-estradiol resulted in a 110% increase in 

running distance compared to the OVX group (p=0.016), although the distances were still 

significantly less than the SHAM group (p=0.004). 
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Figure 3. Average distance run per day for each group. N=5 for SHAM and OVX+E2 
groups, N=6 for OVX group. Data is presented as means ± SEM.  
*Indicates significantly different from SHAM group, #indicates significantly different 
from OVX group (p<0.05). 

 

 

The effects of OVX and estradiol supplementation on blood glucose and NEFA levels.  

Average fasted non-esterified free fatty acid (NEFA) and blood glucose levels are 

summarized in Table 4.  SHAM sedentary animals were not significantly different 

compared to any other group.  However, NEFA levels in OVX sedentary mice were 

significantly greater than NEFA levels in SHAM exercised mice (p=0.05).  Further, when 

NEFA levels from sedentary and exercised groups were combined for each condition 

(SHAM, OVX, OVX+E2), the OVX mice had significantly greater NEFA levels than 

SHAM mice (p=0.021), but were not significantly different from OVX+E2 mice. 

Blood glucose was higher in OVX sedentary mice as compared to SHAM 

sedentary (p=0.031), OVX+E2 sedentary (p=0.031), and OVX exercised (p=0.031) mice 

(Table 4).  
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Table 4. Fasted NEFA and glucose levels in blood.  N=5 for SHAM sed/ex, OVX+E2 sed/ex groups.  N=6 
for OVX sed/ex groups. Values are presented as means ± SEM.  P-values are presented for values as 
compared to the SHAM sed group. 

 

Group Average NEFA 
(mmol/L) 

p value Average Blood 
Glucose (mg/dl) 

p value 

SHAM sed 0.1312±0.0187 - 188.5±14.48 - 

SHAM ex 0.1129±0.0219 0.271 198.3±15.27 0.327 

OVX sed 0.1616±0.0330 0.094 221.42±20.07   0.031* 

OVX ex 0.2057±0.0517 0.121 176.42±8.68 0.321 

OVX+E2 sed 0.1320±0.0230 0.490 177.1±9.09 0.329 

OVX+E2 ex 0.1777±0.0311 0.110 195.9±19.4 0.336 

 
Glycogen staining in the TA muscle of each group.  An example of how individual fibers 

were categorized is shown in Figure 4A.  Results of PAS staining are shown in Figure 4B 

as the percentage of total fibers which were glycogen positive (+/+), partially positive 

(+/-), and negative (-/-).  The percentage of positive fibers and partially positive fibers 

was significantly greater in exercised animals versus sedentary animals for each 

intervention.  The percentage of negative fibers was significantly lower in exercised 

animals versus sedentary animals for each intervention (p<0.001).  OVX sedentary mice 

had a significantly lower percentage of positive fibers as compared to SHAM sedentary 

mice (p=0.017).  The percentage of positive and partially positive fibers was increased, 

and the percent of negative fibers decreased in the OVX exercised group compared to the 

OVX sedentary group (p=0.003, p=0.002, p=0.0004, respectively).  Further, no 

differences were detected between the OVX exercise group and the SHAM sedentary 

group.  No differences were detected between the OVX+E2 sedentary and the SHAM 

sedentary groups.  OVX+E2 exercised animals had a greater percentage of partially 

positive fibers and a decreased percentage of negative fibers as compared to OVX+E2 
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sedentary animals (p=0.03, p=0.05, respectively).  The percentage of positive and 

partially positive fibers were increased, and the percentage of negative fibers decreased in 

the OVX+E2 exercised animals compared to SHAM sedentary animals (p=0.05, p=0.02, 

p=0.02, respectively) (Figure 4B). 

 
 
 
                         
 

 

 

-/-

+/+ +/-

Figure 4.   
A) Example of PAS stain quantification.  +/+ indicates fiber counted as positive, +/- indicates fiber 
counted as partially positive, -/- indicates fiber counted as negative.    
B) Results of PAS staining for each group.  N=4 for SHAM sed/ex, OVX+E2 sed.  N=3 for OVX+E2 ex 
group.  N=5 for OVX sed/ex groups.  Values indicate the % of fibers counted (+/+, +/-, -/-) with a 
minimum of 50 total fibers. Presented as average %  ± SEM.  *Indicates significantly different from 
SHAM sed.   #Indicates significantly different from OVX sed.   $Indicates significantly different from 
OVX+E2 sed. 
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Triglyceride staining in the TA muscle of each group.  TA cross-sections stained with 

Oil-Red-O were qualitatively observed under a light microscope.  In the SHAM 

sedentary animals, there was minimal presence of triglyceride, indicated by the absence 

of red pigment, as shown in Figure 5.  In the SHAM exercise group, there was frequent 

appearance of triglyceride, indicated by the dark red droplets (Figure 5).  The OVX 

sedentary animals exhibited large volumes of red droplets.  Exercised OVX animals also 

had large amounts of dark red droplets (Figure 5).  The 17β-estradiol-supplemented, 

sedentary mice had fibers that were low in droplet presence.  In the OVX+E2 exercise 

group there was a frequent appearance of red droplets in the muscle (Figure 5). 
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Figure 5. Example of Oil-red-O stain for SHAM sed/ex, OVX sed/ex, and OVX+E2 sed/ex animals.  
Dark red color indicates presence of intramuscular triglyceride. 
 

 

Metabolic gene expression in the quadriceps muscle. Expression levels of GP and CS 

were not different among any of the groups (Figures 6A-B).  Further, the ratio of GP:CS 

did not yield any significant differences in gene expression (Figure 6C). 
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Figure 4b. Relative Expression of normalized CS. N=5 in SHAM  sed/ex, 
OVX+E2 sed/ex groups. N=6 in OVX sed/ex groups.  Values are presented 
as means ± SEM.
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Figure 4b. Relative Expression of normalized CS. N=5 in SHAM  sed/ex, 
OVX+E2 sed/ex groups. N=6 in OVX sed/ex groups.  Values are presented 
as means ± SEM.
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Figure 6B. Relative expression of normalized 
CS. N=5 for SHAM sed/ex, OVX+E2 sed/ex 
groups.  N=6 for OVX sed/ex groups. Values 
are presented as means ± SEM. 
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Figure 4c. Ratio of  GP:CS.  N=5 in SHAM sed/ex, OVX+E2 sed/ex 
groups. N=6 in OVX sed/ex groups.  Values are presented as means ±
SEM.
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Figure 4c. Ratio of  GP:CS.  N=5 in SHAM sed/ex, OVX+E2 sed/ex 
groups. N=6 in OVX sed/ex groups.  Values are presented as means ±
SEM.
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Figure 6C. Ratio of GP:CS. N=5 for SHAM 
sed/ex, OVX+E2 sed/ex groups.  N=6 for OVX 
sed/ex groups. Values are presented as means ± 
SEM. 

  

  

  

  

  

  

  

  

No differences in expression levels of FAT/CD36 or CPT-1 were found between any 

groups (Figure 7A-B).  The ratio of FAT/CD36:CPT-1 did not exhibit any significant 

differences between groups (Figure 7C). 

No differences in expression levels of FAT/CD36 or CPT-1 were found between any 

groups (Figure 7A-B).  The ratio of FAT/CD36:CPT-1 did not exhibit any significant 

differences between groups (Figure 7C). 
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Figure 5 b. Relative expression of normalized CPT-1.  N=5 in SHAM sed/ex, 
OVX+E2 sed/ex groups. N=6 in OVX sed/ex groups.  Values are presented as 
means ± SEM.
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Figure 5 b. Relative expression of normalized CPT-1.  N=5 in SHAM sed/ex, 
OVX+E2 sed/ex groups. N=6 in OVX sed/ex groups.  Values are presented as 
means ± SEM.
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Figure 5c. Ratio of CD36:CPT-1. N=5 in SHAM sed/ex, OVX+E2 sed/ex groups. 
N=6 in OVX sed/ex groups.  Values are presented as means ± SEM.
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Figure 5c. Ratio of CD36:CPT-1. N=5 in SHAM sed/ex, OVX+E2 sed/ex groups. 
N=6 in OVX sed/ex groups.  Values are presented as means ± SEM.  Figure 7C. Ratio of FAT/CD36:CPT-1. N=5 

for SHAM sed/ex, OVX+E2 sed/ex groups.  
N=6 for OVX sed/ex groups. Values are 
presented as means ± SEM. 

Figure 7B. Relative expression of normalized 
CPT-1. N=5 for SHAM sed/ex, OVX+E2 sed/ex 
groups.  N=6 for OVX sed/ex groups. Values 
are presented as means ± SEM. 

Figure 7A. Relative expression of normalized    
FAT/CD 36. N=5 for SHAM sed/ex, OVX+E2 
sed/ex groups.  N=6 for OVX sed/ex groups. 
Values are presented as means ± SEM. 

  

  

  

  

  

  

  

  

  

  

MAPK phosphorylation in adipose tissue from each group.  Representative blots for 

phosphorylated and total ERK1/2 are shown in Figure 8.  Phosphorylation of ERK1 (p-

ERK1) was significantly greater in the sedentary OVX mice as compared to all other 

groups (p<0.05) (Figure 9).  When normalized to total ERK1, differences were detected 

between the sedentary SHAM and OVX mice (p=0.016) and between the OVX and 

OVX+ E2 sedentary mice (p=0.037) (Figure 10).   

MAPK phosphorylation in adipose tissue from each group.  Representative blots for 

phosphorylated and total ERK1/2 are shown in Figure 8.  Phosphorylation of ERK1 (p-

ERK1) was significantly greater in the sedentary OVX mice as compared to all other 

groups (p<0.05) (Figure 9).  When normalized to total ERK1, differences were detected 

between the sedentary SHAM and OVX mice (p=0.016) and between the OVX and 

OVX+ E2 sedentary mice (p=0.037) (Figure 10).   
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Figure 6. Representative blot of phosphorylated and total ERK1/2.Figure 6. Representative blot of phosphorylated and total ERK1/2.    Figure 8. Representative blot of phosphorylated and total ERK1/2 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Relative phosphorylation of p-ERK1 was higher in the OVX sedentary 
group. N=5 in SHAM sed/ex, OVX+E2 sed/ex groups. N=6 in OVX sed/ex groups.  
*Indicates significantly different from all groups (p<0.05).
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Figure 7. Relative phosphorylation of p-ERK1 was higher in the OVX sedentary 
group. N=5 in SHAM sed/ex, OVX+E2 sed/ex groups. N=6 in OVX sed/ex groups.  
*In  

Figure 8. Phosphorylation of ERK1 normalized to total ERK1. N=5 in SHAM 
sed/ex, OVX+E2 sed/ex groups. N=6 in OVX sed/ex groups.
# indicates significantly different from SHAM sed (p=0.026).
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Figure 8. Phosphorylation of ERK1 normalized to total ERK1. N=5 in SHAM 
sed/ex, OVX+E2 sed/ex groups. N=6 in OVX sed/ex groups.
# indicates significantly different from SHAM sed (p=0.026).
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Figure 10. Phosphorylation of ERK1 normalized to total ERK1. N=5 for SHAM 
sed/ex, OVX+E2 sed/ex groups.  N=6 for OVX sed/ex groups.  
#Indicates significantly different from SHAM sed (p=0.016) 
$Indicates significantly different from OVX sed (p=0.037) 

Figure 9. Absolute phosphorylation of ERK1 was higher in the OVX sed group. 
N=5 for SHAM sed/ex, OVX+E2 sed/ex groups.  N=6 for OVX sed/ex groups.  
*Indicates significantly different from all groups (p<0.05) 

 -  - 22



 

Phosphorylation of ERK2 (p-ERK2) was also significantly greater in the 

sedentary OVX mice as compared to all other groups (p<0.05), (Figure 11).  When 

normalized to total ERK1, differences were detected between the sedentary SHAM and 

OVX mice (p=0.016) and between the SHAM and OVX+ E2 sedentary mice (p=0.004) 

(Figure 12). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Relative phosphorylation of ERK2 was higher in the OVX sedentary 
group. N=5 in SHAM sed/ex, OVX+E2 sed/ex groups. N=6 in OVX sed/ex 
groups.  Data is presented as means ± SEM. 
* I di i ifi l diff f ll ( 0 05)
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Figure 9. Relative phosphorylation of ERK2 was higher in the OVX sedentary 
group. N=5 in SHAM sed/ex, OVX+E2 sed/ex groups. N=6 in OVX sed/ex 
groups.  Data is presented as means ± SEM. 
* I di i ifi l diff f ll ( 0 05)

Figure 10. Phosphorylation of ERK2 normalized to total ERK2. N=5 in SHAM
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Figure 10. Phosphorylation of ERK2 normalized to total ERK2. N=5 in SHAM
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Figure 12. Phosphorylation of ERK2 normalized to total ERK2. N=5 for SHAM sed/ex, 
OVX+E2 sed/ex groups.  N=6 for OVX sed/ex groups.  
#Indicates significantly different from SHAM sed (p<0.05) 

Figure 11. Absolute phosphorylation of ERK2 was higher in the OVX sed group. N=5 
for SHAM sed/ex, OVX+E2 sed/ex groups.  N=6 for OVX sed/ex groups.  
*Indicates significantly different from all groups (p<0.05) 
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Discussion 

 This study demonstrates that 10 weeks after undergoing ovariectomy surgery 

(OVX) mice present with significantly elevated levels of blood glucose, NEFA, and 

increased visceral fat mass compared to SHAM animals.  Providing the OVX mice with a 

voluntary running wheel significantly attenuated the increase in blood glucose and 

visceral fat mass when compared to the sedentary SHAM mice even though the OVX 

mice ran significantly less than active SHAM mice.  Supplementation with 17β-estradiol 

did not completely recover running distances in the OVX mice, but did prevent changes 

in blood glucose, NEFA, and visceral fat mass.  ERK1/2, a regulator of HSL-mediated 

lipolysis, was increased in adipose tissue of sedentary OVX mice as compared to 

sedentary SHAM mice.  Both exercise and 17β-estradiol supplementation in the OVX 

mice returned ERK1/2 phosphorylation levels to that of the SHAM mice.  Exercise in 

combination with 17β-estradiol supplementation did not result in further reductions in 

ERK1/2 phosphorylation.  PAS staining of individual fibers in the TA muscle indicated a 

decrease in glycogen storage in sedentary OVX mice as compared to sedentary SHAM 

mice.  Voluntary wheel running increased the percentage of fibers positive for glycogen 

in all groups, however, minimal differences were detected between active groups.  The 

appearance of red droplets, indicative of IMTG, was frequently detected in all active 

groups and sedentary OVX mice.  In contrast, sedentary SHAM and OVX+E2 mice had 

minimal appearance of red droplets.  In spite of changes in PAS and Oil-Red-O staining, 

no changes in mRNA expression of CPT-1, FAT/CD36, CS, or GP in skeletal muscle 

were detected between any of the groups.   
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Ovariectomy induces the metabolic syndrome 

 Based on the findings of this study, it appears that after 10 weeks of ovariectomy, 

mice developed symptoms indicative of the metabolic syndrome.  In particular, OVX 

mice had increased central obesity, increased blood glucose levels, and signs of 

dyslipidemia compared to the SHAM animals.  Other studies have observed similar 

changes in fat mass (64), blood glucose (17), and blood lipid profile (131) in OVX mice.  

Based on these findings, it appears that the ovary plays a role in fatty acid dynamics (See 

Figure 13. below) 
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Figure 13. Role of the ovary and ovarian hormones in fatty acid dynamics.  

 However, in line with previous studies (60; 61; 100), 17β-estradiol 

supplementation prevented the increases in visceral fat mass, blood glucose, and NEFA 

levels in OVX mice.  D’Eon et al. found increased levels of serum free fatty acids (FFA) 

following fasting in OVX mice, which was successfully attenuated with 17β-estradiol 

supplementation (44).  Blood glucose levels in mice 13 weeks following ovariectomy 

were significantly increased compared to both SHAM and 17β-estradiol-supplemented 

mice (122).  Many studies have demonstrated an increase in fat mass in mice following 
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ovariectomy (33; 41; 43; 96; 188), as well as an attenuation of fat accumulation when 

OVX mice are supplemented with 17β-estradiol (68; 134; 153; 188).  Thus, these data 

suggest that natural decreases in 17β-estradiol during the onset of menopause may 

mediate some of the documented changes in metabolic parameters that occur in aging 

women.    

 Voluntary wheel running attenuated increases in visceral fat mass and blood 

glucose levels in OVX mice.  This finding is particularly interesting considering the OVX 

animals ran 73% less than the SHAM mice and 53% less than the OVX+E2 mice.  So, 

even reduced levels of physical activity were effective at preventing metabolic changes in 

these mice.  Shinoda et al. demonstrated that forced treadmill running improves body 

composition in OVX rats over a similar duration of time.  However, the running protocol 

employed by Shinoda et al. was extremely vigorous compared to voluntary wheel 

running, with rats running up to 60 minutes at 26m/min and 10% slope 5 times per week 

over the 8-week study (188).  Both voluntary wheel running and 17β-estradiol 

supplementation attenuated onset of metabolic syndrome in OVX mice, however, there 

was no additive effect of the two treatments.  The results suggest that low volumes of 

physical activity are just as effective as HRT in preventing the metabolic syndrome after 

the loss of ovarian hormone function.   

Elevated NEFA levels suggest active lipolysis in OVX animals 

 When sedentary and exercised animals were pooled, the OVX animals exhibited 

increased levels of circulating NEFA.  Previous studies suggest that ERK1/2 enhances 

HSL activity and subsequently enhances lipolysis (69; 93).  In sedentary OVX animals 

ERK1/2 phosphorylation was greater than all other groups.  Phosphorylation of ERK1/2 
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at Thr 202/Tyr 204 is necessary for complete catalytic activation of ERK1/2.  

Phosphorylated ERK1/2 can phosphorylate HSL at Ser600, which increases HSL activity 

and subsequently enhances lipolysis (193).  In the sedentary OVX animals, NEFA levels 

were elevated, thus, an increase in factors contributing to lipolysis, such as ERK1/2 

phosphorylation would be expected.  Voluntary wheel running, as well as 17β-estradiol 

supplementation reduced ERK1/2 phosphorylation to levels equivalent to SHAM 

animals.  Thus, this finding does not explain why the active OVX animals had elevated 

NEFA in that voluntary wheel running was not successful at decreasing ERK1/2 

phosphorylation.  At this time, there is no commercially available antibody to determine 

the phosphorylation status of HSL600 in our samples.  Thus it is unclear how HSL is 

affected by this change in ERK1/2 phosphorylation.  It is possible that another factor, 

such as AMPK, contributed to changes in lipolysis and thus increased NEFA levels in 

exercised OVX animals.  For example, other studies have shown AMPK to be activated 

and to exert a significant effect on lipolysis in adipose tissue taken from physically active 

animals (107; 110; 150).  While many attempts were made to determine AMPK 

phosphorylation, the presence of AMPK was not detectable in adipose tissue in this 

study.  This may be in part due to the fact that our measures were made in tissue from 

animals at rest, while other studies have measured AMPK in adipose tissue immediately 

after exercise (107; 110; 150).  Further, regulation of HSL occurs by phosphorylation at 

multiple sites.  The Ser563, Ser659, and Ser 660 sites are phosphorylated by Protein 

Kinase A (PKA) (29).  Phosphorylation at these sites is additive in nature to HSL 

activation (47), and these remaining sites will need to be measured in these samples.  In 
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addition, adipose tissue glycerol lipase (ATGL) was recently discovered and it is possible 

that ATGL contributes to changes in these animals (220).   

 While the role of ERK1/2 in adipose tissue lipolysis in OVX mice may be 

uncertain, it is clear that changes in ovarian hormone status affected the phosphorylation 

status of ERK1/2, and the phosphorylation status was reversed by voluntary wheel- 

running and 17β-estradiol supplementation.  

No differences in metabolic gene expression in the skeletal muscle were detected 

 Expression levels of CPT-1, FAT/CD36, GP and CS were not significantly 

different among any of the groups.  CPT-1 promotes the oxidation of fat and decreases 

esterification of FFA (26).  Previous studies have shown that CPT-1 expression increases 

with obesity (154), thus, it was somewhat surprising that no differences were detected in 

the OVX sedentary animals.  However, because no gender differences have been detected 

in CPT-1 expression (20), perhaps ovarian hormones do not contribute to regulation of 

CPT-1 expression.  Further, it is possible that the mice in this study were not obese for a 

long enough period of time to bring about changes in CPT-1 expression at the mRNA 

level in skeletal muscle.   

   FAT/CD36 plays an important role in FFA uptake at the level of the plasma 

membrane (108; 205).  Even though the OVX mice appear to have increased fat storage, 

these mice did not exhibit differences in mRNA expression of FAT/CD36 compared to 

the SHAM group.  In humans, it has been shown that short-term exercise training results 

in changes in FAT/CD36 expression (84).  However, in this study, long-term exercise 

training failed to induce any changes in FAT/CD36 expression in muscle (183).  This 

may indicate that mRNA changes in FAT/CD36 occur quickly, allowing for any 
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adaptations in protein expression to occur.  Recently, it has been suggested that 

contraction-induced translocation of FAT/CD36 to the mitochondrial membrane is a 

significant contributor to FFA oxidation (73).  This would suggest that the critical factor 

affecting FAT/CD36 is localization and not expression, thus, it is necessary to perform 

follow-up experiments at the protein level.   

 Citrate Synthase (CS) is an indicator of oxidative capacity which also promotes 

the oxidation of fat and decreases esterification of FFA (26).  In spite of increased fat 

storage, no differences in CS expression in OVX mice compared to SHAM mice were 

found.  Roepstorff et al. found gender differences to exist in CS protein activity, but no 

differences in CS mRNA expression (171).  This may indicate that CS expression is 

regulated at the level of protein translation.  Therefore, follow-up experiments at the 

protein level should be performed.  

GP contributes to carbohydrate utilization by catalyzing the breakdown of 

glycogen for glycolysis (89).  Even though the sedentary OVX mice appear to have 

decreased glycogen storage, these mice did not exhibit differences in GP mRNA 

expression compared to the SHAM group.  Interestingly, none of the active groups 

demonstrated changes in GP mRNA.  Other studies utilizing endurance exercise training 

have also failed to demonstrate changes in GP expression at the mRNA level (118).  It 

was predicted that OVX mice would show differences in GP mRNA expression since 

other studies have found gender- and obesity-related differences in GP activity (4; 88).  

As with CS, this may suggest that follow-up experiments at the protein level should be 

performed to detect changes in GP activity. 
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 It was somewhat surprising not to detect differences in CPT-1, FAT/CD36, CS, or 

GP mRNA expression based on the PAS and Oil-Red-O staining results in the TA muscle 

from the different groups.  Ovariectomy resulted in a significantly lower percentage of 

PAS positive fibers as compared to SHAM sedentary mice, indicating a potential change 

in glycogen dynamics in the muscle.  Exercise resulted in an increased percentage of PAS 

positive and partially positive fibers, and a decrease in the percentage of negative fibers 

as compared to the sedentary animals in all groups. Therefore, the ability of exercise to 

increase glycogen storage was not defective in any group.  Based on these results, it 

appears that OVX results in a net loss in glycogen positive fibers, suggesting that 

glycogen is not stored effectively or it is utilized at a higher rate in OVX mice than in the 

SHAM animals.  Beckett et al. found a similar decrease in muscle glycogen content 

following ovariectomy (14).  Interestingly, exercise is effective at restoring the number of 

glycogen positive fibers in OVX animals to a level equal to that of SHAM animals.  

Thus, exercise fixed the impaired glycogen storage found in sedentary OVX animals.  

Both exercise and 17β-estradiol supplementation was effective at increasing the number 

of glycogen positive fibers in the OVX animals.  

 In addition to differences in glycogen levels, OVX animals exhibited a high 

frequency of Oil-Red-O staining in the muscle, which indicates that the muscle is storing 

lipid.  It is unclear whether this excess storage is due to a failure to oxidize the lipid.  CS 

mRNA expression would suggest that oxidative capacity may not be reduced in these 

animals, as no differences in expression were detected.  However, it is possible that 

measurement of CS at the protein level would be more effective at detecting differences.  

Oil-Red-O staining resulted in high amounts of red droplets in the SHAM, OVX+E2, 
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OVX exercised groups, as well as the OVX sedentary group, and small amounts of red 

droplets in the SHAM and OVX+E2 sedentary groups.  This would suggest that exercise 

and ovariectomy may result in increased uptake of FFA into the muscle.  IMTG content 

in response to exercise training has been widely studied, with endurance exercise training 

resulting in increased levels of IMTG in the muscle (65), as well as increased ability to 

oxidize IMTG (65; 163).  The high amounts of red droplets in the SHAM and OVX+E2 

exercised groups as compared to their sedentary counterparts are thus in line with 

previous findings.  Obesity results in increased uptake of FFA into the muscle as well 

(66; 130).  However, the ability to oxidize IMTG may be impaired (144).  The OVX mice 

in this study displayed centripetal obesity, thus, the high amount of red droplets in the 

sedentary OVX animals would be expected and may be indicative of a reduced oxidative 

capacity of the muscle.    

 While the Oil-Red-O findings are in line with previous studies, there is a 

disconnect with the mRNA expression results within this study.  Measurement of both 

CPT-1 and FAT/CD36 mRNA expression indicated no differences between groups.  An 

increase in FAT/CD36 would be expected to accompany increased IMTG, as FAT/CD36 

contributes to FFA uptake into muscle cells.  Further, in animals capable of increased 

oxidation of IMTG, such as the SHAM exercise trained group, an increase in CPT-1 

expression would be expected, as CPT-1 regulates transport of FFA into the mitochondria 

for oxidation.  However, as previously discussed, these expected differences may not 

have been observed since FAT/CD36 may be regulated through post-translational 

modification (73; 171).  Therefore, protein expression or protein activity, rather than 

mRNA expression, should be measured.     
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Future Directions 

There are a few areas in which additional experiments should be performed in 

order to expand upon the findings of this study.  While the lack of differences in mRNA 

expression is understandable given the results of other studies, targets could be measured 

at the protein level, or translocation could be measured to test for differences in activity.  

To test the functional effects of changes in ERK1/2 phosphorylation, downstream 

activation of targets (i.e., HSL, ATGL) should be measured.  Recent pilot data indicates 

that ATGL expression, which promotes lipolysis and contains 2 amino acid residues 

capable of phosphorylation by ERK1/2, is elevated in exercised SHAM and OVX mice, 

as well as OVX sedentary mice.  These data suggest that active lipolysis is increased in 

OVX mice.  The increase in ATGL expression in the SHAM mice indicates lipolysis is 

occurring during exercise, however, there is most likely an increase in fat oxidation as, 

well which is absent in the OVX mice.  Clearly, more data will need to be collected to 

further clarify these findings. 

Overall Conclusions  

It appears that both voluntary wheel running and 17β-estradiol supplementation 

are effective in preventing symptoms of the metabolic syndrome and changes in cellular 

signaling of adipose tissue in OVX mice.  However, in light of the Women’s Health 

Initiative (WHI), the question of hormone replacement safety arises.  Two of the 17β-

estradiol-supplemented mice died of unknown causes during this study.  Further, upon 

sacrifice, two mice in the OVX+E2 group had enlarged bladders, a side effect which has 

been found in other labs as well (personal communication with Dr. Dawn Lowe).  The 

results of studies from WHI suggest that HRT increases a woman’s risk of stroke, blood 
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clots, heart disease, and certain cancers.  With the efficacy of even low volumes of 

voluntary wheel running in preventing obesity and metabolic syndrome following ovarian 

hormone loss, exercise should be suggested as an alternative to HRT.   

 When comparing the results to the original hypotheses, some findings confirmed 

the hypotheses, and some findings refuted the hypotheses.  Comparisons between the 

hypotheses and results are shown below.  

 

H1: Ovariectomized mice undergoing voluntary exercise training will have similar 

fat masses to female control mice, but higher masses than ovariectomized mice 

supplemented with 17β-estradiol.   

 The findings of this study supported the hypothesis that OVX exercised mice 

would have similar fat masses to female control mice.  However, OVX exercised mice 

did not have higher fat masses than OVX+E2 mice. 

H2: Ovariectomized mice undergoing voluntary exercise training will have similar 

levels of circulating free fatty acids to control mice, but higher levels than 

ovariectomized mice supplemented with 17β-estradiol. 

 The findings refute this hypothesis, in that exercise training did not decrease 

NEFA levels in OVX mice.  

H3: Ovariectomized mice undergoing voluntary exercise training will have similar 

fasting blood glucose levels to control mice, but impaired fasting blood glucose levels 

compared to ovariectomized mice supplemented with 17β-estradiol.  
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 The findings support the hypothesis that OVX exercised mice would have similar 

fasting blood glucose to control mice.  However, fasting blood glucose levels in the OVX 

exercised mice were not impaired compared to OVX+E2 mice.  

H4: The sedentary ovariectomized mice will have greater amounts of intramuscular 

triglycerides than the exercise-trained ovariectomized mice or 17β-estradiol-

supplemented mice. 

 Due to qualitative, rather than quantitative analysis of Oil-Red-O staining, this 

hypothesis cannot be analyzed.  While quantitative comparisons of groups cannot be 

made, visually it appeared that muscle tissue from the SHAM sed, OVX sed, OVX ex, 

and OVX+E2 ex groups all contained large amounts of IMTG based on the frequent 

appearance of red droplets.  

H5: The sedentary ovariectomized mice will have decreased expression levels of lipid 

oxidative genes as compared to the exercise-trained ovariectomized mice or 17β-

estradiol-supplemented mice.  

 The findings refuted this hypothesis, as no differences in expression of lipid 

oxidative genes were found between any groups.   

H6: The sedentary ovariectomized mice will have increased expression levels of 

genes promoting lipid storage as compared to the exercise-trained ovariectomized 

mice or 17β-estradiol-supplemented mice. 

 The findings refuted this hypothesis, as no differences in expression of genes 

promoting lipid storage were found between any groups.   

H7: The sedentary ovariectomized mice will have increased phosphorylation of 

ERK1/2 (Thr 202/Tyr 204) in adipose tissue at rest as compared to the sedentary 
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SHAM mice and ovariectomized mice supplemented with 17β-estradiol.  The 

exercise-trained SHAM mice and 17β-estradiol-supplemented mice will have 

increased phosphorylation ERK1/2 (Thr 202/Tyr 204) compared to their sedentary 

counterparts.  The exercise-trained OVX mice will have phosphorylation levels of 

ERK1/2 (Thr 202/Tyr 204) similar to sedentary OVX mice.  

 As predicted, ERK1/2 phosphorylation was increased in the sedentary OVX mice 

compared to the sedentary SHAM and OVX+E2 mice.  Also, OVX exercised and 

sedentary groups did demonstrate ERK1/2 phosphorylation levels that were not 

significantly different.  However, the exercised SHAM and OVX+E2 mice did not 

increased ERK1/2 phosphorylation compared to their sedentary counterparts.   
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REVIEW OF LITERATURE 

 
The purpose of this review of literature is to examine the role of exercise and 

estrogens in preventing obesity and the metabolic syndrome in post-menopausal 

females.  

Obesity: 

 The increased incidence of obesity and obesity-related conditions has placed 

significant strain on individual health, the medical community, and the economy alike. 

The most recent figures from the Center of Disease Control estimate 65% of adults, and 

15% of children in the United States are overweight, with 30% falling in the category of 

obese (1).  Along with the increased incidence of obesity, the relative risk for Type II 

diabetes and cardiovascular disease (CVD) has risen dramatically in obese individuals 

(55-57; 102; 196).  Android, or centripetal obesity is of particular concern, since it is 

highly correlated with the development of obesity-related conditions.  Finally, the 

treatment of obesity-related conditions has placed a significant burden on the economy, 

with an estimated $122.9 billion spent annually (CDC), thus, the physiological and 

economic costs of obesity are having a significant impact on American society.   

Obesity-related conditions:  

Studies have linked visceral fat accumulation to an increase in occurrence of Type 

II diabetes, cardiovascular disease, and risk of myocardial infarction in both men and 

women (219).  Taken together, these conditions which have been attributed to obesity 

have been termed the metabolic syndrome.  On the surface, obesity has been dubbed the 

major cause of the metabolic syndrome, however, the underlying mechanisms responsible 

for the associated metabolic changes are an increase in visceral adiposity and insulin 
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resistance (5; 71; 167).  Many different groups, including the International Diabetes 

Federation (IDF), World Health Organization (WHO), and Adult Treatment Panel III 

(ATP III), have developed lists of factors used to diagnose the presence of the metabolic 

syndrome.  The criteria set forth by the IDF and WHO are most commonly used for 

diagnosis.  For diagnosis of the metabolic syndrome under the IDF criteria, waist 

circumference must be greater than or equal to 80 cm, indicating central obesity, along 

with 2 of the 4 following criteria: 

1) Elevated triglycerides (greater than or equal to 1.7 mmol/L) 

2) Low HDL cholesterol (less than 1.29 mmol/L) 

3) Elevated blood pressure (systolic greater than or equal to 130 mmHg or 

diastolic greater than or equal to 85 mmHg) 

4) Elevated fasting plasma glucose (greater than or equal to 5.6 mmol/L) 

In order to be diagnosed with the metabolic syndrome with the WHO criteria, a patient 

must exhibit diabetes mellitus, decreased glucose tolerance, increased fasted blood 

glucose or insulin resistance, plus two of the following criteria:  

1) Blood pressure greater than or equal to 140/90 mmHg 

2) Dislipidemia (triglycerides greater than or equal to 1.695 mmol/L and/or high 

 density lipoprotein cholesterol (HDL-C) less than or equal to 1.0 mmol/L),  

3) Central obesity (waist:hip ratio greater than 0.85, and/or body mass index 

(BMI)  greater than 30 kg/m2, and  

4) Microalbuminuria (urinary albumin excretion ratio greater than or equal to 20 

 mg/min or albumin:creatine ratio greater than or equal to 30 mg/g) 
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Age, genetic predisposition, physical inactivity, diet, and possibly hormonal status (168) 

in females all contribute to an increased risk for the development of the metabolic 

syndrome (170).   

Path from obesity to metabolic syndrome: 

On a cellular level, various theories have been developed to explain the 

progression from obesity to the onset of the metabolic syndrome.  Obesity results in 

increased amounts of white adipose tissue (WAT) and greater amounts of visceral fat 

than subcutaneous fat (132).  WAT has a large capacity to store lipids, and this increase 

in lipid storage has a pathophysiological effect as well (211).  Obese patients demonstrate 

low-grade inflammation that originates from WAT, and is characterized by an increase in 

inflammatory markers such as interleukin 6 (IL-6), and tumor necrosis factor alpha 

(TNF-α) (13; 210).  These markers have local effects on the WAT, as well as systemic 

effects that may contribute to insulin resistance (202).  TNF-α contributes to insulin 

resistance by inducing phosphorylation of serine residues on the insulin receptor 

substrate-1 (IRS-1) protein, thus preventing interaction with the insulin receptor β 

subunit, and disrupting the insulin signaling pathway (13).  IL-6 interferes with the signal 

transduction mechanisms involved in insulin signaling, although the mechanism of action 

is unknown (12).  The secretion of IL-6 is greater from visceral adipose tissue than 

subcutaneous adipose tissue (12) and serves as a major marker for cardiovascular 

problems such as atherosclerosis (182) and coronary heart disease (12), which are part of 

the metabolic syndrome.  However, the role of IL-6 is controversial because it also 

increases with exercise and has been suggested to increase glucose uptake by activating 

AMPK (128; 152; 179).  By increasing levels of inflammatory mediators which 
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contribute to insulin resistance and cardiovascular disease, obesity can result in 

development of the metabolic syndrome (101; 109; 146).   

 

The decline in circulating estrogens accompanying menopause plays a strong role in 

metabolic syndrome onset in post-menopausal females.  While many studies have 

addressed the metabolic syndrome from a mechanistic standpoint in males and pre-

menopausal females, much work remains in order to understand the metabolic 

syndrome in post-menopausal females.   

 

Formation of the estrogens:  

 Estrogens are steroid hormones which operate as the primary sex hormones in 

females.  Three major types exist, estradiol, estriol, and estrone, with 17β-estradiol the 

predominant form present in pre-menopausal females (21).  All estrogens begin as 

androgens and are converted to estrogens via enzymatic action of aromatase.  During 

steroidogenesis, cholesterol is converted to pregnenolone by cholesterol side chain 

cleavage enzyme, followed by the conversion of pregnenolone to androstenedione 

through a series of enzymatic reactions.  Androstenedione is then either converted to 

estrone by aromatase, or to testosterone by 17-β hydroxysteroid dehydrogenase (17- β 

HSD).  Aromatase then converts the testosterone to estradiol (166) (See Figure 13 

below).   
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Figure 14. Formation of estrogen, estrone, and progesterone (166). 

 

Function of the estrogens: 

Estrogens play an important role in regulation of numerous physiological 

processes, including the menstrual cycle, the development of female secondary sex 

characteristics, bone growth, etc (129).   

The menstrual cycle is regulated by estrogens and is necessary for reproduction.  

The menstrual cycle consists of three phases: menstruation, the follicular phase, and the 

luteal phase.  The typical menstrual cycle is 28 days long, with day one defined as the 

onset of menses.  During the menstrual cycle, levels of estradiol, progesterone, follicle 

stimulating hormone (FSH), and luteinizing hormone (LH) fluctuate in order for 

ovulation and menstruation to occur (124).  The menstrual cycle continues for females 
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during their reproductive years until the onset of menopause, which is on average at age 

51 (203).  

 In addition to the regulation of the menstrual cycle, estrogens are also important 

in the development of female secondary sex characteristics and bone growth.  Secondary 

sex characteristics are those which distinguish males from females but do not play a role 

in reproduction.  In females, these characteristics include the development of breasts, 

widening of the hips, and increased fat deposit in the thigh and hip region, also known as 

gynoid fat distribution (124).  This fat distribution is typical of females, whereas males 

more often have increased fat in the visceral region, known as android distribution (120).  

Thus, females are commonly referred to as having a “pear” shape, while males have an 

“apple” shape (140).  Many studies have demonstrated that visceral fat accumulation 

places individuals at greater risk for cardiovascular disease (CVD) and the metabolic 

syndrome than fat accumulation in the lower half of the body (28; 42).  Thus, as 

estrogens contribute to gynoid fat distribution, females are typically at decreased risk for 

CVD and the metabolic syndrome based on body shape (28; 67).  

Furthermore, estrogens play a strong role in bone growth during development in 

both males and females.  Due to larger amounts of estrogens, females reach the end of 

their growth spurts, signaled by closing of the epiphyseal plates, more quickly than their 

male counterparts (42).  In addition, estrogens have various effects on the brain, cognitive 

function (for review see Luine 2008) (126), and susceptibility to cancer (155; 186; 187) 

throughout the female lifespan.  It is clear that estrogens are important to function and 

maintenance of many tissues, however, mechanistically, much remains to be discovered.  

Elucidating the mechanisms behind actions of the estrogens would be an important step 
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in understanding the changes which occur during menopause and could potentially lead 

to the development of alternatives to Hormone Replacement Therapy (HRT).  

Menopause: 

 According to the World Health Organization (WHO), menopause is defined as the 

complete cessation of menstruation resulting from loss of ovarian follicular activity.  The 

age at which menopause is reached varies greatly, however, the average woman reaches 

menopause at age 51 (203).  In addition to natural menopause, numerous women 

undergoing hysterectomy to remove the uterus also may have their ovaries removed, 

resulting in a form of surgically-induced menopause (23; 91; 215).  These women 

experience many of the same physiological changes as post-menopausal women (23; 91; 

215).   

All females have a finite number of follicles/oocytes, which are gradually 

exhausted with every menstrual cycle during the reproductive years.  At birth, 1-2 million 

follicles are present, but by the onset of menopause, only about 1,000 remain.  Some of 

the follicles are lost to ovulation, however, most are lost due to degeneration and 

resorption, a process termed atresia.  In young females, follicles respond to increased 

levels of LH and FSH during the menstrual cycle, resulting in ovulation.  As a woman 

nears menopause, the few follicles remaining fail to properly respond to LH and FSH and 

the menstrual cycle becomes irregular.  The stage where the menstrual cycle is irregular, 

but still occurring, is termed perimenopause and covers a time period of 3-10 years prior 

to menopause.  As follicles are the major source of estrogen production, the levels of 

estrogens decline during perimenopause and production almost stops completely once the 

menopausal transition is complete (49; 185; 206).  The transition from perimenopause to 
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post-menopause is defined by a 12-month absence of a menstrual period, at which point 

estrogen levels are very low and FSH levels are high due to decreased negative feedback 

of estrogen (8).     

Menopause and disease risk: 

 This drop in production of estrogens results in the loss of menses, and is 

associated with changes in metabolism, fat distribution, blood lipid profile, and blood 

glucose levels (129; 184).  These conditions are observed in women who go through 

natural menopause, as well as those who undergo hysterectomy (23; 91; 215).  Thus, in 

both natural and surgical menopause, conditions such as the metabolic syndrome, 

cardiovascular disease, and osteoporosis may result as the level of estrogens declines (46; 

216). 

Cardiovascular Disease: 

After menopause, females greatly increase their risk of developing cardiovascular 

disease (CVD) (119; 176).   Pre-menopausal women have an occurrence of coronary 

artery disease (CAD) that is much lower than males (119).  However, after the onset of 

menopause, occurrence of CAD increases significantly (62), accounting for 59% of the 

mortality rate in post-menopausal women (156), and resulting in women equaling the 

mortality rate of age-matched males.  The development and progress of CAD is impacted 

by the sex hormones, in that after menopause, females exhibit changes in blood lipid 

profile, clotting factors, endothelial factors, LDL and HDL cholesterol levels, and 

substrate utilization, all of which may impact the progression of CAD (127; 168; 197).  

While initial studies proved inconclusive (194), the latest updates from the American 
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Heart Association indicate that hypertension is linked to the decrease in sex hormones 

occurring with menopause (123; 164).   

Metabolic Syndrome: 

Not only does hormone status impact female risk for CVD, it also places women 

at an increased risk for development of the metabolic syndrome (34).  With the decrease 

in physical activity and subsequent increase in obesity in recent years, the metabolic 

syndrome has increased in prevalence across many populations.  However, it appears that 

changes in hormone status may contribute to onset of the metabolic syndrome in post-

menopausal women (34).    

In addition to weight gain, post-menopausal women are also at an increased risk 

for developing insulin resistance, another component of the metabolic syndrome (34).  

While some studies conclude that the main cause of insulin resistance in post-menopausal 

women is increased body mass, rather than hormone status, others argue that menopausal 

status plays an important role.  It has been suggested that only a portion of the gradual 

decline in insulin sensitivity following menopause is attributable to increases in visceral 

fat mass (24).  In addition to changes in insulin sensitivity, sex hormones have been 

demonstrated to alter glucose and lipid utilization (168).  These changes in fuel utilization 

may contribute to the weight gain and increased risk for development of diabetes mellitus 

observed in post-menopausal women.  

 While physiological changes which place post-menopausal women at an 

increased risk for developing the metabolic syndrome have been well documented, there 

is no currently accepted way to treat post-menopausal women.  Following the Women’s 

Health Initiative (WHI), Hormone Replacement Therapy (HRT) has been ruled out as a 
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viable treatment for most women after estrogen production declines, due to increased 

occurrence of stroke, blood clots, and heart disease with HRT use.  Thus alternative 

treatments for-post menopausal women should be sought out.  

 

Exercise results in many positive physiological changes that improve overall health. 

In most populations, exercise has been successfully utilized as both a preventative 

measure and a treatment for obesity-related conditions.  However, the effectiveness 

of exercise in attenuating the onset of metabolic syndrome in post-menopausal 

females is currently unknown.  

 

Fuel utilization during exercise:  

 In order to grasp how exercise can prevent and treat the metabolic syndrome, it is 

important to have an understanding of how exercise impacts fuel utilization.  During 

exercise, fat and carbohydrate are the main substrates oxidized for production of ATP 

(207).  Carbohydrates are stored in the form of glycogen in muscle and liver, with plasma 

glucose also significantly contributing to energy during exercise.  Oxidation of muscle 

glycogen is the major source of carbohydrate-produced energy during moderate to high 

intensity exercise (89).  As the duration of exercise increases, glycogen stores become 

depleted and reliance on blood glucose increases (89).  Fat is predominantly stored as 

triacylglycerol in adipose tissue, with some free fatty acids (FFAs) present in the 

bloodstream and a small amount of fat is stored as intramuscular triglycerides (IMTG) in 

muscle (207).  Oxidation of FFAs derived from adipose tissue or IMTG is a major source 

of energy for contracting muscle.  The relative contribution of FFAs and IMTG during 
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submaximal exercise remains controversial, with results of some studies favoring 

increased IMTG oxidation (94; 159; 160) whereas others suggest increased oxidation of 

FFAs (51; 106), regardless, both appear to be used.   

 An increased utilization of fat allows for an attenuated rate of glycogen depletion 

(136; 158) and slowed plasma glucose appearance and oxidation (58; 137; 157).  This 

glycogen sparing from increased fat oxidation can result in an increased endurance 

capacity because glycogen stores are a limiting factor in endurance activity (89).  The 

respiratory exchange ratio (RER) is an indicator of fuel utilization; a value of 0.7 

indicates fat oxidation whereas a value of 1.0 suggests increased carbohydrate oxidation.  

At rest, RER is on average 0.8, increasing to 1 or greater with increasing exercise 

intensity.  According to Brooks and Mercier, the relative exercise intensity where the 

predominant fuel being oxidized switches from fat to carbohydrate is known as the 

“cross-over” point (25).  In untrained individuals, this point is at approximately 50% of 

VO2max (25), although results of some studies suggest that the cross-over point may be 

as high as 65% of VO2max (87).  The point in exercise where oxidation of carbohydrate 

begins to predominate is dependent upon a number of factors, including training status, 

diet, and glycogen availability.  Adaptation to intense endurance exercise may raise the 

crossover point, as suggested by the finding that when subjects underwent 12 weeks of 

high intensity training which raised their VO2max by 26%, there was ~5% reduction in 

RER at the same relative intensity (94).  These results suggest that training decreased the 

utilization of carbohydrate sources.  Diet also plays an important role in fuel utilization 

during exercise.  Diets high in fat have been found to increase oxidation of fat during 

exercise (19; 59; 76; 77; 77; 115).  For example, subjects cycling at 65% of their VO2max 
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while on a high carbohydrate diet had an RER of 0.92, while 7 days of a high fat diet 

resulted in an RER of 0.81 in the same subjects (99).  It is clear that a number of factors, 

including training and diet may impact the cross-over point during exercise.   

Factors Affecting Relative Carbohydrate and Fat Oxidation During Acute Exercise: 
 
Fiber type, size, and capillary density have all been demonstrated to impact fat 

oxidation during exercise.  Slow twitch oxidative Type I fibers, as well as Type IIa, have 

a greater ability to oxidize fat both at rest and during exercise compared to fast twitch 

glycolytic Type IIx/b fibers which are much more reliant on glycolysis at rest and during 

exercise.  Slow twitch fibers exhibit lower absolute maximal force output compared to 

fast twitch fibers, however, slow twitch fibers have increased time to fatigue (133).  

Typically, endurance athletes, such as marathon runners, have a larger percentage of 

Type I and Type IIa fibers, while power athletes, such as sprinters, tend to have more 

Type IIx/b fibers (72). The ability of Type I and Type IIa fibers to store IMTG and 

oxidize a greater amount of fat during exercise is at least partly attributable to increased 

mitochondrial density as compared to Type IIx/b fibers (72).  As mitochondria are the 

machinery for aerobic respiration, increased mitochondrial number corresponds to a 

greater aerobic capacity and oxidation of fat during exercise.  Furthermore, fiber size is 

related to oxidative capacity.  Type I fibers typically have the smallest cross-sectional 

area (CSA), while Type IIx/b fibers have the largest CSA.  In addition to fiber type and 

CSA, capillary density impacts the oxidative capacity of skeletal muscle during exercise 

(2; 89).  Increased capillary density contributes to greater levels of fat oxidation during 

exercise, thus Type I fibers in particular are capillary dense (112).  Having a smaller CSA 
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and increased capillary density is advantageous for oxygen diffusion into the fiber, thus 

increasing the capacity for aerobic respiration (2; 89).  

Analysis of the impact of exercise intensity on fuel oxidation gives further insight 

into the effects of muscle fiber type on carbohydrate and fat oxidation.  During low 

intensity exercise, Type I fibers are preferentially recruited and RER values are relatively 

low, indicating a greater reliance on fat oxidation.  As exercise intensity increases, RER 

increases, indicating greater carbohydrate oxidation, and simultaneously more Type IIx/b 

fibers are recruited (63).  The increase in RER can be attributed, at least in part, to the 

tendency of Type IIx/b fibers to oxidize carbohydrate rather than fat, shifting total 

oxidation from FFAs and IMTG toward glycogen and plasma glucose (63).  The increase 

in glycolysis and glycogenolysis associated with carbohydrate oxidation with increasing 

exercise intensity has been associated with an inhibitory effect on fat oxidation via 

increased malonyl CoA, which inhibits the transfer of long chain FFAs into the 

mitochondria by inhibiting carnitine palmitoyl transferase (217).  

Mitochondrial Enzymes and Exercise Training: 

 Endurance training results in increased numbers of mitochondria within the 

muscle and increased oxidative enzyme expression (82; 83; 139), which includes 

enzymes involved in β-oxidation and lipolysis (31; 160; 204), and mitochondrial 

enzymes, such as enzymes of the Krebs cycle and enzymes associated with oxidative 

phosphorylation (90).   

 Oxidation of fat during exercise is dependent upon a number of enzymes.  

Carnitine palmitoyl transferase (CPT-1) plays a key role in the regulation of fat oxidation.  

CPT-1 is a mitochondrial enzyme which mediates the transport of long chain fatty acids 
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into the mitochondria for oxidation.  In the skeletal muscle of rats where overexpression 

of CPT-1 is induced, fat oxidation is increased and the amount of triacylglycerol present 

in the muscle is decreased.  Thus CPT-1 promotes the oxidation of fat and decreases 

esterification of FFA (26).  Conversely, decreased levels of CPT-1 are seen in skeletal 

muscle from obese subjects compared to lean subjects (154).  Further, no gender-specific 

differences in CPT-1 activity have been observed (20), however, very few studies have 

been performed.  

 Whereas CPT-1 is critical in mitochondrial FFA uptake, Fatty Acid 

Translocase/Cluster of Differentiation (FAT/CD36), plays an important role in FFA 

uptake at the level of the plasma membrane.  Stimulation of muscle via contraction 

results in increased translocation of FAT/CD36 to the plasma membrane, which results in 

an increase in FFA transport into the cell (108; 205).  Exercise training has been shown to 

increase expression of FAT/CD36 in skeletal muscle (84).  Recent studies have suggested 

that FAT/CD36 is located in mitochondrial and plasma membranes, and co-

immunoprecipitates with CPT-1, with increasing levels of co-immuniprecipitation 

following exercise training (183).  In obesity, there is an increase in plasma FFA, as well 

as in amount of FAT/CD36 located at the plasma membrane, which promotes increased 

uptake of FFA into the muscle (40; 73; 125).  Gender differences in FAT/CD36 

expression in skeletal muscle of obese subjects have been observed, with decreased 

expression of FAT/CD36 in adipose tissue of obese males and increased expression of 

FAT/CD36 in obese females compared to their lean counterparts (53).  While plasma 

FFA and cellular FFA transport are increased, the oxidation of FFA is compromised in 

obesity.  One possible reason for impaired FFA oxidation in spite of increased FFA 
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uptake is that malonyl CoA, an inhibitor of CPT-1, is increased in obesity, thus 

preventing FFA transport into the mitochondria for oxidation (10).  Another explanation 

that has been proposed is that the decreased mitochondrial density in obese subjects 

contributes to decreased oxidative capacity of FFA (105).  Recently it has been suggested 

that decreased contraction-induced translocation of FAT/CD36 to the mitochondrial 

membrane is responsible for the impaired FFA oxidation in obesity (73).  Regardless of 

the explanation, obesity is associated with increased FFA transport across the plasma 

membrane via FAT/CD36 without a subsequent increase in FA oxidation.   

   In order to get a clear picture of fuel metabolism, it is necessary to look at 

storage and oxidation of carbohydrate in addition to fat utilization.  Glycogen 

phosphorylase (GP) is an enzyme which breaks glycogen, the storage form of 

carbohydrate, releasing glucose-1-phosphate.  Once free, glucose-1-phosphate is 

converted to glucose-6-phosphate by phosphoglucomutase in order to be utilized for 

glycolysis (89).  Thus, the GP contributes to carbohydrate utilization by catalyzing the 

breakdown of glycogen for glycolysis.  Numerous variables can impact GP activity.  

Gender differences have been observed in GP expression in response to physical activity 

in that voluntary wheel running decreased GP activity in female, but not male mice (88).   

In addition, skeletal muscle from obese subjects exhibits increased GP activity (4), thus 

suggesting that obese individuals are more likely to use carbohydrate as a substrate.      

 Citrate Synthase (CS) is a critical enzyme in the Kreb’s Cycle, which catalyzes 

the formation of citrate from Acetyl-CoA and oxaloacetate.  While GP is indicative of 

carbohydrate utilization via glycolysis, CS is an indicator of mitochondrial function.  CS 

expression and activity is increased with exercise training (86).  Gender differences in CS 
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mRNA expression in skeletal muscle have been observed, with increased levels in 

females as compared to males, however, no differences in CS activity were observed at 

rest (171).  Further, in the same study, 90 minutes of exercise resulted in increased 

activity of CS in both trained and untrained females, but no change was observed in 

males in either group (171).  Whereas acute exercise increased CS activity in females 

only, exercise training increased CS activity in males and females to an equal degree 

(171).  As one would predict, activity of CS is decreased in obese subjects, and to an even 

greater degree in obese subjects with non-insulin-dependent diabetes mellitus (105; 189).  

Thus, obese subjects demonstrate an impaired capacity for oxidation via the Kreb’s cycle.   

Acute Cellular Regulation of Fat Oxidation: 

AMP-activated protein kinase (AMPK) has been shown to regulate energy 

balance and homeostasis.   Increased AMPK activity is thought to contribute to increases 

in fat oxidation, glucose uptake, glycolysis, and mitochondrial biogenesis when activated 

by muscle contraction (75).  Malonyl CoA is an intermediate in the formation of FFA’s, 

as well as an inhibitor of CPT-1 which controls FA entry into the mitochondria for 

oxidation (135).  Acetyl CoA carboxylase (ACC) regulates synthesis of malonyl CoA, 

thus enhanced activation of ACC results in decreased fat oxidation.  When 

phosphorylated, AMPK can phosphorylate ACC, inhibiting ACC activity and reducing 

the formation of malonyl CoA (165).  This inhibition of malonyl CoA synthesis inhibits 

lipogenesis and promotes lipid oxidation, thus AMPK activity plays a role in lipid 

utilization.  This suggests AMPK is a major contributor to the regulation of fat oxidation 

during exercise.  
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Cellular Regulation of Lipolysis: 

Hormone Sensitive Lipase (HSL) is responsible for catalyzing the hydrolysis of 

triacylglycerol and functions as the rate limiting step in lipid utilization (85).  HSL is 

present in many tissues, but is expressed at high levels in adipose tissue (45).  In order for 

lipid to be utilized as an energy source, it must be broken down from the storage form of 

triacylglycerol to diacylglycerol and then ultimately into individual FFA’s.  Once 

triacylglycerol is hydrolyzed into individual FFA’s, which are transported in the blood 

and taken up by the muscle, these FFA’s may be oxidized in the mitochondria.  

Regulation of HSL activity occurs primarily via phosphorylation, however, translocation 

and composition of the lipid droplet to be hydrolyzed also impact HSL activity (85).  In 

humans, HSL can be activated via phosphorylation at Ser552, Ser649, and Ser650, and 

Ser554.  In rats and mice, Ser554 corresponds to Ser 565, and Ser563 is orthologous to 

human site Ser 552 (45).  In the presence of β-adrenergic stimulation, the Ser563, Ser659, 

and Ser 660 sites are phosphorylated by Protein Kinase A (PKA) via the cyclic AMP 

pathway. The Ser565 site is phosphorylated by AMPK and calcium calmodulin- 

dependent kinase II (CaMKII), while the Ser600 site is a target of the mitogen-activated 

protein kinase via extracellular signal-related kinase (ERK).  Studies have suggested that 

phosphorylation of HSL at Ser 565 inhibits lipolysis, while phosphorylation at Ser 563 

results in increased HSL activity (45).  When the Ser565 site is phosphorylated, it may 

prevent phosphorylation of the regulatory Ser565 site, inhibiting HSL activity (45; 85).  

However, studies on the potential inhibitory effects of AMPK on HSL have produced 

mixed results.  In a study by Watt et al., subjects completed 60 minutes of cycling at 70% 

of VO2max under both normal and low glycogen conditions.  At rest, HSL activity and 
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α2-AMPK phosphorylation were the same under normal and low glycogen conditions.  

When glycogen content was low, α2-AMPK increased to a greater extent during exercise 

than under normal conditions.  Further, HSL activity was lower following exercise under 

low glycogen conditions.  In spite of decreased HSL activity, IMTG was decreased by 

exercise in the low glycogen group.  In L6 myotubes, addition of aminoimidazole-4-

carboxamide (AICAR), an activator of AMPK, resulted in attenuation of HSL activity in 

the presence of epinephrine.  Based on these results, Watt et al. concluded that AMPK 

phosphorylation of HSL inhibits HSL activity and that a mechanism other than HSL may 

contribute to the utilization of IMTG during exercise (213).  In contrast, a similar study 

conducted by Roepstorff et al. concluded that the increased AMPK phosphorylation 

following exercise in a glycogen-reduced state did not impact HSL activity (174).  

However, Roepstorff et al. suggest that increases in other factors, such as ERK 

phosphorylation of HSL, may have negated inhibitory effects of AMPK phosphorylation 

of HSL.   

 In addition to regulation by PKA and cAMP mechanisms, HSL activity may be 

altered by ERK1/2.  When ERK1/2 is activated via phosphorylation at the Thr 202/Tyr 

204 residues, ERK1/2 phosphorylates HSL at the Ser600 residue.  Phosphorylation of 

HSL at the Ser600 residue by ERK1/2 enhances HSL activity and subsequently enhances 

lipolysis.  By inhibiting activation of ERK1/2 in 3T3-L1 adipose cells, Greenberg et al. 

found a 30% decrease in catecholamine-stimulated lipolysis.  Further, by activating 

ERK1/2, a 2-fold increase in glycerol release was observed in 3T3-L1 cells (69).  Figure 

14 below illustrates the regulation of HSL activity via phosphorylation by various 

substrates.    
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Figure 15. Cellular regulation of HSL in adipose tissue (85).  

Thus, exercise uses a dynamic interaction between lipolysis and fat oxidation in 

the muscle to effectively use fat as a substrate.  The regular use of fat by the muscle is 

critical in maintaining a favorable body composition.  Thus, it is critical to understand the 

mechanisms that regulate both lipolysis and fat oxidation.   

Obesity vs. Exercise Training: 

 Alteration in oxidative gene expression, such as CPT-1, FAT/CD36, GP, and CS, 

may contribute to metabolic changes observed in obese and endurance-trained subjects.  

Both obesity and endurance training result in increases in uptake of FFAs and IMTG 

accumulation.  This is known as the “athlete’s paradox,” as endurance trained athletes 

exhibit an increase in IMTG accumulation similar to the IMTG accumulation observed in 

obese individuals (65).  In the obese, this increase in IMTG contributes to insulin 

resistance (104).  However, endurance-trained individuals with increased IMTG show 

increased insulin sensitivity (65).  This difference in insulin utilization accompanying 

IMTG accumulation in trained and obese individuals is believed to be due to differences 

in lipid oxidation rates.   Trained individuals are able to oxidize more of the accumulated 
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IMTG, thus increasing insulin sensitivity (65).  Various theories have been proposed to 

explain the link between IMTG accumulation and insulin resistance in sedentary and 

obese populations.  One explanation is that metabolites of IMTG, such as diacylglycerol 

(DAG) or ceremide, activate a serine kinase cascade, which in turn decreases activity of 

the insulin receptor substrate-1 (IRS-1) associated phosphatidylinositol 3-kinase (70; 97; 

161).  Decreased activity of IRS-1 results in impaired glucose transport, thus it 

contributes to insulin resistance (111).  Another theory suggests that the activation of 

inflammatory pathways (NFκB and JNK) during lipid uptake/fat accumulation promote 

phosphorylation of IRS-1 and thus impair insulin signaling (97; 212).  

 Peripheral insulin sensitivity is positively affected by exercise.  Improvements in 

blood glucose regulation occur after an acute exercise bout, as well as long-term with 

regular exercise training (38; 39).  Acute exercise promotes increased translocation of 

GLUT4 to the cell membrane for glucose uptake by activating AMPK (121), while 

exercise training can improve the muscles’ ability to respond to insulin by increasing the 

sensitivity of the insulin receptor thus enhancing glucose uptake (181).  The increased 

insulin sensitivity and blood glucose handling result in a decreased risk for development 

of Type II diabetes.  With weight loss, there are additive changes in insulin sensitivity 

due to exercise (66).  However, changes in insulin sensitivity still occur with exercise in 

the absence of changes in body composition (15).  Through alteration of insulin 

sensitivity and blood glucose regulation, exercise decreases the risk of developing Type 

II diabetes and being diagnosed with the metabolic syndrome.  

Due to the physiologic adaptations invoked with endurance training, trained 

individuals benefit from enhanced fat oxidation which results in the sparing of 
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carbohydrate.  During an exercise bout of low-moderate relative intensity, trained 

individuals exhibit a decreased uptake in plasma glucose and a sparing of glycogen 

through slowed glycogenolysis (9; 37; 54; 78; 79; 95).  On the other hand, obese 

individuals do not have enhanced fat oxidation in spite of increased fat uptake into 

muscle cells (209).  Thus, obese individuals will store more fat due to an impaired ability 

to oxidize the fat.   

Estrogens and Fuel Metabolism: 

 In addition to obesity, conditions where ovarian hormone levels are altered, such 

as menopause, contribute to alteration in fuel utilization.  Whereas it is well established 

that glycogen content, diet, training status, and intensity level all influence fuel utilization 

during exercise, the role of gender and thus gender-specific hormones is still under 

investigation.  Results of several studies have shown that females possess greater levels 

of fat oxidation during exercise at the same relative intensity as males (178; 198-200). 

In females, the cross-over point occurs at a higher relative exercise intensity 

compared to males, thus females exhibit a greater amount of fat oxidation at all relative 

intensity levels (208).  These findings would suggest a potential role of the sex hormones, 

the estrogens in particular, in fat oxidation.  Changes following ovarian hormone loss 

provide further support for a role of sex hormones in fuel metabolism.  Many animal 

studies have been conducted using ovariectomy as the model of menopause.  Hansen et 

al. found that in ovariectomized female rats estradiol supplementation resulted in 

decreased synthesis of FFA’s, whereas progesterone supplementation elevated FFA 

synthesis compared to estradiol supplementation.  This would suggest that estradiol may 

promote FFA oxidation over FFA storage (74).   
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Ovarian Hormones May Promote Fat Oxidation: 

It would be logical to hypothesize that greater fat oxidation by females during 

exercise might be indicative of gender differences in AMPK activation as well.  Most 

recently, Roepstorff et al. demonstrated that women oxidize significantly more fat than 

men during submaximal exercise independent of AMPK activation (173).  Specifically, 

phosphorylation of αAMPK (Thr172), as well as activity of α2AMPK, were equal in 

males and females at rest, but elevated only in males following a bout of exercise.  These 

findings suggest that AMPK is not the mechanism responsible for gender differences in 

fat oxidation, leaving the area open to further exploration (173).  From an anatomical 

standpoint, Roepstorff et al. suggest that gender differences in fat oxidation are due to 

sex-specific muscle morphology based on a positive correlation between fat oxidation 

and type I fibers, as well as capillary density (173).  However, D’Eon et al. recently 

demonstrated that estradiol and 2-hydroxyestradiol (2-HE2), an estrogen metabolite, can 

increase AMPK phosphorylation in C2C12 myotubes (43).  With low doses of estradiol, 

AMPK phosphorylation was observed to increase ~1.6 fold, while in high doses, AMPK 

phosphorylation increased ~3.0 fold.  At all concentrations tested, 2-HE2 resulted in 

increased AMPK phosphorylation in C2C12 myotubes (43).  These results suggest that 

estradiol and estradiol metabolites may contribute to gender differences in AMPK 

activation.  

 Using OVX mice, I have found decreased AMPK phosphorylation in the tibialis 

anterior (TA) muscle compared to their SHAM counterparts at rest.  However, when 

fatigue was induced using in situ contractions, AMPK phosphorylation increased from 

baseline in the OVX group, whereas the SHAM group showed no further increases in 
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phosphorylation.  In contrast, when the muscle was placed in an in vitro bath, 

phosphorylation of AMPK was almost undetectable in both the SHAM and OVX groups 

at rest and increased to the same degree in both groups following contraction.  These data 

suggest that a circulating factor present in the blood of female animals with ovaries intact 

contributes to AMPK phosphorylation at rest.  However, removal of the ovaries results in 

decreased AMPK phosphorylation at rest and increased AMPK phosphorylation in 

response to contraction stimulus (Wohlers et al. 2008-in review).  These results 

demonstrate that ovarian function impacts AMPK phosphorylation at rest and following 

contraction in skeletal muscle, thus potentially altering fuel utilization.  This is in line 

with the results of Roepstorff et al. in which females had elevated AMPK 

phosphorylation at rest and did not increase AMPK phosphorylation with exercise, while 

males exhibited significantly increased AMPK phosphorylation with exercise (173).  

Taken together, theses studies demonstrate that the ovarian hormones may induce 

changes in AMPK phosphorylation in human and mouse skeletal muscle.   

Phosphorylation of ERK1/2 is also altered by ovarian hormone status. 

Specifically, I found ERK2 phosphorylation to increase in both SHAM and OVX mice in 

response to in situ contraction of the TA muscle.  However in the OVX group, the 

increase in phosphorylation is significantly greater than in the SHAM group (Wohlers et 

al. 2008-in review).  Thus, in skeletal muscle, ovarian hormones appear to inhibit the 

ability of muscle to increase ERK1/2 phosphorylation with contraction.  

Ovarian Hormones May Affect Lipolysis: 

 Based on the observed differences in fat mass between pre-and post-menopausal 

females, it may be hypothesized that ovarian hormone status may result in differences in 
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lipolysis and/or lipogenesis.  Roepstorff et al. addressed this hypothesis in a study of 

males and females and found that HSL mRNA expression and protein content was higher 

in females than males (195).  However, total HSL activity was not different between the 

sexes.  Males exhibited increased phosphorylation of Ser659, and HSL activity 

normalized to HSL protein content, as compared to females.  Roepstorff et al. suggested 

that increased oxidation of fat in females versus males is due to the greater IMTG content 

in the muscle, rather than enhanced lipolysis in the adipose tissue of females versus males 

(195).  There are few studies examining regulation of lipolysis specifically in females 

versus males.   

In cats, at 24 weeks following ovariohysterectomy, fat mass increased to a greater 

degree than lean mass, resulting in a significant shift in body composition.  Cats were less 

physically active following surgery, with a 52% decrease in activity by week 24.  Serum 

glucose and triglyceride concentrations, as well as circulating leptin levels, were 

significantly increased at week 24 as compared to all other time points.  LPL, HSL, and 

adiponectin mRNA expression in adipose tissue was decreased, and IL-6 expression was 

increase at 24 weeks as compared to baseline.  The decreases in HSL and LPL would 

suggest alterations in lipolysis and uptake occur following loss of ovarian hormones, 

while the decrease in adiponectin would suggest ovarian hormone loss might reduce 

insulin sensitivity.  Thus, ovariohysterectomy resulted in anthropomorphic changes, as 

well as alteration in expression of genes which impact fuel utilization (16).      

 

 

 -  - 59



 

While the benefits of exercise have been widely demonstrated in males and pre-

menopausal females, little is known about the benefits of exercise as a preventative 

measure for the health problems that many women face when they reach 

menopause.  Until recently, HRT was the most common treatment to smooth the 

transition into menopause and prevent the onset of post-menopausal conditions such 

as osteoporosis and metabolic syndrome.  

 
Women entering menopause are susceptible to changes in fat metabolism that place them 
at increased risk for the metabolic syndrome: 
 
 Following the onset of menopause, physiological changes occur which increase 

the risk of developing the metabolic syndrome.  Unfortunately, at this point preventative 

treatment for women remains unclear.  However, one would predict that increased 

physical activity would be effective.  Metabolic syndrome prevalence is lower in 

adolescent males and females who are moderately physically active than in those with 

low levels of activity (148).  Exercise has been utilized as an effective treatment of the 

metabolic syndrome in pre-menopausal women, mostly through exercise effects on 

insulin sensitivity and weight loss.  Multiple studies have suggested that physical activity 

in women decreases risk of CVD and is an effective treatment in those who already have 

CVD, however, these studies focus on pre-menopausal women (See review Oguma 2004) 

(147).   

HRT: 

Definition: 

Hormone replacement therapy (HRT) is a means to increase or replace female 

hormones during and following menopause.  HRT typically consists of estrogen 
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supplementation alone, or estrogen in conjunction with progesterone.  Prior to the 

Women’s Health Initiative, HRT was widely prescribed in order to prevent the negative 

side effects associated with menopause, including the metabolic syndrome, 

cardiovascular disease, and osteoporosis.  

Health benefits of HRT: 

As described above, menopause results in increased risk of development of the 

metabolic syndrome, CVD, and osteoporosis.  Use of HRT has been shown to decrease 

the risk for and/or improve symptoms of, these conditions.  HRT has positive effects on 

bone health and remodeling.  HRT can attenuate the onset of the metabolic syndrome by 

decreasing abdominal fat by approximately 6.8% (180).  Also, some studies suggest HRT 

use leads to improvements in insulin sensitivity (143; 190).  However, results on the 

effects of HRT on insulin sensitivity are mixed, as the type of HRT, method of use, and 

study population produced different results (6).  HRT leads to improvements in blood 

lipid profile, resulting in increased HDL cholesterol and decreased LDL cholesterol 

(141).  By impacting body composition, insulin sensitivity, and blood lipid profile, HRT 

decreases the risk of developing the metabolic syndrome in post-menopausal women.   

Negative side effects of HRT: 

Based on the positive effects of HRT and osteoporosis, it would appear that use of 

HRT in post-menopausal women is favorable.  However, negative side-effects reportedly 

linked to HRT use have led many to question its use.  These side effects include 

increased risk for stroke, blood clots, and heart disease (145).  Further, some studies show 

increased occurrence of various cancers among women taking HRT as compared to post-

menopausal women not on HRT (145).  These findings have been summarized in the 
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Women’s Health Initiative, which began in 1991, and have resulted in a significant 

decline in prescription of HRT to post-menopausal women.  

Is Exercise Training a Useful  Alternative to HRT in Post-menopausal Women?: 

  It is clear that menopause results in many changes that negatively impact the 

health of females.  With the recommendation to reduce HRT use following the release of 

the Women’s Health Initiative, another mechanism of treatment should be sought out.  

Exercise has been utilized as an effective treatment of the metabolic syndrome in males 

and pre-menopausal females, mostly through exercise effects on weight loss and insulin 

sensitivity.  Multiple studies have suggested that physical activity in women decreases 

risk of CVD and is an effective treatment in those who already have CVD.  However, 

these studies focus on pre-menopausal women (See review Oguma 2004) (147).  Based 

on the knowledge of the beneficial effects of exercise, and its successful use in other 

populations as preventative medicine, study of exercise effects in prevention of the 

metabolic syndrome in post-menopausal women is warranted.   

 In summary, exercise is beneficial for cardiovascular health, as well as for 

preventing the onset of the metabolic syndrome.  Further, exercise training results in 

positive metabolic changes, such as an increased ability to oxidize fat, thus sparing 

glycogen stores.  Post-menopausal women experience alterations in metabolism that 

increase risk of developing the metabolic syndrome and CVD.  In light of the WHI, and 

based on knowledge of therapeutic and preventative uses of exercise, the possibility of 

exercise prescription in place of HRT in prevention of the metabolic syndrome in post-

menopausal women should be pursued.     
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APPENDIX A: Limitations 

 This study involves the analysis of mice ovariectomized at 8 weeks of age in 

attempting to understand mechanisms involved with menopause, which occurs much later 

in the lifespan, at approximately 17-25 months.  Therefore, it is possible that factors not 

present in young mice may be involved in the onset of metabolic syndrome in post-

menopausal females.  However, since the occurrence of metabolic syndrome increases 

with age independent of estrogen status, it is important to understand the impact of aging 

and estrogen status as individual phenomenon.  Thus, we believe that the model selected 

is most appropriate, as it is the only way to look at the effects of estrogen independent 

from changes that occur with age.  Furthermore, as this study was performed in mice, 

findings would need to be confirmed in humans before they could be applied to treatment 

of post-menopausal women.  
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APPENDIX B: Animal Protocol Approval 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 -  - 64

























 -  - 76

REFERENCES 

 
 1.   CDC's 60th anniversary: director's perspective--Jeffrey P. Koplan, M.D., M.P.H., 

1998-2002. MMWR Morb Mortal Wkly Rep 56: 846-850, 2007. 

 2.  Aagaard P, Magnusson PS, Larsson B, Kjaer M and Krustrup P. Mechanical 
muscle function, morphology, and fiber type in lifelong trained elderly 
1. Med Sci Sports Exerc 39: 1989-1996, 2007. 

 3.  Adams GR, Haddad F, Bodell PW, Tran PD and Baldwin KM. Combined 
isometric, concentric, and eccentric resistance exercise prevents unloading-
induced muscle atrophy in rats. J Appl Physiol 103: 1644-1654, 2007. 

 4.  Aiston S, Peak M and Agius L. Impaired glycogen synthesis in hepatocytes from 
Zucker fatty fa/fa rats: the role of increased phosphorylase activity. Diabetologia 
43: 589-597, 2000. 

 5.  Alberti KG, Zimmet P and Shaw J. Metabolic syndrome--a new world-wide 
definition. A Consensus Statement from the International Diabetes Federation. 
Diabet Med 23: 469-480, 2006. 

 6.  Araujo DA, Farias ML and Andrade AT. Effects of transdermal and oral 
estrogen replacement on lipids and glucose metabolism in postmenopausal 
women with type 2 diabetes mellitus 
1. Climacteric 5: 286-292, 2002. 

 7.  Avenell A, Brown TJ, McGee MA, Campbell MK, Grant AM, Broom J, Jung 
RT and Smith WC. What interventions should we add to weight reducing diets 
in adults with obesity? A systematic review of randomized controlled trials of 
adding drug therapy, exercise, behaviour therapy or combinations of these 
interventions. J Hum Nutr Diet 17: 293-316, 2004. 

 8.  Azizi F and Ainy E. Coronary heart disease risk factors and menopause: a study 
in 1980 Tehranian women, the Tehran Lipid and Glucose Study 
6. Climacteric 6: 330-336, 2003. 

 9.  Baldwin KM, Fitts RH, Booth FW, Winder WW and Holloszy JO. Depletion 
of muscle and liver glycogen during exercise. Protective effect of training. 
Pflugers Arch 354: 203-212, 1975. 



 -  - 77

 10.  Bandyopadhyay GK, Yu JG, Ofrecio J and Olefsky JM. Increased malonyl-
CoA levels in muscle from obese and type 2 diabetic subjects lead to decreased 
fatty acid oxidation and increased lipogenesis; thiazolidinedione treatment 
reverses these defects. Diabetes 55: 2277-2285, 2006. 

 11.  Barros RP, Machado UF, Warner M and Gustafsson JA. Muscle GLUT4 
regulation by estrogen receptors ERbeta and ERalpha. Proc Natl Acad Sci U S A 
103: 1605-1608, 2006. 

 12.  Bastard JP, Lagathu C, Caron M and Capeau J. Point-counterpoint: 
Interleukin-6 does/does not have a beneficial role in insulin sensitivity and 
glucose homeostasis. J Appl Physiol 102: 821-822, 2007. 

 13.  Bastard JP, Maachi M, Lagathu C, Kim MJ, Caron M, Vidal H, Capeau J 
and Feve B. Recent advances in the relationship between obesity, inflammation, 
and insulin resistance. Eur Cytokine Netw 17: 4-12, 2006. 

 14.  Beckett T, Tchernof A and Toth MJ. Effect of ovariectomy and estradiol 
replacement on skeletal muscle enzyme activity in female rats 
12. Metabolism 51: 1397-1401, 2002. 

 15.  Bell LM, Watts K, Siafarikas A, Thompson A, Ratnam N, Bulsara M, Finn J, 
O'Driscoll G, Green DJ, Jones TW and Davis EA. Exercise alone reduces 
insulin resistance in obese children independently of changes in body composition 
1. J Clin Endocrinol Metab 92: 4230-4235, 2007. 

 16.  Belsito KR, Vester BM, Keel T, Graves TK and Swanson KS. Impact of 
ovariohysterectomy and food intake on body composition, physical activity, and 
adipose gene expression in cats. J Anim Sci 2008. 

 17.  Benton J, Powers A, Eiselein L, Fitch R, Wilson D, Villablanca AC and 
Rutledge JC. Hyperglycemia and loss of ovarian hormones mediate atheroma 
formation through endothelial layer disruption and increased permeability 
2. Am J Physiol Regul Integr Comp Physiol 292: R723-R730, 2007. 

 18.  Berdah J. [Staying fit after fifty]. Gynecol Obstet Fertil 34: 920-926, 2006. 

 19.  Bergstrom J, Hermansen L, Hultman E and Saltin B. Diet, muscle glycogen 
and physical performance. Acta Physiol Scand 71: 140-150, 1967. 



 -  - 78

 20.  Berthon PM, Howlett RA, Heigenhauser GJ and Spriet LL. Human skeletal 
muscle carnitine palmitoyltransferase I activity determined in isolated intact 
mitochondria. J Appl Physiol 85: 148-153, 1998. 

 21.  Bjornstrom L and Sjoberg M. Mechanisms of estrogen receptor signaling: 
convergence of genomic and nongenomic actions on target genes. Mol Endocrinol 
19: 833-842, 2005. 

 22.  Bottner M and Wuttke W. Chronic treatment with physiological doses of 
estradiol affects the GH-IGF-1 axis and fat metabolism in young and middle-aged 
ovariectomized rats. Biogerontology 7: 91-100, 2006. 

 23.  Brett KM, Marsh JV and Madans JH. Epidemiology of hysterectomy in the 
United States: demographic and reproductive factors in a nationally representative 
sample. J Womens Health 6: 309-316, 1997. 

 24.  Brochu M, Mathieu ME, Karelis AD, Doucet E, Lavoie ME, Garrel D and 
Rabasa-Lhoret R. Contribution of the lean body mass to insulin resistance in 
postmenopausal women with visceral obesity: a Monet study 
18. Obesity (Silver Spring) 16: 1085-1093, 2008. 

 25.  Brooks GA and Mercier J. Balance of carbohydrate and lipid utilization during 
exercise: the "crossover" concept. J Appl Physiol 76: 2253-2261, 1994. 

 26.  Bruce CR, Brolin C, Turner N, Cleasby ME, van der Leij FR, Cooney GJ 
and Kraegen EW. Overexpression of carnitine palmitoyltransferase I in skeletal 
muscle in vivo increases fatty acid oxidation and reduces triacylglycerol 
esterification. Am J Physiol Endocrinol Metab 292: E1231-E1237, 2007. 

 27.  Campbell SE and Febbraio MA. Effect of the ovarian hormones on GLUT4 
expression and contraction-stimulated glucose uptake. Am J Physiol Endocrinol 
Metab 282: E1139-E1146, 2002. 

 28.  Canoy D, Boekholdt SM, Wareham N, Luben R, Welch A, Bingham S, 
Buchan I, Day N and Khaw KT. Body fat distribution and risk of coronary heart 
disease in men and women in the European Prospective Investigation Into Cancer 
and Nutrition in Norfolk cohort: a population-based prospective study. 
Circulation 116: 2933-2943, 2007. 



 -  - 79

 29.  Carmen GY and Victor SM. Signalling mechanisms regulating lipolysis 
2. Cell Signal 18: 401-408, 2006. 

 30.  Carr MC. The emergence of the metabolic syndrome with menopause. J Clin 
Endocrinol Metab 88: 2404-2411, 2003. 

 31.  Carter SL, Rennie C and Tarnopolsky MA. Substrate utilization during 
endurance exercise in men and women after endurance training. Am J Physiol 
Endocrinol Metab 280: E898-E907, 2001. 

 32.  Chakravarthy MV, Davis BS and Booth FW. IGF-I restores satellite cell 
proliferative potential in immobilized old skeletal muscle. J Appl Physiol 89: 
1365-1379, 2000. 

 33.  Chen Y and Heiman ML. Increased weight gain after ovariectomy is not a 
consequence of leptin resistance 
6. Am J Physiol Endocrinol Metab 280: E315-E322, 2001. 

 34.  Cho GJ, Lee JH, Park HT, Shin JH, Hong SC, Kim T, Hur JY, Lee KW, 
Park YK and Kim SH. Postmenopausal status according to years since 
menopause as an independent risk factor for the metabolic syndrome 
16. Menopause 15: 524-529, 2008. 

 35.  Chomczynski P and Sacchi N. Single-step method of RNA isolation by acid 
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 162: 156-
159, 1987. 

 36.  Church TS, Earnest CP, Skinner JS and Blair SN. Effects of different doses of 
physical activity on cardiorespiratory fitness among sedentary, overweight or 
obese postmenopausal women with elevated blood pressure: a randomized 
controlled trial. JAMA 297: 2081-2091, 2007. 

 37.  Coggan AR, Kohrt WM, Spina RJ, Bier DM and Holloszy JO. Endurance 
training decreases plasma glucose turnover and oxidation during moderate-
intensity exercise in men. J Appl Physiol 68: 990-996, 1990. 

 38.  Colberg SR. Increasing insulin sensitivity 
7. Diabetes Self Manag 24: 47-50, 2007. 



 -  - 80

 39.  Colberg SR. Physical activity, insulin action, and diabetes prevention and control 
1. Curr Diabetes Rev 3: 176-184, 2007. 

 40.  Coort SL, Luiken JJ, van d, V, Bonen A and Glatz JF. Increased FAT (fatty 
acid translocase)/CD36-mediated long-chain fatty acid uptake in cardiac 
myocytes from obese Zucker rats. Biochem Soc Trans 32: 83-85, 2004. 

 41.  Corriveau P, Paquette A, Brochu M, Prud'homme D, Rabasa-Lhoret R and 
Lavoie JM. Resistance training prevents liver fat accumulation in ovariectomized 
rats 
12. Maturitas 59: 259-267, 2008. 

 42.  Cutler GB, Jr. The role of estrogen in bone growth and maturation during 
childhood and adolescence. J Steroid Biochem Mol Biol 61: 141-144, 1997. 

 43.  D'Eon TM, Rogers NH, Stancheva ZS and Greenberg AS. Estradiol and the 
estradiol metabolite, 2-hydroxyestradiol, activate AMP-activated protein kinase in 
C2C12 myotubes. Obesity (Silver Spring) 16: 1284-1288, 2008. 

 44.  D'Eon TM, Souza SC, Aronovitz M, Obin MS, Fried SK and Greenberg AS. 
Estrogen regulation of adiposity and fuel partitioning. Evidence of genomic and 
non-genomic regulation of lipogenic and oxidative pathways. J Biol Chem 280: 
35983-35991, 2005. 

 45.  deMeijer J. Hormone sensitive lipase: structure, function and regulation 
(Dissertation). University of Utrecht, 1998. 

 46.  Dennis KE. Postmenopausal women and the health consequences of obesity. J 
Obstet Gynecol Neonatal Nurs 36: 511-517, 2007. 

 47.  Donsmark M, Langfort J, Holm C, Ploug T and Galbo H. Regulation and role 
of hormone-sensitive lipase in rat skeletal muscle 
2. Proc Nutr Soc 63: 309-314, 2004. 

 48.  Drown DJ. Women, menopause, and the metabolic syndrome. Prog Cardiovasc 
Nurs 21: 51-52, 2006. 

 49.  Dubnov G, Brzezinski A and Berry EM. Weight control and the management of 
obesity after menopause: the role of physical activity. Maturitas 44: 89-101, 2003. 



 -  - 81

 50.  Dubnov-Raz G, Pines A and Berry EM. Diet and lifestyle in managing 
postmenopausal obesity. Climacteric 10 Suppl 2: 38-41, 2007. 

 51.  Dubouchaud H, Butterfield GE, Wolfel EE, Bergman BC and Brooks GA. 
Endurance training, expression, and physiology of LDH, MCT1, and MCT4 in 
human skeletal muscle. Am J Physiol Endocrinol Metab 278: E571-E579, 2000. 

 52.  Fappa E, Yannakoulia M, Pitsavos C, Skoumas I, Valourdou S and 
Stefanadis C. Lifestyle intervention in the management of metabolic syndrome: 
could we improve adherence issues? Nutrition 24: 286-291, 2008. 

 53.  Fisher RM, Hoffstedt J, Hotamisligil GS, Thorne A and Ryden M. Effects of 
obesity and weight loss on the expression of proteins involved in fatty acid 
metabolism in human adipose tissue. Int J Obes Relat Metab Disord 26: 1379-
1385, 2002. 

 54.  Fitts RH, Booth FW, Winder WW and Holloszy JO. Skeletal muscle 
respiratory capacity, endurance, and glycogen utilization. Am J Physiol 228: 
1029-1033, 1975. 

 55.  Ford ES. Prevalence of the metabolic syndrome defined by the International 
Diabetes Federation among adults in the U.S. Diabetes Care 28: 2745-2749, 
2005. 

 56.  Ford ES and Li C. Metabolic Syndrome and Health-Related Quality of Life 
among U.S. Adults. Ann Epidemiol 18: 165-171, 2008. 

 57.  Ford ES, Li C, Zhao G, Pearson WS and Mokdad AH. Prevalence of the 
metabolic syndrome among U.S. adolescents using the definition from the 
International Diabetes Federation. Diabetes Care 31: 587-589, 2008. 

 58.  Friedlander AL, Casazza GA, Horning MA, Buddinger TF and Brooks GA. 
Effects of exercise intensity and training on lipid metabolism in young women. 
Am J Physiol 275: E853-E863, 1998. 

 59.  Galbo H, Holst JJ and Christensen NJ. The effect of different diets and of 
insulin on the hormonal response to prolonged exercise. Acta Physiol Scand 107: 
19-32, 1979. 



 -  - 82

 60.  Gambacciani M, Ciaponi M, Cappagli B, De SL, Orlandi R and Genazzani 
AR. Prospective evaluation of body weight and body fat distribution in early 
postmenopausal women with and without hormonal replacement therapy. 
Maturitas 39: 125-132, 2001. 

 61.  Gambacciani M, Ciaponi M, Cappagli B and Genazzani AR. Effects of low-
dose continuous combined conjugated estrogens and medroxyprogesterone 
acetate on menopausal symptoms, body weight, bone density, and metabolism in 
postmenopausal women. Am J Obstet Gynecol 185: 1180-1185, 2001. 

 62.  Gensini GF, Comeglio M and Colella A. Classical risk factors and emerging 
elements in the risk profile for coronary artery disease. Eur Heart J 19 Suppl A: 
A53-A61, 1998. 

 63.  Gollnick PD, Piehl K and Saltin B. Selective glycogen depletion pattern in 
human muscle fibres after exercise of varying intensity and at varying pedalling 
rates. J Physiol 241: 45-57, 1974. 

 64.  Gomori A, Ishihara A, Ito M, Matsushita H, Ito M, Mashiko S, Iwaasa H, 
Matsuda M, Bednarek MA, Qian S, Macneil DJ and Kanatani A. Blockade of 
MCH1 receptor signalling ameliorates obesity and related hepatic steatosis in 
ovariectomized mice 
1. Br J Pharmacol 151: 900-908, 2007. 

 65.  Goodpaster BH, He J, Watkins S and Kelley DE. Skeletal muscle lipid content 
and insulin resistance: evidence for a paradox in endurance-trained athletes. J Clin 
Endocrinol Metab 86: 5755-5761, 2001. 

 66.  Goodpaster BH, Theriault R, Watkins SC and Kelley DE. Intramuscular lipid 
content is increased in obesity and decreased by weight loss. Metabolism 49: 467-
472, 2000. 

 67.  Gower BA, Nagy TR, Goran MI, Toth MJ and Poehlman ET. Fat distribution 
and plasma lipid-lipoprotein concentrations in pre- and postmenopausal women 
3. Int J Obes Relat Metab Disord 22: 605-611, 1998. 

 68.  Gray JM and Wade GN. Food intake, body weight, and adiposity in female rats: 
actions and interactions of progestins and antiestrogens 
1. Am J Physiol 240: E474-E481, 1981. 



 -  - 83

 69.  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: 45456-45461, 
2001. 

 70.  Griffin ME, Marcucci MJ, Cline GW, Bell K, Barucci N, Lee D, Goodyear 
LJ, Kraegen EW, White MF and Shulman GI. Free fatty acid-induced insulin 
resistance is associated with activation of protein kinase C theta and alterations in 
the insulin signaling cascade. Diabetes 48: 1270-1274, 1999. 

 71.  Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH, Franklin BA, 
Gordon DJ, Krauss RM, Savage PJ, Smith Jr SC, Spertus JA and Costa F. 
Diagnosis and management of the metabolic syndrome. An American Heart 
Association/National Heart, Lung, and Blood Institute Scientific Statement. 
Executive summary. Cardiol Rev 13: 322-327, 2005. 

 72.  Hagerman FC. Energy metabolism and fuel utilization. Med Sci Sports Exerc 24: 
S309-S314, 1992. 

 73.  Han XX, Chabowski A, Tandon NN, Calles-Escandon J, Glatz JF, Luiken JJ 
and Bonen A. Metabolic challenges reveal impaired fatty acid metabolism and 
translocation of FAT/CD36 but not FABPpm in obese Zucker rat muscle. Am J 
Physiol Endocrinol Metab 293: E566-E575, 2007. 

 74.  Hansen FM, Fahmy N and Nielsen JH. The influence of sexual hormones on 
lipogenesis and lipolysis in rat fat cells. Acta Endocrinol (Copenh) 95: 566-570, 
1980. 

 75.  Hardie DG, Hawley SA and Scott JW. AMP-activated protein kinase--
development of the energy sensor concept. J Physiol 574: 7-15, 2006. 

 76.  Helge JW, Richter EA and Kiens B. Interaction of training and diet on 
metabolism and endurance during exercise in man. J Physiol 492 ( Pt 1): 293-306, 
1996. 

 77.  Helge JW, Wulff B and Kiens B. Impact of a fat-rich diet on endurance in man: 
role of the dietary period. Med Sci Sports Exerc 30: 456-461, 1998. 

 78.  Henriksson J. Training induced adaptation of skeletal muscle and metabolism 
during submaximal exercise. J Physiol 270: 661-675, 1977. 



 -  - 84

 79.  Hermansen L, Hultman E and Saltin B. Muscle glycogen during prolonged 
severe exercise. Acta Physiol Scand 71: 129-139, 1967. 

 80.  Hewitt JA, Whyte GP, Moreton M, van Someren KA and Levine TS. The 
effects of a graduated aerobic exercise programme on cardiovascular disease risk 
factors in the NHS workplace: a randomised controlled trial. J Occup Med 
Toxicol 3: 7, 2008. 

 81.  Hilberg T. Physical activity in the prevention of cardiovascular diseases. 
Epidemiology and mechanisms. Hamostaseologie 28: 9-15, 2008. 

 82.  Holloszy JO. Biochemical adaptations in muscle. Effects of exercise on 
mitochondrial oxygen uptake and respiratory enzyme activity in skeletal muscle. J 
Biol Chem 242: 2278-2282, 1967. 

 83.  Holloszy JO and Coyle EF. Adaptations of skeletal muscle to endurance exercise 
and their metabolic consequences. J Appl Physiol 56: 831-838, 1984. 

 84.  Holloway GP, Luiken JJ, Glatz JF, Spriet LL and Bonen A. Contribution of 
FAT/CD36 to the regulation of skeletal muscle fatty acid oxidation: an overview. 
Acta Physiol (Oxf) 2008. 

 85.  Holm C. Molecular mechanisms regulating hormone-sensitive lipase and 
lipolysis 
2. Biochem Soc Trans 31: 1120-1124, 2003. 

 86.  Hoppeler H and Fluck M. Plasticity of skeletal muscle mitochondria: structure 
and function. Med Sci Sports Exerc 35: 95-104, 2003. 

 87.  Horowitz JF, Mora-Rodriguez R, Byerley LO and Coyle EF. Lipolytic 
suppression following carbohydrate ingestion limits fat oxidation during exercise. 
Am J Physiol 273: E768-E775, 1997. 

 88.  Houle-Leroy P, Garland T, Jr., Swallow JG and Guderley H. Effects of 
voluntary activity and genetic selection on muscle metabolic capacities in house 
mice Mus domesticus. J Appl Physiol 89: 1608-1616, 2000. 



 -  - 85

 89.  Houston, ME. Biochemistry Primer for Exercise Science. (3rd edition). 2006. 
Champaign, IL, Human Kinetics.  
Ref Type: Generic 

 90.  Howald H, Boesch C, Kreis R, Matter S, Billeter R, Essen-Gustavsson B and 
Hoppeler H. Content of intramyocellular lipids derived by electron microscopy, 
biochemical assays, and (1)H-MR spectroscopy. J Appl Physiol 92: 2264-2272, 
2002. 

 91.  Howard BV, Kuller L, Langer R, Manson JE, Allen C, Assaf A, Cochrane 
BB, Larson JC, Lasser N, Rainford M, Van HL, Stefanick ML and Trevisan 
M. Risk of cardiovascular disease by hysterectomy status, with and without 
oophorectomy: the Women's Health Initiative Observational Study. Circulation 
111: 1462-1470, 2005. 

 92.  Hoy AJ and Turner N. New insight into the mechanism by which acute physical 
exercise ameliorates insulin resistance. J Physiol 2008. 

 93.  Huang SH, Shen WJ, Yeo HL and Wang SM. Signaling pathway of magnolol-
stimulated lipolysis in sterol ester-loaded 3T3-L1 preadipocyes. J Cell Biochem 
91: 1021-1029, 2004. 

 94.  Hurley BF, Hagberg JM, Allen WK, Seals DR, Young JC, Cuddihee RW and 
Holloszy JO. Effect of training on blood lactate levels during submaximal 
exercise. J Appl Physiol 56: 1260-1264, 1984. 

 95.  Hurley BF, Nemeth PM, Martin WH, III, Hagberg JM, Dalsky GP and 
Holloszy JO. Muscle triglyceride utilization during exercise: effect of training. J 
Appl Physiol 60: 562-567, 1986. 

 96.  Isken F, Pfeiffer AF, Nogueiras R, Osterhoff MA, Ristow M, Thorens B, 
Tschop MH and Weickert MO. Deficiency of glucose-dependent insulinotropic 
polypeptide receptor prevents ovariectomy-induced obesity in mice 
9. Am J Physiol Endocrinol Metab 295: E350-E355, 2008. 

 97.  Itani SI, Ruderman NB, Schmieder F and Boden G. Lipid-induced insulin 
resistance in human muscle is associated with changes in diacylglycerol, protein 
kinase C, and IkappaB-alpha. Diabetes 51: 2005-2011, 2002. 



 -  - 86

 98.  James WP. The epidemiology of obesity: the size of the problem. J Intern Med 
263: 336-352, 2008. 

 99.  Jansson E and Kaijser L. Effect of diet on muscle glycogen and blood glucose 
utilization during a short-term exercise in man. Acta Physiol Scand 115: 341-347, 
1982. 

 100.  Jensen LB, Vestergaard P, Hermann AP, Gram J, Eiken P, Abrahamsen B, 
Brot C, Kolthoff N, Sorensen OH, Beck-Nielsen H, Nielsen SP, Charles P and 
Mosekilde L. Hormone replacement therapy dissociates fat mass and bone mass, 
and tends to reduce weight gain in early postmenopausal women: a randomized 
controlled 5-year clinical trial of the Danish Osteoporosis Prevention Study. J 
Bone Miner Res 18: 333-342, 2003. 

 101.  Jiamsripong P, Mookadam M, Honda T, Khandheria BK and Mookadam F. 
The metabolic syndrome and cardiovascular disease: Part I. Prev Cardiol 11: 155-
161, 2008. 

 102.  Kannel WB, D'Agostino RB, Sullivan L and Wilson PW. Concept and 
usefulness of cardiovascular risk profiles. Am Heart J 148: 16-26, 2004. 

 103.  Keck M, Romero-Aleshire MJ, Cai Q, Hoyer PB and Brooks HL. Hormonal 
status affects the progression of STZ-induced diabetes and diabetic renal damage 
in the VCD mouse model of menopause. Am J Physiol Renal Physiol 293: F193-
F199, 2007. 

 104.  Kelley DE, Goodpaster BH and Storlien L. Muscle triglyceride and insulin 
resistance 
13. Annu Rev Nutr 22: 325-346, 2002. 

 105.  Kelley DE, He J, Menshikova EV and Ritov VB. Dysfunction of mitochondria 
in human skeletal muscle in type 2 diabetes. Diabetes 51: 2944-2950, 2002. 

 106.  Kiens B. Skeletal muscle lipid metabolism in exercise and insulin resistance. 
Physiol Rev 86: 205-243, 2006. 

 107.  Koh HJ, Hirshman MF, He H, Li Y, Manabe Y, Balschi JA and Goodyear 
LJ. Adrenaline is a critical mediator of acute exercise-induced AMP-activated 
protein kinase activation in adipocytes 
2. Biochem J 403: 473-481, 2007. 



 -  - 87

 108.  Koonen DP, Glatz JF, Bonen A and Luiken JJ. Long-chain fatty acid uptake 
and FAT/CD36 translocation in heart and skeletal muscle. Biochim Biophys Acta 
1736: 163-180, 2005. 

 109.  Kowalska I, Straczkowski M, Nikolajuk A, Adamska A, Karczewska-
Kupczewska M, Otziomek E, Kinalska I and Gorska M. Insulin resistance, 
serum adiponectin, and proinflammatory markers in young subjects with the 
metabolic syndrome 
21. Metabolism 57: 1539-1544, 2008. 

 110.  Kristensen JM, Johnsen AB, Birk JB, Nielsen JN, Jensen BR, Hellsten Y, 
Richter EA and Wojtaszewski JF. Absence of humoral mediated 5'AMP-
activated protein kinase activation in human skeletal muscle and adipose tissue 
during exercise. J Physiol 585: 897-909, 2007. 

 111.  Krssak M, Falk PK, Dresner A, DiPietro L, Vogel SM, Rothman DL, Roden 
M and Shulman GI. Intramyocellular lipid concentrations are correlated with 
insulin sensitivity in humans: a 1H NMR spectroscopy study. Diabetologia 42: 
113-116, 1999. 

 112.  Lacour JR. [Lipid metabolism and exercise]. Rev Prat 51: S36-S41, 2001. 

 113.  Lakka TA and Bouchard C. Physical activity, obesity and cardiovascular 
diseases. Handb Exp Pharmacol 137-163, 2005. 

 114.  Landau IT and Zucker I. Estrogenic regulation of body weight in the female rat. 
Horm Behav 7: 29-39, 1976. 

 115.  Lapachet RA, Miller WC and Arnall DA. Body fat and exercise endurance in 
trained rats adapted to a high-fat and/or high-carbohydrate diet. J Appl Physiol 80: 
1173-1179, 1996. 

 116.  Latour MG, Shinoda M and Lavoie JM. Metabolic effects of physical training 
in ovariectomized and hyperestrogenic rats. J Appl Physiol 90: 235-241, 2001. 

 117.  Laudenslager ML, Wilkinson CW, Carlisle HJ and Hammel HT. Energy 
balance in ovariectomized rats with and without estrogen replacement. Am J 
Physiol 238: R400-R405, 1980. 



 -  - 88

 118.  Leblanc PJ, Howarth KR, Gibala MJ and Heigenhauser GJ. Effects of 7 wk 
of endurance training on human skeletal muscle metabolism during submaximal 
exercise 
1. J Appl Physiol 97: 2148-2153, 2004. 

 119.  Lee LV and Foody JM. Cardiovascular disease in women 
3. Curr Atheroscler Rep 10: 295-302, 2008. 

 120.  Ley CJ, Lees B and Stevenson JC. Sex- and menopause-associated changes in 
body-fat distribution. Am J Clin Nutr 55: 950-954, 1992. 

 121.  Li L, Chen H and McGee SL. [Mechanism of AMPK regulating GLUT4 gene 
expression in skeletal muscle cells] 
1. Sheng Wu Yi Xue Gong Cheng Xue Za Zhi 25: 161-167, 2008. 

 122.  Liu PY, Swerdloff RS and Veldhuis JD. Clinical review 171: The rationale, 
efficacy and safety of androgen therapy in older men: future research and current 
practice recommendations. J Clin Endocrinol Metab 89: 4789-4796, 2004. 

 123.  Lopez-Ruiz A, Sartori-Valinotti J, Yanes LL, Iliescu R and Reckelhoff JF. 
Sex differences in control of blood pressure: role of oxidative stress in 
hypertension in females. Am J Physiol Heart Circ Physiol 295: H466-H474, 2008. 

 124.  Losos JB, Raven PH, Johnson GB and Singer SR. Biology. New York, NY: 
McGraw-Hill, 2002. 

 125.  Luiken JJ, Arumugam Y, Dyck DJ, Bell RC, Pelsers MM, Turcotte LP, 
Tandon NN, Glatz JF and Bonen A. Increased rates of fatty acid uptake and 
plasmalemmal fatty acid transporters in obese Zucker rats. J Biol Chem 276: 
40567-40573, 2001. 

 126.  Luine VN. Sex steroids and cognitive function 
5. J Neuroendocrinol 20: 866-872, 2008. 

 127.  Lwin R, Darnell B, Oster R, Lawrence J, Foster J, Azziz R and Gower BA. 
Effect of oral estrogen on substrate utilization in postmenopausal women 
2. Fertil Steril 90: 1275-1278, 2008. 



 -  - 89

 128.  MacDonald C, Wojtaszewski JF, Pedersen BK, Kiens B and Richter EA. 
Interleukin-6 release from human skeletal muscle during exercise: relation to 
AMPK activity. J Appl Physiol 95: 2273-2277, 2003. 

 129.  MacGillivray MH, Morishima A, Conte F, Grumbach M and Smith EP. 
Pediatric endocrinology update: an overview. The essential roles of estrogens in 
pubertal growth, epiphyseal fusion and bone turnover: lessons from mutations in 
the genes for aromatase and the estrogen receptor. Horm Res 49 Suppl 1: 2-8, 
1998. 

 130.  Malenfant P, Joanisse DR, Theriault R, Goodpaster BH, Kelley DE and 
Simoneau JA. Fat content in individual muscle fibers of lean and obese subjects. 
Int J Obes Relat Metab Disord 25: 1316-1321, 2001. 

 131.  Marsh MM, Walker VR, Curtiss LK and Banka CL. Protection against 
atherosclerosis by estrogen is independent of plasma cholesterol levels in LDL 
receptor-deficient mice 
1. J Lipid Res 40: 893-900, 1999. 

 132.  Matsuzawa Y. White adipose tissue and cardiovascular disease. Best Pract Res 
Clin Endocrinol Metab 19: 637-647, 2005. 

 133.  McAllister RM, Amann JF and Laughlin MH. Skeletal muscle fiber types and 
their vascular support 
4. J Reconstr Microsurg 9: 313-317, 1993. 

 134.  McCormick KM, Burns KL, Piccone CM, Gosselin LE and Brazeau GA. 
Effects of ovariectomy and estrogen on skeletal muscle function in growing rats 
2. J Muscle Res Cell Motil 25: 21-27, 2004. 

 135.  McGarry JD, Mills SE, Long CS and Foster DW. Observations on the affinity 
for carnitine, and malonyl-CoA sensitivity, of carnitine palmitoyltransferase I in 
animal and human tissues. Demonstration of the presence of malonyl-CoA in non-
hepatic tissues of the rat. Biochem J 214: 21-28, 1983. 

 136.  McKenzie S, Phillips SM, Carter SL, Lowther S, Gibala MJ and 
Tarnopolsky MA. Endurance exercise training attenuates leucine oxidation and 
BCOAD activation during exercise in humans. Am J Physiol Endocrinol Metab 
278: E580-E587, 2000. 



 -  - 90

 137.  Mendenhall LA, Swanson SC, Habash DL and Coggan AR. Ten days of 
exercise training reduces glucose production and utilization during moderate-
intensity exercise. Am J Physiol 266: E136-E143, 1994. 

 138.  Mokdad AH, Bowman BA, Ford ES, Vinicor F, Marks JS and Koplan JP. 
The continuing epidemics of obesity and diabetes in the United States. JAMA 286: 
1195-1200, 2001. 

 139.  Mole PA, Oscai LB and Holloszy JO. Adaptation of muscle to exercise. 
Increase in levels of palmityl Coa synthetase, carnitine palmityltransferase, and 
palmityl Coa dehydrogenase, and in the capacity to oxidize fatty acids. J Clin 
Invest 50: 2323-2330, 1971. 

 140.  Moller R, Tafeit TE, Sudi TK and Reibnegger G. Quantifying the 'appleness' 
or 'pearness' of the human body by subcutaneous adipose tissue distribution 
7. Ann Hum Biol 27: 47-55, 2000. 

 141.  Moorthy K, Yadav UC, Mantha AK, Cowsik SM, Sharma D, Basir SF and 
Baquer NZ. Estradiol and progesterone treatments change the lipid profile in 
naturally menopausal rats from different age groups 
3. Biogerontology 5: 411-419, 2004. 

 142.  Moran AL, Nelson SA, Landisch RM, Warren GL and Lowe DA. Estradiol 
replacement reverses ovariectomy-induced muscle contractile and myosin 
dysfunction in mature female mice. J Appl Physiol 102: 1387-1393, 2007. 

 143.  Munoz J, Derstine A and Gower BA. Fat distribution and insulin sensitivity in 
postmenopausal women: influence of hormone replacement 
1. Obes Res 10: 424-431, 2002. 

 144.  Mustelin L, Pietilainen KH, Rissanen A, Sovijarvi AR, Piirila P, 
Naukkarinen J, Peltonen L, Kaprio J and Yki-Jarvinen H. Acquired obesity 
and poor physical fitness impair expression of genes of mitochondrial oxidative 
phosphorylation in monozygotic twins discordant for obesity 
1. Am J Physiol Endocrinol Metab 295: E148-E154, 2008. 

 145.  Nelson HD, Humphrey LL, Nygren P, Teutsch SM and Allan JD. 
Postmenopausal hormone replacement therapy: scientific review 
2. JAMA 288: 872-881, 2002. 



 -  - 91

 146.  Oda E. The metabolic syndrome as a concept of adipose tissue disease 
13. Hypertens Res 31: 1283-1291, 2008. 

 147.  Oguma Y and Shinoda-Tagawa T. Physical activity decreases cardiovascular 
disease risk in women: review and meta-analysis. Am J Prev Med 26: 407-418, 
2004. 

 148.  Pan Y and Pratt CA. Metabolic syndrome and its association with diet and 
physical activity in US adolescents. J Am Diet Assoc 108: 276-286, 2008. 

 149.  Panotopoulos G, Raison J, Ruiz JC, Guy-Grand B and Basdevant A. Weight 
gain at the time of menopause. Hum Reprod 12 Suppl 1: 126-133, 1997. 

 150.  Park H, Kaushik VK, Constant S, Prentki M, Przybytkowski E, Ruderman 
NB and Saha AK. Coordinate regulation of malonyl-CoA decarboxylase, sn-
glycerol-3-phosphate acyltransferase, and acetyl-CoA carboxylase by AMP-
activated protein kinase in rat tissues in response to exercise 
7. J Biol Chem 277: 32571-32577, 2002. 

 151.  Park YW, Zhu S, Palaniappan L, Heshka S, Carnethon MR and Heymsfield 
SB. The metabolic syndrome: prevalence and associated risk factor findings in the 
US population from the Third National Health and Nutrition Examination Survey, 
1988-1994. Arch Intern Med 163: 427-436, 2003. 

 152.  Pedersen BK. IL-6 signalling in exercise and disease 
2. Biochem Soc Trans 35: 1295-1297, 2007. 

 153.  Pelleymounter MA, Baker MB and McCaleb M. Does estradiol mediate 
leptin's effects on adiposity and body weight? 
24. Am J Physiol 276: E955-E963, 1999. 

 154.  Pender C, Trentadue AR, Pories WJ, Dohm GL, Houmard JA and Youngren 
JF. Expression of genes regulating malonyl-CoA in human skeletal muscle. J Cell 
Biochem 99: 860-867, 2006. 

 155.  Persson C, Inoue M, Sasazuki S, Kurahashi N, Iwasaki M, Ye W and 
Tsugane S. Female reproductive factors and the risk of gastric cancer in a large-
scale population-based cohort study in Japan (JPHC study) 
84. Eur J Cancer Prev 17: 345-353, 2008. 



 -  - 92

 156.  Phillips KA, Glendon G and Knight JA. Putting the risk of breast cancer in 
perspective 
1. N Engl J Med 340: 141-144, 1999. 

 157.  Phillips SM, Atkinson SA, Tarnopolsky MA and MacDougall JD. Gender 
differences in leucine kinetics and nitrogen balance in endurance athletes. J Appl 
Physiol 75: 2134-2141, 1993. 

 158.  Phillips SM, Green HJ, Tarnopolsky MA and Grant SM. Decreased glucose 
turnover after short-term training is unaccompanied by changes in muscle 
oxidative potential. Am J Physiol 269: E222-E230, 1995. 

 159.  Phillips SM, Green HJ, Tarnopolsky MA, Heigenhauser GF, Hill RE and 
Grant SM. Effects of training duration on substrate turnover and oxidation during 
exercise. J Appl Physiol 81: 2182-2191, 1996. 

 160.  Phillips SM, Green HJ, Tarnopolsky MA, Heigenhauser GJ and Grant SM. 
Progressive effect of endurance training on metabolic adaptations in working 
skeletal muscle. Am J Physiol 270: E265-E272, 1996. 

 161.  Pickersgill L, Litherland GJ, Greenberg AS, Walker M and Yeaman SJ. Key 
role for ceramides in mediating insulin resistance in human muscle cells. J Biol 
Chem 282: 12583-12589, 2007. 

 162.  Poirier P and Despres JP. Exercise in weight management of obesity. Cardiol 
Clin 19: 459-470, 2001. 

 163.  Pruchnic R, Katsiaras A, He J, Kelley DE, Winters C and Goodpaster BH. 
Exercise training increases intramyocellular lipid and oxidative capacity in older 
adults. Am J Physiol Endocrinol Metab 287: E857-E862, 2004. 

 164.  Rappelli A. Hypertension and obesity after the menopause 
5. J Hypertens Suppl 20: S26-S28, 2002. 

 165.  Rasmussen BB and Winder WW. Effect of exercise intensity on skeletal muscle 
malonyl-CoA and acetyl-CoA carboxylase. J Appl Physiol 83: 1104-1109, 1997. 



 -  - 93

 166.  Ray S and Gupta A. Structure-function similarity between vitamin D3 and 
estrogens: Scope for effective drug design for vitamin D3 and estrogen dependent 
disorders. Drugs of the Future 31: 65-82, 2008. 

 167.  Reaven G. Insulin resistance, hypertension, and coronary heart disease. J Clin 
Hypertens (Greenwich ) 5: 269-274, 2003. 

 168.  Regitz-Zagrosek V, Lehmkuhl E and Mahmoodzadeh S. Gender aspects of the 
role of the metabolic syndrome as a risk factor for cardiovascular disease. Gend 
Med 4 Suppl B: S162-S177, 2007. 

 169.  Reid CM, Dart AM, Dewar EM and Jennings GL. Interactions between the 
effects of exercise and weight loss on risk factors, cardiovascular haemodynamics 
and left ventricular structure in overweight subjects. J Hypertens 12: 291-301, 
1994. 

 170.  Reilly MP and Rader DJ. The metabolic syndrome: more than the sum of its 
parts? Circulation 108: 1546-1551, 2003. 

 171.  Roepstorff C, Schjerling P, Vistisen B, Madsen M, Steffensen CH, Rider MH 
and Kiens B. Regulation of oxidative enzyme activity and eukaryotic elongation 
factor 2 in human skeletal muscle: influence of gender and exercise. Acta Physiol 
Scand 184: 215-224, 2005. 

 172.  Roepstorff C, Steffensen CH, Madsen M, Stallknecht B, Kanstrup IL, 
Richter EA and Kiens B. Gender differences in substrate utilization during 
submaximal exercise in endurance-trained subjects. Am J Physiol Endocrinol 
Metab 282: E435-E447, 2002. 

 173.  Roepstorff C, Thiele M, Hillig T, Pilegaard H, Richter EA, Wojtaszewski JF 
and Kiens B. Higher skeletal muscle alpha2AMPK activation and lower energy 
charge and fat oxidation in men than in women during submaximal exercise. J 
Physiol 574: 125-138, 2006. 

 174.  Roepstorff C, Vistisen B, Donsmark M, Nielsen JN, Galbo H, Green KA, 
Hardie DG, Wojtaszewski JF, Richter EA and Kiens B. Regulation of 
hormone-sensitive lipase activity and Ser563 and Ser565 phosphorylation in 
human skeletal muscle during exercise. J Physiol 560: 551-562, 2004. 



 -  - 94

 175.  Rosano GM, Vitale C, Marazzi G and Volterrani M. Menopause and 
cardiovascular disease: the evidence. Climacteric 10 Suppl 1: 19-24, 2007. 

 176.  Rosano GM, Vitale C, Marazzi G and Volterrani M. Menopause and 
cardiovascular disease: the evidence. Climacteric 10 Suppl 1: 19-24, 2007. 

 177.  Rosano GM, Vitale C and Tulli A. Managing cardiovascular risk in menopausal 
women. Climacteric 9 Suppl 1: 19-27, 2006. 

 178.  Ruby BC and Robergs RA. Gender differences in substrate utilisation during 
exercise. Sports Med 17: 393-410, 1994. 

 179.  Ruderman NB, Keller C, Richard AM, Saha AK, Luo Z, Xiang X, Giralt M, 
Ritov VB, Menshikova EV, Kelley DE, Hidalgo J, Pedersen BK and Kelly M. 
Interleukin-6 regulation of AMP-activated protein kinase. Potential role in the 
systemic response to exercise and prevention of the metabolic syndrome. 
Diabetes 55 Suppl 2: S48-S54, 2006. 

 180.  Salpeter SR, Walsh JM, Ormiston TM, Greyber E, Buckley NS and Salpeter 
EE. Meta-analysis: effect of hormone-replacement therapy on components of the 
metabolic syndrome in postmenopausal women. Diabetes Obes Metab 8: 538-
554, 2006. 

 181.  Santos JM, Ribeiro SB, Gaya AR, Appell HJ and Duarte JA. Skeletal muscle 
pathways of contraction-enhanced glucose uptake 
15. Int J Sports Med 29: 785-794, 2008. 

 182.  Saremi A, Anderson RJ, Luo P, Moritz TE, Schwenke DC, Allison M and 
Reaven PD. Association between IL-6 and the extent of coronary atherosclerosis 
in the veterans affairs diabetes trial (VADT) 
34. Atherosclerosis 2008. 

 183.  Schenk S and Horowitz JF. Coimmunoprecipitation of FAT/CD36 and CPT I in 
skeletal muscle increases proportionally with fat oxidation after endurance 
exercise training. Am J Physiol Endocrinol Metab 291: E254-E260, 2006. 

 184.  Schneider JG, Tompkins C, Blumenthal RS and Mora S. The metabolic 
syndrome in women. Cardiol Rev 14: 286-291, 2006. 



 -  - 95

 185.  Schwenke DC. Aging, menopause, and free radicals. Semin Reprod Endocrinol 
16: 281-308, 1998. 

 186.  Seeger H and Mueck AO. Are the progestins responsible for breast cancer risk 
during hormone therapy in the postmenopause? Experimental vs. clinical data. J 
Steroid Biochem Mol Biol 109: 11-15, 2008. 

 187.  Seeger H, Wallwiener D and Mueck AO. Effects of estradiol and progestogens 
on tumor-necrosis factor-alpha-induced changes of biochemical markers for 
breast cancer growth and metastasis. Gynecol Endocrinol 24: 576-579, 2008. 

 188.  Shinoda M, Latour MG and Lavoie JM. Effects of physical training on body 
composition and organ weights in ovariectomized and hyperestrogenic rats. Int J 
Obes Relat Metab Disord 26: 335-343, 2002. 

 189.  Simoneau JA and Kelley DE. Altered glycolytic and oxidative capacities of 
skeletal muscle contribute to insulin resistance in NIDDM. J Appl Physiol 83: 
166-171, 1997. 

 190.  Sites CK, L'Hommedieu GD, Toth MJ, Brochu M, Cooper BC and Fairhurst 
PA. The effect of hormone replacement therapy on body composition, body fat 
distribution, and insulin sensitivity in menopausal women: a randomized, double-
blind, placebo-controlled trial 
1. J Clin Endocrinol Metab 90: 2701-2707, 2005. 

 191.  Sitnick M, Foley AM, Brown M and Spangenburg EE. Ovariectomy prevents 
the recovery of atrophied gastrocnemius skeletal muscle mass. J Appl Physiol 
100: 286-293, 2006. 

 192.  Solomon TP, Sistrun SN, Krishnan RK, Del Aguila LF, Marchetti CM, 
O'Carroll SM, O'Leary VB and Kirwan JP. Exercise and diet enhance fat 
oxidation and reduce insulin resistance in older obese adults. J Appl Physiol 2008. 

 193.  Souza SC, Palmer HJ, Kang YH, Yamamoto MT, Muliro KV, Paulson KE 
and Greenberg AS. TNF-alpha induction of lipolysis is mediated through 
activation of the extracellular signal related kinase pathway in 3T3-L1 adipocytes 
2. J Cell Biochem 89: 1077-1086, 2003. 



 -  - 96

 194.  Staessen JA, Celis H and Fagard R. The epidemiology of the association 
between hypertension and menopause 
22. J Hum Hypertens 12: 587-592, 1998. 

 195.  Steffensen CH, Roepstorff C, Madsen M and Kiens B. Myocellular 
triacylglycerol breakdown in females but not in males during exercise. Am J 
Physiol Endocrinol Metab 282: E634-E642, 2002. 

 196.  Strine TW, Ford ES, Balluz L, Chapman DP and Mokdad AH. Risk 
behaviors and health-related quality of life among adults with asthma: the role of 
mental health status. Chest 126: 1849-1854, 2004. 

 197.  Sultan N, Nawaz M, Sultan A, Fayaz M and Baseer A. Effect of menopause on 
serum HDL-cholesterol level 
3. J Ayub Med Coll Abbottabad 15: 24-26, 2003. 

 198.  Tarnopolsky LJ, MacDougall JD, Atkinson SA, Tarnopolsky MA and Sutton 
JR. Gender differences in substrate for endurance exercise. J Appl Physiol 68: 
302-308, 1990. 

 199.  Tarnopolsky MA, Atkinson SA, Phillips SM and MacDougall JD. 
Carbohydrate loading and metabolism during exercise in men and women. J Appl 
Physiol 78: 1360-1368, 1995. 

 200.  Tarnopolsky MA, Bosman M, Macdonald JR, Vandeputte D, Martin J and 
Roy BD. Postexercise protein-carbohydrate and carbohydrate supplements 
increase muscle glycogen in men and women. J Appl Physiol 83: 1877-1883, 
1997. 

 201.  Telford RD. Low physical activity and obesity: causes of chronic disease or 
simply predictors? Med Sci Sports Exerc 39: 1233-1240, 2007. 

 202.  Trayhurn P and Wood IS. Adipokines: inflammation and the pleiotropic role of 
white adipose tissue 
13. Br J Nutr 92: 347-355, 2004. 

 203.  Treloar AE. Menstrual cyclicity and the pre-menopause. Maturitas 3: 249-264, 
1981. 



 -  - 97

 204.  Tremblay A, Simoneau JA and Bouchard C. Impact of exercise intensity on 
body fatness and skeletal muscle metabolism. Metabolism 43: 814-818, 1994. 

 205.  Turcotte LP, Raney MA and Todd MK. ERK1/2 inhibition prevents 
contraction-induced increase in plasma membrane FAT/CD36 content and FA 
uptake in rodent muscle. Acta Physiol Scand 184: 131-139, 2005. 

 206.  Turgeon JL, McDonnell DP, Martin KA and Wise PM. Hormone therapy: 
physiological complexity belies therapeutic simplicity. Science 304: 1269-1273, 
2004. 

 207.  van Loon LJ. Use of intramuscular triacylglycerol as a substrate source during 
exercise in humans. J Appl Physiol 97: 1170-1187, 2004. 

 208.  Venables MC, Achten J and Jeukendrup AE. Determinants of fat oxidation 
during exercise in healthy men and women: a cross-sectional study. J Appl 
Physiol 98: 160-167, 2005. 

 209.  Venables MC and Jeukendrup AE. Endurance training and obesity: effect on 
substrate metabolism and insulin sensitivity 
2. Med Sci Sports Exerc 40: 495-502, 2008. 

 210.  Vick MM, Adams AA, Murphy BA, Sessions DR, Horohov DW, Cook RF, 
Shelton BJ and Fitzgerald BP. Relationships among inflammatory cytokines, 
obesity, and insulin sensitivity in the horse. J Anim Sci 85: 1144-1155, 2007. 

 211.  Wang P, Mariman E, Renes J and Keijer J. The secretory function of 
adipocytes in the physiology of white adipose tissue 
5. J Cell Physiol 216: 3-13, 2008. 

 212.  Watt MJ, Hevener A, Lancaster GI and Febbraio MA. Ciliary neurotrophic 
factor prevents acute lipid-induced insulin resistance by attenuating ceramide 
accumulation and phosphorylation of c-Jun N-terminal kinase in peripheral 
tissues. Endocrinology 147: 2077-2085, 2006. 

 213.  Watt MJ, Steinberg GR, Chan S, Garnham A, Kemp BE and Febbraio MA. 
Beta-adrenergic stimulation of skeletal muscle HSL can be overridden by AMPK 
signaling. FASEB J 18: 1445-1446, 2004. 



 -  - 98

 214.  Weaver JU. Classical endocrine diseases causing obesity. Front Horm Res 36: 
212-228, 2008. 

 215.  Weiss P. The treatment of hyperlipidemia. Ration Drug Ther 6: 1-6, 1972. 

 216.  Wenz M, Berend JZ, Lynch NA, Chappell S and Hackney AC. Substrate 
oxidation at rest and during exercise: effects of menstrual cycle phase and diet 
composition. J Physiol Pharmacol 48: 851-860, 1997. 

 217.  Winder WW. Malonyl-CoA--regulator of fatty acid oxidation in muscle during 
exercise. Exerc Sport Sci Rev 26: 117-132, 1998. 

 218.  Wise PM. Estrogens: protective or risk factors in brain function? Prog Neurobiol 
69: 181-191, 2003. 

 219.  Yusuf S, Hawken S, Ounpuu S, Bautista L, Franzosi MG, Commerford P, 
Lang CC, Rumboldt Z, Onen CL, Lisheng L, Tanomsup S, Wangai P, Jr., 
Razak F, Sharma AM and Anand SS. Obesity and the risk of myocardial 
infarction in 27,000 participants from 52 countries: a case-control study. Lancet 
366: 1640-1649, 2005. 

 220.  Zimmermann R, Strauss JG, Haemmerle G, Schoiswohl G, Birner-
Gruenberger R, Riederer M, Lass A, Neuberger G, Eisenhaber F, Hermetter 
A and Zechner R. Fat mobilization in adipose tissue is promoted by adipose 
triglyceride lipase 
1. Science 306: 1383-1386, 2004. 

 
 
 
 


	ACKNOWLEDGEMENTS



