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ABSTRACT

Although acute elevations in glucocorticoids (GC) are beneficial, prolonged
exposure causes detrimental effects including muscle wasting and increased fat. We
developed an animal model with an abolished diurnal GC rhythm by elevating basal
(AM) levels of GC. We assessed the effects of elevated GC and regular volitional
exercise on anthropometric measurements and markers of energy metabolism. Male
sprague dawley rats were divided into exercise and sedentary groups and further divided
into SHAM controls and corticosterone (CORT) groups. Exercisers had 24-h access to
running wheels for 6 weeks while sedentary groups remained in standard rodent cages.
All subgroups had free access to food and water. CORT rats received two 150mg
corticosterone pellets implanted subcutaneously while SHAM rats received wax pellets.
Nadir corticosterone (07 00- 08 00 h) was at least 2-fold higher in CORT groups than
SHAMSs eliminating the diurnal pattern. Relative to body weight, CORT groups had
~30% more epididymal fat compared with SHAM groups. The visceral fat deposition in
sedentary groups was ~50% greater than exercised groups (main effect of exercise,
P<0.05). Expression of hormone sensitive lipase (HSL) and ‘adipose triglyceride lipase
(ATGL) in epididymal fat was elevated in exercised groups (main effect of exercise,
p<0.05) depicting a protective mechanism for reducing visceral adiposity. Bone strength
was decreased in CORT treated groups (main effect of CORT, p<0.05) while the mixed
gastrocnemius muscle of CORT groups, had a 70% increase in glucocorticoid receptor
a/b isoforms (GRa/b) (main effect of CORT p<0.05) and an increase of 40% in 11 beta-

hydroxysteroid dehydrogenase 1 (11BHSD1) (main effect of CORT p<0.05) content. This



study proposes a new animal model of chronic GC overexposure (similar to chronic
stress or glucocoﬁicoid therapy) and reveals that anthropometric measures are negatively
affected by chronically high basal GC levels. Changes occur in the face of chronic GC
treatment by altering GR isoform and 11BHSD1 content in muscle; findings which fnimic
observations in metabolic syndrome patients. We show that regular exercise attenuates
visceral fat mass gain associated with chronically elevated basal GC exposure. These
findings suggest a therapeutic role for exercise in conditions associated with chronic

elevations in GC.
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INTRODUCTION ‘ ' 1

The term stress was first coined'by a researcher called Hans Selye (167). After
completing his post doctorate at John Hopkins, Seyle began his research ih experimental
pathology at Mc@Gill university in Montreal. Here, utilizing mice injected with ovarian
extracts, he observed that the animals responded in a stereotypical and reproducible
fashion (125). He elicited the same response despite the stimulus utilized (cold, hunger,
physical trauma) (125). Long before stress hormones were identified, Selye concluded
that these stimuli disrupt homeostasis and an organism will try to compensate for the
intervention leading to the beginnings of the “General Adaptation Syndrome” (144).
Selye is often regarded as a key founder of research in endocrinology and the stress
response. His work paved the way for decades worth of research into the stress response

| including the synthesis and release of adrenocortical hormones.

After successfully isolating the sex hormones progesterone and testosterone in the
late 1920s and mid 1930s, researchers focused their attention on the adrenocortical
hormones, cortisone and cortisol (68). In 1935, compound E (cortisone) was isolated
from bovine by Edward Kendall (68). The new compound proved to be successful in
returning strength when injected into adrenalectomized animals (80). Unfortunately, a
great deal of tissue was required to produce only a few micrograms of thé hormones and
SO researchérs agreed to utilize the compound only on srﬁali animals and it was never
tried in clinical studies (68). |

Catalyzed by a rumor that Nazi air pilots took adrenal extracts to combat low

oxygen levels at high altitudes, the United States began a great deal of research into



synthesizing the active adrenal hormones (130). Although thé rumor was false, it began
what would later be decades of research into the field of glucocorticoids. First, scientists
looked to synthesize compound A, later called 11-dehydrocorticosterone, as it had the
simplest structure. Although 11-dehydrocorticosterone worked well in animals, it had no
effect on humans (68). Attention turned to compound E Because it had a similar structure
to 11-dehydrocorticosterone. In 1946, Louis Sarett was successful in synthesizing
compound E or as it is now referred, cortisone (68). When administered to human
patients suffering from rheumafoid arthritis, the results were unprecedented (80, 114).
The success of the new hormone treatment.was such that by 1948 other unknown
diseases with inflammatory symptoms where also successfully treated with cortisone (68,
80).

Unfortunately, the long term side effeéts of these new powerful drugs were not as
positive as the short term benefits experienced by patients. Chronic use of the new
steroidal drugs promoted a wide array of negative side effects including watér retention,
increased gastric acidity and psychosis (68). Since the 1960s, é great deal of research has
taken place to produce synthetic glucocorticoids that can mimic the therapeutic benefits

“provided by adrenal hormones and minimize the undesired side effects of long term use
(114). Some of these synthetic drugs include prednisolone, dexamethasoné and
betamethasone (93). Sixty years after their discovery, adrenal corticosteroid hormonés are
still utilized in medicine as key drugs to suppress the immune system and treat a number
of diseases and ailments. Identifying the links between glucocorticoids and various

metabolic pathologies and how exercise and stress influence glucocorticoids secretion



and metabolism have been an active area of investigation since their discovery. This

~ literature review highlights some of the main observations in this active area of study.

LITERATURE REVIEW: 2

2.1 STEROIDGENESIS AND PRODUCTION OF GLUCOCORTICOIDS
Activation of the HPA axis commences when the brain receives an external
stimulus interpreted as a stressor. Specifically, parvicellular neurosecre;tory cells located
in the paraventricular nuclei of the hypothalamus receive the external stimulus and begin
to release corticotrophic releasing hormone (CRH) into the hypophyseal circulation (89).
CRH then travels to the anterior pituitary where it binds its receptor. At the level of the
anterior pituitary, CRH enhances the mRNA producﬁon of pro-opiomelanocortin
(POMC) which is converted to ACTH and released into the systemic circulation (89).
ACTH travels to the adrenal glands located above the kidneys and here promotes the

synthesis and release of glucocorticoids (Figure 1).



Figure 1: Schematic representation of the hypothalamic pituitary adrenal axis and its
regulation (modified from Sandi, Nat Rev Neurosci 2004 pg 91 7—93 0).

The anatomy of the adrenal gland permits this organ to perform many different
endocrine functions. The adrenal gland can be divided into ‘;wo distinct regions; at the
core of the adrenal glands is the adrenal medulla which is responsible for the release of
the catecholamine epinephrine during times of stress (136). Surrounding the adrenal
medulla is the adrenal cortex. The cortex region of the adrenal gland is further divided
into the following layers: Zona Glomerulosa, Zona Recticularis and the Zona Fasciculata.
The outer region, the Zona Glomerulosa, is responsible for the production of

mineralcorticoids, hormones that help regulate hydration levels in the body (89). The



Zona Recticularis located in the middle ‘is responsible for synthesizing glucocorticoids
while the deep layer is crucial for the production of androgens such as
dehydroepidosterone which form the origins for sex hormones (89, 136).

At the Zona Recticularis, ACTH released from the anterior pituitary can bind its
receptor and begin the process of steroidgenesis. Steroidgenic cells such as those found in
the adrenal cortex are capable of producing steroid hormones de novo by uti}lizing
cytoplasmic cholesterol (110). Briefly, insoluble free cholesterol synthesized by the
endoplasmic recticulum or releaseci from the breakdown of triglycerides in the lipid
droplet can bind to proteins that help transport cholesterol to the outer mitochondrial
membrance (OMM) (84). Cholesterol must travel from the OMM to the cholesterol side-
chain cleavage enzyme, P450scc, located at the inner mitochondrial membrane where it
can be converted to pregnenolone (172). In order to accomplish this conversion,
cholesterol utilizes the aid of the steroidogenic acute regulatory protein (StAR) (110).
The rate limiting step of steroidgenesis is determined by the conversion of cholesterol to
pregnenolone at the inner mitochondrial membrane (84, 1 72); however, this reaction in
itself is limited by the substrate available in the mitochondrial matrix (110). The levels of -
cholesterol in the matrix are in turn dependent on the activity of StAR. As a result, StAR
has attained a great deal of interest as it directly manipulates the production of steroid
hormones such as glucocorticoids (84). Once pregnenolone is created from cholesterol it

can undergo a series of reactions to produce GC which are released into the circulation.



2.2 CVIRCULATING GLUCOCORTICOIDS AND MECHANISM
2.2.1 Determinants of Circulating Glucocorticoids

Stimulation by ACTH causes the adrenal glands to synthesize and release two '
major types of GC, an active and an inactive form (89). The active form of GC, cortisol
in humans and corticosterone in rodents (CORT), is released into the circulation where it
is predominantly bound to CORT binding globulin (CBG) (=90% of CORT bound) (89).
The inactive form, cortisone in humans and 11-dehydrocorticosterone in rodents, is
soluble in the plasma and thus does not require CBG (89). CORT bound to CBG is
- unable to enter the cells, whereas the inactive form can freely enter the tissues (64, 107).
However, inactive CORT must first be metabolized by the intracellular enzyme 11 beta-
hydroxysteroid dehydrogenase (11-BHSD1), which converts it to active CORT. Located
in the endoplasmic reticulum, 11-BHSDI is a protein that is present ubiquitously in the
body and plays a key role in metabolic ﬁssues susceptible to insulin’s anabolic effects
(45).
2.2.2 Diurnal Rhythm of Glucocorticoids

In addition to the stimulus of stress, GC concentrations in the blood are affected
by daily circadian rhythms (143). In other words, hormone fluctuations throughout the
day occur as a result of an intrinsic program that is about 24 hours long. More
specifically, CORT concentrations change as a result of a diurnal pattern which is
influenced by thé light and dark cycle (89). Nocturnal animals such as rodents have their
lowest concentrations of circulating CORT in the morning (nadir) and highest values in

the evening when they are active (47). Conversely, humans experience their highest



CORT levels in the early morning in anticipation of the fuel demands required to perform
daily activities while the late evenings and early nights present the lowest daily
concenﬁations of CORT (1, 51, 72). Fluctuations in CORT concentrations throughout the
24 hours are important in mobilizing fuels during periods of low food intake and it is also
thought that the troughs in the diurnal pattern help protect tissues from experiencing the
catabolic effects induced by GC over extended periods of time.
2.2.3 Molecular Regulation of Glucocorticoid Action

GC travel in the circulation to reaéh various tissues throughout the body. Once
present at the tissues, active CORT elicits its effects by binding to the glucocorticoid
receptor (GR) located in the cytosol. Alternative splicing generates several GR splice
variants, (98)two of which (GRa and B) have been the focus of most studies because of
their relative abundance. It is thought that GC bind to GRa and not GRB (97, 98). For the
purpose of this review, GRa will be denoted as “GR” for the rest of this thesis. GR is a
protein measuring 94 Kilodaltons that is widely expressed throughout many different
ﬁssues. Recently, researchers identified a series of GR isoforms (GRe-A, -B, -C1, -C2, -
C3, -D1, -D2 and -D3 ) (99). Moreover, these same researchers observed that the
expression of these isoforms differed arﬁong various tissues (99). Some believe that GC’
multifaceted actions including immune suppression, substrate mobilization and bone
tissue loss may be a result of the various GR isoforms located in differing quantities
within tissues (98). More work is required to truly understand the role that the different

isoforms of GR play and how they affect tissues when GC concentrations rise.



In the absence of GC, GR’s conformation is maintained by heat shock proteins
(HSP) (121). When CORT binds the receptor the interaction causes the release of the
HSP generating a ligand-receptor complex. The complex dimerizes with a second
complex to form a homodimer. This newly formed homodimer then translocates to the
nucleus were it binds with glucocorticoid response elements (GRE) on the promoter
region of the target genes (75, 78). In this manner GC can promote or inhibit (by
transcribing genes for inhibitors) the transcription of };)roteins and‘ have their

physiological effects take place.

2.3 ACUTE METABOLIC EFFECTS OF GLUCOCORTICOIDS
2.3.1 Glucose Metabolism
During times of stress, the body’s demand for fuel is increased. This fight or flight
response is instantly supported by the release of catecholamines (49) and by the
subsequent activation of the HPA axis (24). The release of GC ensues and acutely
promotes the mobilization of various fuel sources including glucose, free fatty acids and
amino acids. For example, GC help inhibit the anabolic effects of insulin on various
tissues. Using the synthetic GC dexamethasone, researchers have been able to minimize
glucose uptake into rat primary muscle cells (16). Similarly, in adipocytes the presence of
GC prevented insulin mediated glucose uptake in a series of experiments (17, 36, 100).
Perhaps one of the mést import roles of GC is their vability to promote
gluconeogenesis in the liver. GC can increase the expression of the hepatic enzymes

glucose-6-phosphatase and phosphoenolpyruvate carboxykinase (PEPCK) (89, 109).



These are key enzymes involved in hepatic gluconeogenesis, and again highlight the
important role GC play in generating glucose during physiological stress. In order to
provide fuel for the metabolic demands of the brain, nervous system and active tissues
during a -stress response the acute rises in GC are crucial.
2.3.2 Lipid Metabolism

Some researchers argue that adipose is alse a target tissue for the effects of GC
and their ability to provide fuel sources in response to a stressor. Since fat is the most
calorie dense macronutrient (137), the human body stores it in order to be utilized later as
fuel. Lipids are stored as triglycerides (TGs) in the lipid droplet within adipocytes. When
the body’s demand for energy is elevated, TGs in the lipid droplet are broken down into
glycerol and free fatty acids. The hormonal regulation and molecular signaling of
lipolysts has been studied extensively (5, 20, 46, 88). Contrary to basal lipolysis,
stimulated lipolysis, as shown in figure 2, causes a net breakdown of TGs (43). Briefly,
the catecholamine norepinephrine binds to beta adrenergic receptors on the adipocyte
surface (66). These receptors are coupled with G proteins which signal adenyl cyclase to
produce cyclic adenosine monophosphate (CAMP) (46). The production of cAMP
promotes the activation of protein kinase A (PKA) which in turn activates perilipins and
hormone sensitive lipase (3, 25). Perilipins are lipid droplet associated proteins that when
activated allow for phosphorylated cystolic HSL to target the lipid droplet (101, 149).
Indeed perilipin knock out animal models depict an attenuated lipolytic activity (105, |

151).



10

Until recently, the pathway depicted above was considered the sole mechanism by
which lipolysis takes place in a cell. However, new work has provided evideﬁce for a
second lipase that plays a crucial role in breaking down the lipid droplet in fat cells. It
was recently discovered that, surprisingly, HSL null mice, who were thought to lack the
ability to breakdown triglycerides, maintained large elévations in diglycerides (63).
Villena et al. helped unravel the mystery of the aforementioned observation when they -
confirmed the existence of a novel adipocyte TGs lipase called desnutrin and later called
adipose triglyceride lipase (ATGL) (161, 176).

Located on the surface of the lipid droplet, ATGL is believed t'o be the lipase
;eéponsible for breaking down a triglyceride to a diglyceride and a nonesterified free fatty
acid (176). The further breakdown of a diglyceride to a monoglicyceride and a free fatty
acid occurs at a rate that is 10-30 times higher than the hydrolysis of TGs which is the
initiating and rate limiting step of lipolysis (62). However, both lipases are crucial for
lipolysis to take placé. Studies whgre ATGL function has been lost via gene ablation have
demonstrated a decrease in lipolysis in mouse primary cells (176). More importantly, the
attenuation in lipolysis was greatly increased in HSL null mice (176) suggesting a
synergistic relationship between the two lipases.

To date little is known about ATGL and how it is activated during basal and
stimulated lipolysis. Recently, comparative gene-identification 58 (CGI-58) has received
some attention as it is a lipid droplet associated protein (173). Scientists have observed
that mutations in this protein bring about accumulations in intracellular TGs droplets in

most tissues of the human body (91). Utilizing this reasoning, Lass et al. observed that
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CGI-58 stimulated in vitro lipolysis and also activated ATGL (90). In addition, these
same authors observed that mutated forms of CGI-58 failed to activate ATGL (90).
Currently there are no ATGL knock out animal models available but successful creation
of this animal model may be required to further elucidate the mechanism by which ATGL
is controlled. Together, these findings suggest that the rate of lipolysis is not solely
governed by the actions of HSL but rather affected by both the activity of HSL and
ATGL. Recently, researchers have observed that both of these enzymes are induced by
acute elevations in GC (148, 161). Therefore, some argue that GC promote the release of
fatty acids into the circulation as a fuel source by directly affecting HSL and ATGL
during times of stress. Although studies exist which support the lipolytic effect of GC
(16, 59, 123, 140), a second school of thought contends that GC do not promote lipolysis
in adipose tissue. To this effect, Furll and Jackel observed that cows treated with
dexamethasone showed lower levels of circulating free fatty acids (50). Similarly, human
studies have shown that GC decrease lipolytic activity in abdominal fat cells (71, 133).
More recently, Ottoson et al. (118) observed decreases in basal and stimulated lipolysis
of human adipose in the presence éf cortisol. Given the controversy of GC and the role
they play in lipid metabolism, it is evident that mdre studies are required to understand if

GC have an antilipolytic effect on adipose tissue.
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Figure 2: Schematic representation of stimulated lipolysis in an adipocyte

2.3.3 Protein Metabolism

GC also facilitate proteolysis and so are influential in the metabolism of proteins
within the body. For instance, déses of GC have been shown to increase the mRNA of
proteins involved in the ubiquitin proteosome pathway in rat muscle (8). This is a
molecular pathway that is involved in the breakdown of proteins to amino acids. Briefly,
proteins destined to be broken down are marked by ubiquination enzymes so that they
may be hydrolyzed by 26S proteosome (150). The ubiquitin proteosome pathway is
tightly regulated by various factors. Indeed, Bailey et al. observed that a critical balance
exists between insulin and GC which regulates proteolysis of skeletal muscle via the
ubiquitin and proteosome pathway in rat muscle (9). The increase in proteolysis is

beneficial as it allows for an influx of amino acids which can be used for gluconeogenesis
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(74). Furthermore, Rannels et al (132) observed that GC treatment reduced synthesis of
skeletal muscle by blocking the peptide chain initiation. A decrease in protein synthesis
was also seen by Desler et al. (35) in C2C12 cells exposed to increasing concentrations of
dexamethasone. Given the multiple sites that GC can target, it is clear that we need to see
the systemic manner in which these hormones help maintain adequate substrate levels in

the face of a stressor (30).

2.4 THE PATHOLOGY OF HYPERGLUCOCORTICOIDEMIA
2.4.1 Reasons for Hyperglucocorticoidemia

The benefits of acute increases in GC to suppress immune function and mobilize
fuels for oxidation and maintain glucose homeostasis have been outlined in the above
sections. In marked vcontrast to the beneficial effects of short term elevations in GC,
chronically elevated levels of GC as seen in patients with Cushing’s syndrome or the
metabolic syndrome (145) can promote numerous deleterious physiological adaptations.
These include insulin resistance, increased visceral adiposity, and a decrease in lean body
(bone and muscle) mass (22). The following section depicts some of the negative
implications that chronically elevated levels of GC can have on various peripheral
tissues.
2.4.2 Adipose Tissue

Adipose contains more calories for fuel per gram of weight than protein or
carbohydrates (137). However, it is important to note that not all fat depots behave in a

similar manner. Compared to subcutaneous fat, intra abdominal adipose tissue has a
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higher lipolytic activity (12) and is less influenced by the antilypolytic effects of insulin
(128). As such, visceral fat provides an influx of glycerol and free fatty acids that travel
~ to the liver and promote gluconeogenesis and the synthesis of lipoproteins, respectively.
Indeed, Kim et al. observed that the removal of visceral fat caused an increase in high
density lipoproteins and a decrease in low density lipdproteins, when compared to control
animals (83). In human édipocytes, Lundgren et al. confirmed a greater rate of glucose
uptake in omental adipocytes when compared to subcutaneous cells (100). Higher
glucose transporter isoform 4 (GLUT 4) content in visceral fat is believed to be the main
~ cause for the discrepancy in metabolic activity between the two fat d¢pots. Interestingly,
the presence of chronically elevated levels of GC promotes a redistribution of fat depots
in fhe body. Individuals diagnosed with Cushing’s syndrome, a diséase characterized by
chronic elevation in CORT, experience a redistribution of adipose tissue from peripheral
to more central fat | depots (96). Moreover, patients diagnosed with asthma and
rheumatoid arthritis that require chronic use of GC for their immunosuppressant effect
also exhibit similar changes in fat distribution (164). This redistribution of adipose has
many health implications on the human body. Visceral fat has been associated with a .
decrease in insulin sensitivity and linked to increases in both the development of type 2
diabetes and the risk of cardiovascular disease (59).

In addition to changing anthropometric measurements, chronic exposure to high
levels of circulating GC also directly inhibit the insulin signaling pathway in adipose
cells. In human adipocytes, dexamethasone diminished glucose: uptake in insulin

stimulated omental adipocytes by 50 percent (40 to 20 flow/cell) while the rate of glucose
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uptaké in the subcutaneous fat cells remained similar to the untreated condition (20
flow/cell) (100). Dexamethasone also decreases the expression of insulin receptor
substrate 1 (IRS-1) and protein kinase B (PKB) in omental adipocytes, two key regulators
of the insulin signaling pathway (100). These findings mimic the decrease in IRS-1, PKB
and phosphorylated PKB expression as a result to dexamethasone treatment observed
previously by Buren et al in rat adipocytes (17). More recently, in vivo studies utilizing
dexamethasone injections in rats confirms the negative effects GC have on various
proteins involved in the insulin signaling cascade (16).

The role that the GR expression plays on GC biology in various adipose tissue
depots has been invéstigéted, but remains controversial. Some studies suggest a lack of’
difference between GR expression in visceral and subcutaneous fat (14, 55). However,
there is also evidence that supports a higher density of GR in intfa—abdominal fat when
compared to subcutaneous tissue (122, 147). Conversely, Joyner et al found that
premenopasal women have lowér GR content in visceral fat than in subcutaneous (77). In
this same study the researchers observed that women had less'.GR expression in visceral
fat than male counterparts (77), suggesting a possible mechanism for the gender
difference in fat distribution.

Other research has focused on the effects GC have on cell proliferation and
differentiation of adipocytes. Utilizing animal models, GC were shown to decrease rat
adipose precursor cells (61, 171). Interestingly, research on 3T3 cells and animal primary
adipocytes has provided evidence for GC inducing an increase in peroxisome proliferator

activated receptor (PPAR y) mRNA (160). PPAR y is a dominant activator of fat cell
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differentiation, activating adipose specific genes, including those that code for proteins
involved in lipid storage and metabolism (154). In support of these findings, Bujalska et
al. observed that human preadipocytes treated with cortisol had an increase in
transcription of various genes involved in adipocyte differentiation (15). More
importantly, the upregulated genes observed by these authors differed between visceral
~and subcutaneoué adipose highlighting depot specific alterations by GC (15). Together
these findings depict the multifaceted effect that GC can have on adipose tissue.

2.4.3 Muscle |

Muscle atrophy is another common result of chronic hypefcortisolemia (95).
Muscle mass is dictéted by the balance of protein synthesis and breakdown, with muscle
atrophy resulting when proteolysis dominates. Acutely, GC stimulate proteolysis in order
to utilize the released amino acids for gluconebgenesis‘dﬁring periods such as starvation
(7). Extended periods of proteolysis, which can be the result of chronic GC exposure, can
decrease muscle mass. Researchers have looked to ubiquitin, a marker of proteolysis,‘ for
a pqssible mechanism. GC increase ubiquitin mRNA content and stimulates protein
catabolism in both animal models and cultured muscle cells (47).

In addition to the molecular changes mentioned above, GC also affect substrate
.availability ﬁthin muscle tissue. Intramuscular triglycerides (IMTGs) are lipid poois
located within the muscle fibers in close proximity to mitochondria (70). Due to their
anatomical location, it is believed that IMTGs serve as a quick sourcé of fuel to match the
metabolic demands of muscle (56). Interestingly, animal studies utilizing dexamethasone

have correlated the elevation in this synthetic glucocorticoid with IMTGs accumulation
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(58, 86). These findings are further supported by human studies. Individuals diagnosed
with the metabolic syndrome and/or type 2 diabetes (T2DM), two diseases characterized
by elevated CORT, have higher levels of IMTGs than controls (113, 127). Various
researchers have observed a correlation between IMTGs content and insulin resistance in
individuals suffering from T2DM (56). Still others have directly implicated IMTGs in the
development of insulin resistance (127). These latter- studies investigated the effects of
IMTGs accumulation on key steps of the insulin signaling pathway. For instance, the
accumulation of IMTGs was shown by Petersen et al. to increase the phosphorylation of
serine residues on IRS-1 and so decreasing the phosphorylation of tyrosine residues
(127); tyrosine phosphorylation is an important early step in the propagation of the
insulin signaling cascade that results in the transport of glucose into the cell. These
findings help explain earlier observations by Virkamaki et al. whereby human subjects
with elevated levels of IMTGs had lower levels of phosphorylated IRS (162). Together,
these results suggest a link between increased circulating GC and increased IMTGs,
although to date these observations are correlative and not cauéative. One study found no
change in IMTG levels in dexamethasone treated animals while observing a decrease in
muscle lipids of controls (86). However, these animals were Zucker diabetic fatty rats
treated with dexmethasone and ;:urrently no data exist on IMTGs accumulation in healthy
animal models with chronic corticosterone exposure.

Thus far, IMTGs have been described in a diseased state such as T2DM and
- obesity. However, biopsies taken from endurance frained humans also show increased

IMTGs accumulation when compared to sedentary controls (70, 152). Although these
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findings may seem perplexing, some researchers have suggested the increased IMTGs
content in these two very different populations, exercise trained and type 2 diabetes, may
serve different purposes. In patients with type 2 diabetes, the rise in IMTGs content may
be a mechanism utilized by the body to remove and store excess free fatty acids
circulating in the blood (158). Conversely, IMTGs elevation in athletes may be important
as théy would provide immediate fuel for a working muscle with a high level of oxidative
capacity (56). Hencé, although both the diseased and trained populations have elevated
~ IMTGs, the increased rate of beta oxidation is evident only in the trained state (158).
Indeed, researchers have obseryed a reduction of fatty acid oxidation in obese patients
and individuals with type 2 diabetes (10, 11, 82). Conversely, in a trained state, the rate
of beta oxidation is increased when compared to sedentary controls (73). Although beta
oxidation is ele\vated in trained individuals, Helge et al observed no difference in muscle
HSL content or enzyme activity between trained and untrained subjects (65). Being a
newly discovered lipase, no data presently exist on the effects of exercise training on
muscle ATGL expression. However, Watt et al. observed an inverse relationship between
ATGL expression and IMTGs accumulation (163). This same group also found that
rodent models of obesity and type 2 diabetes had lower levels of muscle ATGL expressed
(163). These findings suggest the possibility that a low ATGL expression may be a key
component in promoting the accumulation of IMTGs and thus the development of insulin
resistance.

Similar to adipose tissue, chronic elevations in GC negatively affect the insulin

éignaling pathway at many sites in skeletal muscle. In the presence of GC there is a
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decrease in the glucose uptake by the rat soleus muscle (36). The authors of this study
attributed the decreased glucdse uptake to a diminished translocation of the GLUT 4
transporter. Other researchers have investigated the expression of key proteins involved
in the insulin signaling pathway. Speciﬁcaliy, rats injécted with GC for 11 days showed a
decreased expression of phosphorylated PKB (éer473 and Thr’®) (16). Dexamethasone
has also been shown to reduce the insulin stimulated activation of phosphoinositide 3
kinase (PI3-K) (141). Therefore, chronic GC elevati;)n both indirectly and directly
promote insulin resistance by increasing IMTGs and decreasing proteins involved in the
insulin signaling pathway respectively.
2.4.4 Bone

GC may also decrease lean body mass through the breakdown of bone tissue (19).
In animal models, elevated levels of GC have led to a decrease in bone formation in the
~ vertebrae as well as long bones of the hind limb (146, 165). These studies reveal that GC
affect bone formation by increasing the rate of apoptosis émong osteoblasts, the cells
responsible for bone formation. This results in decreased bone mineral density, which is
seen in patients with chfonically elevated levels of CORT (2). These events are believed
to be caused by two distinct phases; a rapid early phase and a slower chronic phase. The
early phase may be a result of excessive bone resorption'that occurs as a result of
increased osteoclastogenesis, which is the formation of new osteoclast cells (139).
Conversely to osteoblasts, osteoclasts are responsible for the break down of ‘bone.
However, it is thought that the early phase does not account for the majority of the

decrease in bone mineral density, but rather it is the progressive slower phase. This phase
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is characterized by a decrease in the number of cells of the osteoblastic linéage (33, 126)
and so a decrease in the rate of bone formation. The end product of this bone density loss
‘has been termed Glucocorticoid Induced Osteoporosis (GIO). The prevalence of GIO on
diseased populaﬁons dependent on GC therapy proves to be a challenging side effect.
New studies have looked to attain the immuno-suppressing effects of GC without the
negative effects of the hormones on various ﬁssues of the body, including bone.
2.4.5 Liver

Some studies have also examined the effects of chfonic GC levels on the liver.
Similar to acute doses, seven days of GC injections have been shown to increase PEPCK
mRNA levels in the rat liver (76) and GC have lohg been shown to increase hepatic
glucose production (89, 109). PEPCK is considered the rate limiting enzyme in
gluconeogenesis (28) and the upregulation of this enzyme in liver, which increases
’glucose production, along with the reduction in peripheral glucose uptake into muscle
Vhelp to explain the hyperglycemic effects of GC in vivo. Interestingly, the expression of
the PEPCK gene is itself inhibited by the metabolism of glucose via glucokinase (28)
hence promoting a negative feedback loop that helps to minimize the GC effect on
increasing gluconeogenesis. Importantly, 5 days of dexamethasone treatment increases
the expression of AMPK in the rat liver (159), which attenuates the glucose mediated
suppression on gluconeogenesis. Utilizing corticosterone pellets, Christ-Cain et al., (23)
- were successful in increasing AMPK activity in the rat liver after 14 days of treatment.
Together these findings suggest a possible mechanism for inadequate glucose

homeostasis observed in patients with glucocorticoid excess.
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2.5 EXERCISE AND GLUCOCORTICOIDS
2.5.1 Acute Regulations

Exercis.e is a potent stressor that acts upon the HPA axis resulting in elevations of
circulating GC. Animal experiments, using a forced swimming training protocol, have
shown an increase in both ACTH and CORT as early as 15 minutes following the onset
of exercise (32, 79, 120). However, other stress variables associated with forced
swimming may exaggerate the stress response (27, 37). Similarly, forced treadmill
running as an exercise protocol makes it difficult to delineate the stress response due to
exercise from that due to psychological stress (67). Furthermore, forcing nocturnal
~ animals to exercise during daytime hours, when convenient for the researchers, activates
- the HPA axis during times that are not reflective of normal human activity patterns. As.
such, it is imperative to implement voluntary exercise paradigms to accurately gauge the
isélated effects of the ¢xercise. Indeed, researchers that have used volitional exercise -
have witnessed elevations in plasma CORT levels lasting up to two hours after a single
- bout of exercise (13, 40, 41, 54). This action can be more confidently attributed to
exercise alone, rather than the stress associated with forced daytime activities such as
swimming or treadmill running with electrical shoc;k.
2.5.2 Chronic Adaptations

It is critical that the body returns to homeostasis once the exercise is complete. As
mentioned above, after the end of exercise, the HPA axis utilizes a negative feedback
mechanism to return plasma GC levels back to basal values. This is accomplished when

GC in the circulation bind to GRs in the hypothalamus and the hippocampus, which
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‘inhibits further secretion of the CRH and decreases HPA activity (figure 1). Research has
found that exercise training leads to adaptations in the negative feedback potential of the
HPA axis. Park et al. (120) utilized forced swimming as an ’exercise protocol and
observed changes to both central and peripheral aspects of the HPA axis. Specifically,
GR mRNA in the hypothalamus and the pituitary was transiently decreased while CRH
was increased in exercise trained rodents (120). Conversely, recent investigation by
Feduié et al., has shown that 4 weeks of volitional exercise has no effect on hippocampus
and pituitary gland GR content, suggesting that negative HPA feedback sensitivity is
normal in trained rats (47). Interestingly, this same study showed that initially, exercising
animals had a greater response to a novel stressor compared with sedentary animals, but
this differénce disappeared by the fourth week of training. Thus, any changes in central
HPA activation or feedback sensitivity may have taken place initially, but were restored
by the fourth week. Furthermore, the initial difference in HPA activity occurred despite
similar ACTH levels, which suggests that ‘the adrenal gland may be initially more
sensitive to ACTH during training. Indeed, a follow up study demonstrated that exercise
training is associated with a transitional increase in adrenal sensitivity to ACTH during
the first two weeks, but disappears by ~8 weeks of continued training (131). Chénges in
adrenal sensitivity to ACTH has been observed in ultramarathon runners by Wittert et al.
(170). The basal diurnal . pattern of the trained marathoners had similar CORT
concentrations compared to untrained controls, but the trained group had higher levels of
ACTH. The apparent decrease in sensitivity to ACTH with prolonged high volume

training may be the result of decreases in the adrenal ACTH receptor or a reduction in the
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key rate limiting step of glucocorticoid biogenesis StAR (131), although this requires
confirmation. Together, these findings suggest that although exercise may initially
increase adrenal sensitivity to ACTH resulting in higher circulating GC concentrations,
continued training restores this initial elevation. It is likely that these adaptations are
critical in restoring normal‘diurnal HPA activity in endurance trained organisms to help
minimize any potentially deleterious effects of chronically elevated glucocorticoids. To
date, no studies have determined if a failure to normalize circulating glucocorticoids
negates some of the beneficial effects of regular exercise. It may be that exercise training
is able to offset the accumulation in visceral adiposity, and minimize the loss of lean

body mass observed with chronic elevations in GC.

2.6 ANIMAL MODELS OF HYPERGLUCOCORTICOIDEMIA

The potent effects of GC on metabolisrﬁ and in particular, metabolic diseéses, has
prompted researchers to explore the negative effects of chronic GC using various animal
models. One popular method evident in the literature is the use of multiple subcutaneous
injections of dexamethasone and other GC over a period of various days (31, 119).
Although these studies have encountered interesting findings, some limitations exist;
firstly, the daily injections of the treatment themselves pose a confounding variable as
they are physical stressors placed on the animal which can activate the HPA éxis (34).
Furthermore, the use of injections promotes a large bolus of GC to be infused into the
animal which is not maintained in the circulation chronically. Hence the sudden rise and

drop in GC prevents these models from truly mimicking the physiological conditions of
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normal GC secretion (169). Other researchers have looked to avoid the stressful
injections by mixing dexamethasone in the drinking water of the animals (26). However,
a key drawback to thié methodology is the inability to standardize the dosage and timing
of glucocorticoids ingested by the animals as it depends on the volume of water
consumed. In‘additioﬁ, the use of dexamethasone is not entirely physiological as the
affinity to GR by dexamethasone is up to 50 fold greater than CORT (58). In the face of
~ these complications, some researchers have opted to use pellets made ,of GC which are
implanted subcutaneously in the animal (42, 108). Unfortunately, these experiments have
not been carried out for longer than 3 weeks and so the long term effects of GC may not
have been completely explored. It is also important to note that, to daté, no investigations
have been published on the physiological adaptations to exercise in an animal model of

elevated glucocorticoids.
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PURPOSE AND SPECIFIC OBJECTIVES 3

Overall Thesis Purpose
The purpose of this thesis is to investigate the effects of exercise training on

peripheral tissues of an animal model with chronically elevated glucocorticoids.

Specific Objectives

Specifically, we first developed a rat model with chronically elevated levels of
glucocorticoids by using CORT implants. We next measured, in both trained and
untrained animals with or without chronically elevated GC a number of markers of HPA
axis activity and insulin sensiti\./ity. Finally, we investigated the interaction between

chronic CORT treatment in the presence of exercise training. The parameters measured

include:
¢ Skeletal muscle cytochrome C oxidase activity.
¢ GR and 11BHSDI1 protein expression in skeletal muscle
e ATGL and HSL protein expression in adipose and skeletal muscle
¢ Lower limb bone strength
¢  Whole body substrate utilization
Hypotheses

We hypothesize that chronically elevated levels of glucocorticoids, specifically in
the nadir phase of the diurnal thythm, will promote visceral adipose accumulation and
reduce muscle size and bone strength. However, we theorize that these negative

implications will be attenuated in the presence of exercise training.



26

4. MANUSCRIPT

Chronic Elevations in Cortiscosterone Eliminate the Diurnal Pattern in Sprague
Dawley Rats and Negatively Affect Peripheral Tissues; Exercise Training is Able to
Attenuate Some of These Negative Implications

Running title: The Effects of Chronic Glucocorticoid Exposure and Exercise Training on
Peripheral Tissues of Male Sprague Dawley Rats.

Kevyn Mejia-Hernandez
Jonathan E. Campbell
Anna D’souza .
Martin Butcher
Michael C. Riddell, PhD

School of Kinesiology and Health Science, Faculty of Science and Engineering,
York University,
4700 Keele Street, Toronto, ON, Canada, M3J 1P3

Please address correspondence to Dr. Michael C. Riddell,
School of kinesiology and Health Science, 4700 Keele Street,
Toronto, ON, Canada, M3J 1P3,

Telephone: (416) 736-2100 Ext. 40493

E-mail: mriddell@yorku.ca

Key words: Voluntary exercise, circadian rhythm, glucocorticoids, glucocorticoid
receptor, adipose triglyceride lipase, hormone sensitive lipase


mailto:mriddell@yorku.ca

27

CONTRIBUTION BY THE AUTHORS

In this thesis I was involved in the research development with my supervisor (Dr.
Riddell), and conducted approximately 90% of all animal work, tissue harvesting, assays
aﬁd measurements. 1 was also responsible for all data analysis, initial write up and
editing. Jonathan Campbell is a graduate student in Dr. Riddell’s laboratory. His
| assistance in this project included help with the glucose tolerance test, animal
euthanization and tissue harvesting. Anna D’séuza was a NSERC summer student and a
volunteer in Dr. Riddell’s laboratory. She helped with recordings of anthopometric
’measures and tissue harvesting. Anna also sectioned, stained and analyzed intramuscular
triglycerides and muscle fiber areas. Martin Butcher is a lab technician at the Henderson
Research Center in Hamilton, Ontario and provided the information for bone fractures.

Dr. Riddell is the primary investigator and supervisor of this project.



28

INTRODUCTION

Activation of the hypothalamic-pituatry-adrenal (HPA) axis is one major way the
bddy responds to stress (102). Upon perception of a stressor, corticotropin—releasing
hormone (CRH) is secreted from the paraventricular nucleus (PVN) of the hypothalamus
into the hypophyseal portal circulation. CRH subsequently acts upon the anterior pituitary
gland to pr‘omote the secretion and release of adrenocorticotropic hormone (ACTH) into
the systemic circulation. ACTH binds its receptor in the adrenal cortex, where it
. stimulates the synthesis and discharge of glucocorticoids (GC) into the circulation (89).
Acute increases in GC are beneficial in elevating concentrations of energy substrates such
as carbohydrates and fat in the blood, by means of gluconeogenesis and lipolysis,
respectively (89, 129). However, chronic elevations of GC can cause detrimental effects
such as muscle wasting, increased visceral adiposity, insulin resistance, and bone
thinning (17, 103,104, 116, 175). These effects are most notably seen in patients with
chronic elevations in GC levels due to therapeutic dosages. Furthermore, individuals with
type 2 diabetes and/or the metabolic syndrome also display characteristicé that closely
resemble disregulation of the HPA axis, possibly because of local amplification in GC
activity (81). Exercis¢ training is widely thought to be important in preventing many of
these metabolic problems improved insulin resistance, decreased visceral adiposity, and
increased lean body mass (135, 156, 157, 174). However, exercise is also a potent
stimulator of the HPA axis (153) and GC levels tend to remain elevated for hours after
the end of exercise (60). Previous work from our laboratory has shown that exercise

training is capable of reducing GC action in skeletal muscle and liver tissue in healthy
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animals (29), but also increases GC action in adipose tissue (18). This suggests that tissue
specific alterations in GC biology occur as a result of training, which may help to protect
against the negative effects of elevated GC induced by exercise. However, this research is
ﬁmited to healthy models, where GC are only elevated periodically, during exercise. To
date, no research has focused on the effects of exercise training in a model lacking a
diurnal pattern mainly by chronically elevating nadir GC levels. In this study, we use
CORT implants in healthy animals to mimic chronic hypercorticosteronemia and
determine the effects of exercise training on peripheral tissues. We show that a modest
elevation in basal GC concentrations reduces overall growth but increases visceral
adipose mass and lowers bone strength. We also show that skeletal muscle is resistant to
the elevation in basal GC levels and that regular exercise attenuates many of the
detrimental effects of hypercorticostroidemia on adipose tissue mass gain, likely by

increasing the key enzymes associated with lipolysis.

METHODS
Animals:

Juvenile, male, Sprague-Dawley rats (age at arrival, 5 weeks: Charles River
Laboratories, Montreal, QC, Canada) were singly housed in standard, clear, plastic cages
(height: 36.4cm, width: 26.8cm, depth: 50cm) and under standard lighting conditions
(12h light and 12h dark cycle, lights on at 0600h). Temperature was maintained between

22-23°C while the humidity of the room remained at 50-60%. Food (Lab Chows, #5012)
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and water were available ad libitum. Animals were handled daily in order to minimize
handling stress on the day of the experiment.
Design:

Upon arrival the animais were randomized into one of four groups: Sedentary
SHAM (Sed-SHAM, n=38), Exercise SHAM (Exer-SHAM, n=9), Sedentary CORT (Sed-
CORT, n=10) and Exercise CORT (Exer-CORT, n=9). Diurnal glucocorticoid
concentrations were measured once per week at the end of each Week of training for 6
weeks. At the end of week 6 some animals (3 per group) were placed in a plastic
metabolic cage (Windows Oxymax Code #0246-002M Columbus Instruments Ohio,
USA) to measure the respi;atory exchange ratio and all animals underwent an oral
glucose tolerance test.

Corticosterone Pellets

For continuous release of GC, pellets were created using modifications to an
established technique (108). Briefly, ;:orticosterone (Sigma-Aldrich, St. Louis, MO, USA
Category # C2505) was liquefied using a low flame, poured into a mold manufactured for
the pellets, and then allowed to solidify. A scalpél was then used to remove the pellet and
trim it to the appropriate mass. Sham wax pellets were also created by following the same
procedure with wax in place of CORT. Both the sham and CORT pellets were trimmed to
150 mg. All pellets were stored in clean vials in order to maintain sterility. The size of
pellets was determined based ona pilot study (n=4 per group) using 100 mg and 150mg

sized pellets.
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Voluntary Exercise Model:

After 3 days of acclimation, the Exer-‘SHAM and Exer-CORT groups received
free access to running wheels (1.06m circumference, Harvard Apparatus Inc., Holliston,
MA, USA) this was termed day 0. On the 4™ day of the protocol, all animals underwent
surgery to implant the subcutaneous pellets (day 4). The wheels were removed after
surgery for 24hrs and then promptly returned to the Exer-SHAM and Exer-CORT groups
for the remainder of the study. A magnetic counter was mounted to each wheel and
provided the revolutions following 24 hours of exercise by the animals. The revolutions
were recorcied daily five days per week. By multiplying the revolutions noted by the
circumference of the wheel, the distance ran by each animal was attained. The cages for
the sedentary groups remained the same and all cages were changed once per week. All
animal experiments were approved by the York University Animal Care Committee,
Toronto, Canada.

Surgical Procedures and Physical Parameters:

All animals underwent surgery in order to have two subcutaneous pellets
implanted. The pellets were made up of either corticosterone or sham wax pellets. The
animals were anaesthetized with 2% inhaled isoflurane. An incision was made in between
the scapulae and two pockets for the implants were made at either side of the vertebrae
region by blunting subcutan;:ously. The animals were sutured and allowed to recover in
their cages for 24hr. Exer-SHAM and Exer-CORT groups received their running wheels
only after the 24hr recovery period. Upon termination of the protocol, all animals had

100ul of blood collected via tail nick into EDTA coated tubes (Sarstadt, Inc., Montreal,
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QC, Canada). The rodents then underwent an oral glucose tolerance test (see below) and
were promptly euthanized by decapitation. The followiﬁg tissues were extracted and
weighed: Left and right adrenals, left gastrocnemius, plantaris, soleus, the epididymal aﬁd
subcutaneous fat pads. The left femur and subcutaneous pellets were also excised. All
~ tissues except for the femur and implant pellets were frozen in liquid nitrogen (39) and
stored at -80°C until furth¢r analysis. The gastrocnemius, plantaris and soleus of the right
leg were separated and mounted onto corks using cooled isopenténe and tissue freezing
medium (Triangle Biomedical Sciences Durham, NC, USA Category # TFM-5). The
mounted muscle was then frozen in liquid nitrogen and stored at -80°C to be sectioned
later using a cryostat (Cryo-Cyl 120/ 180/230 LP, Chart Industries Inc. Burnsville, MN
USA). Upon extréction, the femur bones were wrapped in parafilm, placed in ice and
shipped overnight to the Henderson Research Center in Hamilton, Ontario for analyses.
Diurnal GC Measurements:

Blood samples were obtained at‘ 08:00, 01:00h and 20:00h for diurnal
corticosterone concentrations at the end of each of the 6 weeks. During dark phase
sampling, the lights were maintained off and the only source of light was a battery
operated head lémp (white light).

Approximately 150pl of blood was obtained via tail nick and all samples were
collected by the same operator within 90 seconds to minimize activation of the HPA axis.
This method has been shown in the literature to not elevate circulating corticosterone
levels (52). In order to avoid coagulation of the blood, samples were collected using

heparin coated capillary tubes (Sarstadt, Inc., Montreal, QC, Canada), spun in a
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microcentrifuge at 14000 rprh for 60 seconds and the plasma was stored at -20°C until
assayed. Corticosterone concentrations in the plasma collected during the protocol were
analyzed using a commercially available RIA kit (MP Biomedicals, Cat # 07-120102)
Oral Glucose Tolerance Test

The six weeks of the protocol began after the surgery took place (day 4). An oral
glucose tolerance test (OGTT) was conducted at the end of the study (day 47) to
_determine insulin sensitivity. A dosage of 5g/kg of Body weight (10 ml/kg of a 50%
dextrose solution) was administered orally and whole blood was collected via tail nicks
and analyzed for glucose concentrations using a glucometer. Measurements were taken at
0, 30, 40, 50, 60, 70, 80 90, 100 minutes following glucose administration. Values were
plotted against time and the area under the curve was determined for each animal. The
OGTT was performed as we observed in pilot studies that intraperitoneal injections
lacked consistency in results. Furthermore, the OGTT better mimics the manner in which
glucose enters the circulation compared to when intraperitoneal injections.
Euthanization

Following the completion of the OGTT, animals were euthanized by decapitation
and various muscle and adipose depots were removed, weighed and frozen using liquid
nitrogen.
Cytochrome C Oxidése Activity

Cytochrome C Oxidase (COX) activity in the plan;caris muscle was determined

from euthanized animals, as previously described (57). Enzyme activity was determined
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as the maximal rate of oxidation of fully reduced cytochrome c, measufed by the change
in absorbance at 550nm in a Microplate Reader (ELx800 Universal, Bio-tek instruments).
Non Esterified Free Fatty Acid Analysis

Free fatty acids were quantified using a commercially available assay (HR Series
NEFA_—HR Code # 999-34691, Wako Pure Cherﬁical Industries Ltd. Richmond, VA
USA) measured colorimetrically at 550 nm using a Microplate Reader (ELx800
Universal, Bio-tek instruments).
Western Blot Analysis (GR, 118-HSDI in muscle, lipases in muscle and fat depots)

Western blotting technique was utilized to analyze content of 11-8HSD1 and GR
in skeletal muscle. Also HSL and ATGL expression were investigated in mixed
gastrocnemius and fat depots. Tissues were homogenized in lysis buffer (135mM NaCl,
lmM MgCl,, 2.7mM KCI, 20mM Tris-Base, 0.5 mM NazVO,4, 10mM NaF, 0.2mM
phenylmethylsulﬁnyl fluoride, 10pg/ml Leupeptin, 1% Triton, 10% Glycerol).
Homogenates were centrifuged at 13000 rpm for 20 minutes and the supernatants were
collected. For fat tissue this process was repeated a second time in order to obtain a
cleaner sample of supernatant. A 10ul aliquot of the homogenate was used to quantify
protein using the Bradford method. 75ug of total protein was electrophoretically resolved
on an 8% SDS-polyacrylamide gel (muscle GR), 12% SDS gel (muscle 11-BHSD1) and a
10% SDS gel (muscle ATGL and HSL). For ATGL and HSL in fat tissue, 30pug of total
protein was electrophoretially resolved in a 10% SDS gel.‘ The protein was then
transferred overnight at 20V to PVDF membrane. All blots, except for beta actin, were

blocked with 5% BSA in TTBS for 2 hours. B-actin blots were blocked using 5% milk in
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TTBS. All blots were then incubated overnight in primary antibody at 4°C (GR: Affinity
Bioreagents Cat# PAIL-511A, 1:5000, 11B-HSD1: Alpha diagnostic, Cat#:BHSD11-S,
1:5000, ATGL: Cell Signalling Technology Cat# 2138 muscle 1:2000, fat 1:5000, HSL
Cell Signalling Technology Cat# 4107, muscle 1:2000, fat 1:5000). After the primary
- antibodies, the membranes were washed 5 x 10 minutes using TTBS and were then
incubated for 1 hour with secondary antibody at room temperature (anti-rabbit conjugate
with horseradish peroxidase; 1:10000). Enhanced chemiluminescence detection
(Chemiluminescent HRP Substrate Cat# WBKLS0500, Millipore, Billerica MA,’USA)
and film (CL-X Posture™ Film Cat# -PI34091V, Thermo Scientific) were/used to visualize
protein content. An image processing and analysis program (Scion Image) was used to
measure the optical density of all the bands.

After the analysis for GR, 11-HSD1, ATGL and HSL in muscle tissue was
compléted the membranes were stripped and re-probed with the mouse monoclonal
primary antibody to GAPDH (Glyceraldehyde-3-phosphate dehydrogenase, Abcam, Inc.,
Cambridge, MA, USA) in a 1:10000 ratio. The secondary antibody for GAPDH
_(Peroxidase labeled anti-mouse, Amersham Biosciences, Corp., Piscataway, NJ, USA)
was used in a 1:20000 ratiq. GAPDH was used as a loading control for membranes with
muscle proteins. Conve;rsely, B-actin (Mouse antibody, BD Biosicences, Missisauga, ON,
Canada, Cat # 6126571, .1:5000) was used as a loading control for fat tissue proteins
ATGL and HSL content. The secondary used was 1:10000 (anti-mouse, Chemicon USA,

Cat # AQ160P).
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Muscle Histochemistry

Gastrocnemius muscles mounted and frozen onto corks were cut ﬁsing a cryostat
(Cryo-Cyl 120/180/230 LP, Chart Industries Inc. Burnsville, MN USA). The muscle
sections were stored at -20°C until they were all ready to be stained for lipid content and
muscle fiber differentiation as noted previous by Koopman et al. (85) and Ogilvie et al.
(117) respectively. In order to quantify IMTGs levels and fiber type area the imaging
processing program Photoshop was utilized. All quantifications of IMTGs and fiber type
areas were conducted by a single operator in order to minimize variability.
Substrate Utilization |

Some of the animals from each group (n=3 per group) were randomly selected to
measure substrate utilization based on indirect calorimetry. For this, a metabolic plastic
cage was employed (Windows Oxymax Code #0246-002M Columbus Instruments Ohio,
USA) to measure the respiratory exchange ratio in the animals at rest and active phases of
the day.
Bone Strength

Femurs were extracted immediately and placed in ice and shipped overnight to the
to the Henderson Research Center in Hamilton, Ontario for analysis. The force required
to fracture the bone was measured using an Instron Universal Testing Machine as
described previously (124).
Statistical Analysis

Statistical analysis was completed using Statistica 6.0 statistical software.

Statistical significance was reached at p< 0.05. All data are expressed as mean + standard
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error of the mean (SEM). A three way (CORT x Exercise x Time) mixed ANOVA was
used to analyze diurnal corticosterone levels, body weights, food coﬁsumption, running
distance and substrate utilization. In the event an interaction was observed, the ANOVA
was decomposed to a two way (CORT x Time) mixéd ANOVA. While a two way
(CORT x Exercise) factorial ANOVA was used for analyzing muscle and fat tissue
weights, bone strength, western blots, fasted insulin levels, free fatty acids, intramuscular
triglycerides, muscle fiber type and oral glucose tolerance test. The Tukey’s HSD Post-
hoc test was used to confirm differences observed in the ANOVA tests. Finally,‘

cytochrome C activity was measured using independent measures t-tests.

RESULTS
Physical parameters:

When comparing Sedentary groups, an interaction (F(5,85) = .2.27 p< 0.05) was
observed such that Sed-CORT animals ate less food than Sed-SHAM on weeks 3-5
inclusive and a trend (p=0.07) was observed inr Week 6 of the protocol. (Figure 1a). An
interaction was also observed in the food intake of the exercised groups (F(5,85) = 3.01
p< 0.05) Figure 1b. Specifically, Exer-CORT animals consumed less absolute rat chow
than Exer-SHAM rats in weeks 2-4 and 6 while a trend was observed at week 5 (p=0.08).

Figure 2a and b depict the body weights of thé sedentary and exercised groups
respectively. In Figure 2a, an interaction was obseryed (F(46, 782) = 4.24 p< 0.05) and
analysis revealed that Sed-CORT animals were lighter in body weight than Sed-SHAM

from day 5 to the end of the protocol. Similarly, in figure 2b Exer-CORT animals
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decreased in body weight after the surgical intervention when compared to the Exer-
SHAM group (F(48, 816) = 9.74 p< 0.05). Exer-CORT animals were unable to attain
body weights comparable to Exer-SHAM rodents by the end of the protocol.
Interestingly, when the food consumed by thé sedentary animals was corrected for
body mass, a significant CORT by time interaction was evident (F(5,85) = 6.81 p< 0.05)
(Figure 3a). Sed-CORT animals showed stunted growth de‘spite eating more food in the
first two weeks than Sed-SHAM animals. Exercised groups (Figure 3b) also revealed an
interaction (F(5,85) = 7.00 p< 0.05) whereby Exer-CORT animals ate more food despite

growing less than Exer-SHAM rodents.
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Figure 1: Absolute food consumption for Sed-SHAM (n=8) vs.. Sed-CORT (n=10)
(A) and Exer-SHAM (n=9) vs. Exer-CORT (n=9) (B). Values are means =+ SEM. A
Two way mixed ANOVA revealed an interaction (CORT x Time) (F(5,85)=2.27, p<
0.05) and post hoc test showed that Sed-CORT animals ate less food than Sed-SHAM on
weeks 3-5 with a trend (p=0.07) was observed in week 6 (* denotes p< 0.05 versus Sed-
SHAM). An interaction (CORT x Time) was also evident in exercised groups (F(5,85) =
3.01 p< 0.05) and post hocs confirmed that Exer-CORT animals ate less than the Exer-
SHAM group on weeks 2-4 and 6 with a trend (p=0.08) on week 5. (# denotes p< 0.05
versus Exer-SHAM).
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Figure 2: Body weight for Sed-SHAM (n=8) vs. Sed-CORT (n=10) (A) and Exer-
SHAM (n=9) vs. Exer-CORT (n=9) (B). Values are means + SEM. A Two way mixed
ANOVA revealed an interaction (CORT x Time) (F(46, 782) = 4.24 p< 0.05) and post
hoc test revealed that Sed-CORT animals weighed less than Sed-SHAM from day 5 to
the end of the protocol inclusive (* denotes p< 0.05 versus Sed-SHAM). An interaction
(CORT x Time) was also evident in exercised groups (F(48, 816) = 9.74 p< 0.05)
whereby the Exer-CORT group weighed less than the Exer-SHAM beginning from the
day 5 to the end of the protocol inclusively (# denotes p< 0.05 versus Exer-SHAM). The
arrow indicates surgery day.



41

A)

Efficiency of Body Growth for Sedentary Groups

0.15+ ,
0.144 —&— Sed-SHAM

0.13 ~-A— Sed-CORT
0.12-

*
0114 1~
0.10- L
0.09-
0.08-

0.071
0.06

Weight (g/g b.w.)

Food Consumed/ Gram Body

B)

Efficiency of Body Growth for Exercise Groups

0.157 —B Exer+Sh
0.14_ xer+ am

#
#
 0.13- }‘ { -4- Exer+CORT

w.)

3 0.12- < #

0.11 Nl #
0.10- I "}“*I\

S 0.09- W
0.08 |

0.07
0.06

Weight (g/g b

Food Consumed/Gram Body

1 2 3 4 5 6
Week

Figure 3: Efficiency of body growth for Sed-SHAM (n=8) vs. Sed-CORT (n=10) (A)
and Exer-SHAM (n=9) vs. Exer-CORT (n=9) (B). Values are means + SEM. A Two
way mixed ANOVA revealed an interaction (CORT x Time) (F(5,85) = 6.81 p< 0.05)
and post hoc test revealed that Sed-CORT animals had stunted growth despite eating
more food on weeks 1 and 2 than Sed-SHAM animals (* denotes p< 0.05 versus Sed-
SHAM). An interaction (CORT x Time) was also evident in exercised groups F(5,85) =
7.00 p< 0.05) whereby the Exer-CORT animals had stunted growth even though they ate
more food than Exer-SHAM group (# denotes p< 0.05 versus Exer-SHAM).
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An interaction was observed in running distance (F(5, 80) = 3.86 p< 0.05) (Figure
4), and analysis revealed that in weeks three and four of the protpcol, Exer-SHAM
animals ran longer distances than Exe-CORT rats. In addition, a trend was observed
(p=0.08) for higher COX activity in the muscle of Exer-SHAM versus Sed-SHAM
animals (Figure 5).

Table 1 displays physical parameters of the aﬁimals in the study. These include
data for epidydimal fat mass, muscle mass and bone strength. Also included in table 1 are
‘adrenal weights and pellet weights at the end of the protocol. Statistical analysis‘: of the
epididymal fat pad corrected for body weight showed that corticosterone pellets
promoted an accumulation of epididymal fat (F(1, 30) = 5.24 p< 0.05) while exercised
groups had reduced accumulation of adipose mass (F(1, 30) = 13.1 p< 0.05). In the
plantaris muscle we observed that CORT treated groups had lighter muscles than sham
groups (F(1, 32) = 5.14 p< 0.05). Similarly both Exer-SHAM and Exer-CORT groups
experienced decreases in the weight of the plantaris muscle (F(1, 32) = 4.00 p< 6.05).
However, when the muscle mass was corrected for total body weight, any differences
observed were eliminated. CORT treated animals showed weaker bones‘as the maximum
load required to fracture the femurs was lowef in CORT groups than sham groups F(1,
32) = 22.43 p< 0.05) (Table 1). Similar findings were observed even when the diameter
and size of the femurs was taken into consideration (data not shown). Investigation of the
adrenals revealed that both right and left adrenals weighed less in the CORT groups than
the sham controls (data not shown), as expected because of the down regulation in

endogenous GC production. Even when corrected for body weight, CORT treated groups
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had adrenals that were 35% lighter in weight than sham controls (left (F(1, 32) = 24.7 p<
0.05), right (F(1, 32) = 37.4 p< 0.05). Finally, dissolved CORT pellets were confirmed by
weighing the remaining pellet mass at the end of the study. Here we observed that CORT
pellets were at least 40% lighter than sham wax pellets at the end of 6 weeks (F(1, 31) =

28.0 p<0.05).
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Figure 4: Running distance Exer-SHAM (n=9) vs. Exer-CORT (n=9). Values are
means £ SEM. A Two way mixed ANOVA revealed an interaction (CORT x Time) (F(5,
80) = 3.86 p< 0.05). Post hocs tests confirmed that Exer-CORT animals ran less than
Exer-SHAM animals in weeks 3 and 4 (# denotes p< 0.05 versus Exer-SHAM).
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Figure 5: Cytochrome C oxidase (COX) activity for Sed-SHAM (n=7), Sed-CORT
(n=10), Exer-SHAM (n=9) and Exer-CORT (n=8). Values are means + SEM.
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Independent measures t-test revealed a trend for hlgher COX activity in the Exer-SHAM
than Sed-SHAM animals (p= 0.08).

Table 1: Physical parameters for Sed-SHAM, Sed-CORT, Exer-SHAM and Exer-

17.0+1.4

8.65£1.5

12.0+1.6

Exercise effect
(p<0.05)
CORT effect
(p<0.05)

380.7+27.0

386.9+£15.8

322.3+£23.1

Exercise effect
(p <0.05)
CORT effect
(p<0.05)

.904+0.05

0.944+0.03

0.905+0.03

0.903+0.03

NS

40.2+2.96

117.3+£5.14

134.2+£5.55

109.5+£6.23

CORT eftect
(p<0.05)

.076+0.007

0.051+0.006

0.086+0.006

0.048+0.007

CORT effect
(p<0.05)

.075+0.007

0.044+0.005

10.077+0.003

0.0430.005

CORT effect
(p<0.05)

184.2+30.3

303.1+£0.951

158.4+30.0

CORT effect
(p<0.05)

Values are means = SEM , ‘
All measures (except Epididymal and Right adrenal):
Sed-SHAM n=8; Sed-CORT n=10; Exer-SHAM n=9; Exer-CORT n=9

Epididymal fat: Sed-SHAM n=8; Sed-CORT n=8; Exer-SHAM n=9; Exer-CORT n=9
RT Adrenal: Sed-SHAM n=8; Sed-CORT n=9; Exer-SHAM n=9; Exer-CORT n=9
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Diurnal Corticosterone Concentrations

Figures 6a-f depict th¢ plasma corticosterone concentrations for the sedentary
groups for weeks 1-6 respectively. At all weeks of the protocol, except for week 2 and
week 3, interactions for CORT by time were observed ( week 1 F(2, 32) =4.19 p<0.05;
week 4 F(2, 32) =4.35 p<0.05; week 5 F(2, 32) =4.54 p<0.05; Week 6F(2,32)=109
p< 0.05). In week 2 a time effect (F(2, 32) = 3.76 p<0.05) and a CORT effect (F(i, 16)
=5.59 p<0.05) were observed. Week 3 showed a trend for an interaction (p= 0.08) and
provided a main effect for time (F(2, 32) = 5.32 p< 0.05). More importantly, the
interactions revealed that the diurnal pattern was eliminated in Sed-CORT animals and
nadir levels (Figure 8a) were at least 3 fold higher (week 6; Sed-CORT= 115.1+£10.6
ng/ml vs. Sed-SHAM= 34.1i10.Q ng/ml) than the Sed-SHAM group.

The plasma corticosterone concentrations for the exercised groups is shown in
Figures 7a-f. There was a CORT effect (F(1, 16) = 8.43 p<0.05) and a time effect (F(2,
32) =6.55 p<0.05) in week 1 while in week 2 (Figure 7b) only a time effect was evident
(F(2, 32) =546 ps 0.05) indicating that during the second week Exer-SHAM animals
exberienced elevations in corticosterone that mimicked those of Exer-CORT rodents.
Two way (CORT x time) mixed ANOVA tests revealed interactions at weeks 3-6
inclusively (week 3 (F(2, 32) = 11.0 p< 0.05); week 4 (F(2, 32)=14.1 p< 0.05); week 5
(F2, 32) = 7.38 p<0.05); week 6 (F(2, 32) - 5.09 p< 0.05)). Post hoc analysis on the

ANOVAs revealed higher levels of corticosterone at the nadir phase in weeks 4 and 5 in
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Exer-CORT compared with Exer-SHAM animals, while trends were observed in weeks 3
and 6 (p= 0.07, p= 0.08 rebspectively). These findings indicate that the corticosterone
circadian rhythm had been disrupted in the Exer-CORT group while the Exer-SHAM
animals had a normal diurnal pattern. Specifically nadir levels were chronically elevated‘
in Exer-CORT animals versus Exer-SHAM (Figure 8b).
OGTT, Insulin and Free Fatty dcids

Table 2 illustrates the area under the curve for the oral glucose tolerance test in all
animals. Qur results ’indicated that exercise training promotes greater efficiency for the
removal of glucose from the circulatiqn (F(1, 32)=13.6, p< 0.05). However, no effect was
observed for the type of pellet pléced in the animals (i.e. CORT vs SHAM). Interestingly,
exercise training lowered the concentration of insulin levels (F(1, 32) = 8.71 p<0.05) but
CORT treatment did not have an effect on insulin concentrations (Table 2). Exercised
groups also had increased fasted free fatty acid content in the plasma (F(1, 31) =7.06 p<

0.05) (Table 2).



Week 1 Sedentary Groups
500
[-]
c
2 400 * b
g = 3007
£ £ b
oD
O £ 2004
£
& 1004
= a
o
o
08.00 20 00 0100

Time

e

Week 3 Sedentary Groups
500~

Time Effect (p<0.05)

" Plasma Corticosterone
{ng/mi})

08 00 20 00 0100
Time

E)
Week 5 Sedentary Groups
500+
Q
5
= 4004
g b b
= 300+
£ £ *
S o
O £ 2004
£
g 1004 a
o
08 00 20 00 0100
Time

=
~—

500-

400

o
£ 200

1001

Plasma Corticosterone
!

-

Plasma Corticosterone
{ng/ml)
s 3 888 &

)
Al

§ 8§

Plasma Corticosterone
(ng/ml)

E 300+

3
b

48

Week 2 Sedentary Groups

Time Effect (p<0.05)
CORT Effect (p<0.05)

08 00 2000 0100
Time
Week 4 Sedentary Groups
p=0.08 b b
a
0800 2000 0100
Time

Week 6 Sedentary Groups

* [ Sed-SHAM
— B Sed-CORT
b

08 00 2000 0100
Time

Figure 6: Circadian rhythm of plasma corticosterone between Sed-SHAM (n=8) vs.
Sed-CORT (n=10) at the end of each week of training. All values are means + SEM. A
two way mixed ANOVA was performed on data from each individual week followed by
post hoc analysis. ANOVA results: A) Week 1, interaction (F(2, 32) =4.19 p<0.05); B)
Week 2, time effect (F(2, 32) = 3.76 p<0.05), CORT effect (F(1, 16) = 5.59 p< 0.05);
C) Week 3, time effect (F(2, 32) = 5.32 p< 0.05); D) Week 4, interaction F(2, 32) = 4.35
p< 0.05; E) Week 5, F(2, 32) =4.54 p<0.05; F) Week 6, F(2, 32) = 10.9 p< 0.05). Post
hoc tests revealed that nadir GC levels were elevated and the diurnal pattern was
eliminated in Sed-CORT rats in weeks 1, 5 and 6 while a trend was observed in week 4.
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Figure 7: Circadian rhythm of plasma corticosterone between Exer-SHAM (n=9) vs.
Exer-CORT (n=9) at the end of each week of training. All values are means + SEM. A
two way mixed ANOVA was performed on data from each individual week followed by
post hoc analysis. ANOVA results: A) Week 1, CORT effect (F(1, 16) = 8.43 p<0.05),
time effect (F(2, 32) = 6.55 p< 0.05); B) Week 2, time effect (F(2, 32) = 5.46 p<0.05);
C) Week 3 (F(2, 32) = 11.0 p<0.05); D) Week 4 (F(2, 32) = 14.1 p<0.05); E) Week 5
(F(2, 32) =7.38 p<0.05); F) Week 6 (F(2, 32) = 5.09 p< 0.05). Post hoc test confirmed
that nadir GC levels were elevated and the diurnal pattern was abolished in Exer-CORT
rats at the end of weeks 4 and 5 while trends were observed in weeks 3 (p=0.07) and 6
(p=0.08). Significance between time of day is shown by different letters (a-c), while # =
difference between groups. All p< 0.05
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Figure 8: Nadir (08 00) Corticosterone concentration for Sed-SHAM (n=8) vs. Sed-
CORT (n=10) (A) and Exer-SHAM (n=9) vs. Exer-CORT (n=9) (B). Values are
means + SEM. A Two way mixed ANOVA revealed an interaction (CORT x Time)
(F(5,80) = 2.41 p< 0.05) and post hoc test revealed that Sed-CORT animals had higher
basal CORT levels than Sed-SHAM animals at the end of all weeks (* denotes p< 0.05
versus Sed-SHAM). An interaction (CORT x Time) was also evident in exercised groups
F(5,80) = 4.99 p< 0.05) whereby the Exer-CORT animals had higher basal CORT levels
than Exer-SHAM rodents at all weeks except at the end of week 2 (# denotes p< 0.05
versus Exer-SHAM).
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Table 2: Oral‘glucose tolerance test (OGTT), plasma insulin and free fatty acid

819.3£20.2

745.8+26.8

measures for Sed-SHAM, Sed-CORT, Exer-SHAM and Exer-CORT animals.

694.5+733.5

Exercise effect]

(p<0.05)

0.843+0.09 | 0.885+0.06 1.04+0.05 1.04+0.06 |Exercise effect
(p<0.05)

1.41£0.24 1.74+0.29 0.800+£0.11 ]0.977+0.24 [Exercise effect

(p< 0.05)

Values are means £ SEM

All measures: Sed-SHAM n=8; Sed-CORT n=10; Exer-SHAM n=9; Exer-CORT n=9

Western Blot Analysis

Compared with Sham groups CORT treated groups had a 75% increase in the

expression of the GR a/b isoform (F(1, 32) = 8.27 p< 0.05) (Figure 9a). No difference

was observed for GR ¢ isoform (Figure 9b) in the mixed gastrocnemius muscle between

groups. In regards to the expression of 11-fHSD1, CORT groups had a higher expression

of the enzyme when compared to sham groups (F(1, 32) = 6.74 p< 0.05) (figure 10).
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Figure 9: Protein expression of glucocorticoid receptor isoforms a/b (GR a/b) (A)
and glucocorticoids receptor isoform ¢ (GR c¢) (B) in the mixed gastrocnemius
muscle of Sed-SHAM (n=8), Sed-CORT (n=10), Exer-SHAM (n=9) and Exer-CORT
(n=9). All values are means + SEM and units are expressed as relative optical density
(ROD). A significant CORT effect (F(1, 32) = 8.27 p< 0.05) was seen whereby CORT
groups upregulated the expression of GR a/b compared to SHAM groups. Conversely, no
change (B) occurred in the expression of GR c.
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Figure 10: Protein expression of 11 beta-hydroxysteroid dehydrogenase 1 (11-
BHSD1) in the mixed gastrocnemius muscle of Sed-SHAM (n=8), Sed-CORT (n=10),
Exer-SHAM (n=9) and Exer-CORT (n=9). All values are means = SEM and units are
expressed as relative optical density (ROD). A two way ANOVA on the data provided a
significant CORT effect (F(1, 32) = 6.74 p< 0.05) was seen whereby CORT groups
upregulated the expression of 11-fHSD1 when compared to SHAM groups.
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To investigate tissue specific changes as a result of chronic glucocorticoids,
western blotting for HSL and ATGL expression was completed on the gastrocnemius
muscle, subcutaneous and epididymal fat pads. HSL and ATGL expression in muscle
remained unchanged in the presence of glucocortiods and exercise training (Figure 11a
and b). Similar findings were observed in subcutaneous fat tissue (Figure 12a and b).
However, epididymal fat dispiayéd increased expression of HSL (Figure 13a) in
exercised groups (F(1, 31) = 8.67 p< 0.05). .Also exercise tended to increase
gastocnemius ATGL expression (Main effect of exercise (F(1, 31) = 3.73 p= 0.06))

(Figure 13b).
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Figure 11: Protein expression of hormone sensitive lipase (HSL) (A) and adipose
triglyceride lipase (ATGL) (B) in the mixed gastrocnemius muscle of Sed-SHAM
(n=8), Sed-CORT (n=9), Exer-SHAM (n=9) and Exer-CORT (n=8). All values are
means = SEM and units are expressed as relative optical density (ROD). A two way
ANOVA on the data revealed no significant differences.
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Figure 12: Protein expression of hormone sensitive lipase (HSL) (A) and adipose
triglyceride lipase (ATGL) (B) in subcutaneous adipose tissue of Sed-SHAM (n=8),
Sed-CORT (n=10), Exer-SHAM (n=8) and Exer-CORT (n=9). All values are means =
SEM and units are expressed as relative optical density (ROD). A two way ANOVA on
the data revealed no significant differences.
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Figure 13: Protein expression of hormone sensitive lipase (HSL) (A) and adipose
triglyceride lipase (ATGL) (B) in the epididymal fat pad of Sed-SHAM (n=8), Sed-
CORT (n=10), Exer-SHAM (n=8) and Exer-CORT (n=9). All values are means =+
SEM and units are expressed as relative optical density (ROD). A two way ANOVA on
the data provided an exercise effect (F(1, 31) = 8.67 p< 0.05) such that exercised groups
upregulated the expression of HSL when compared to sedentary groups. Analysis of
ATGL content revealed a trend for an exercise effect (F(1, 31) = 3.73 p= 0.06) whereby -
exercised groups had higher levels of the lipolytic enzyme compared to sedentary groups.
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Muscle Histochemistry

Figure 14 depicts an example of the’ pictures utilized to quantify the IMTGs in the
mixed gastrocnemius muscle. Table 3 shows the results of the Oil Red O analysis for
quantification of IMTGS. No difference was observed between the groups in any of the
muscle fiber types analyzed within the mixed gastrocnemius. Similarly, neither exercise
nor CORT exposure affected any of the fiber type areas found in the mixed

gastrocnemius (Table 4).
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Sedentary SHAM Sedentary CORT

Exercise SHAM Exercise CORT

Figure 14: Intramuscular Triglyceride pictures of the mixed Gastrocnemius muscle
for Sed SHAM (n=8), Sed-CORT (n=7), Exer-SHAM (n=9), Exer-CORT (n=8) using
Oil Red O staining. All values are means + SEM and units are expressed as optical
density. A two way ANOVA on the data revealed no significant differences.
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Table 3: Intramuscular triglyceride in mixed gastrocnemius muscle fibers of Sed-
SHAM, Sed-CORT, Exer-SHAM and Exer-CORT animal

37.9£1.92

42.5+£5.67 41.3£2.94 | 47.3£5.32
, NS
30.4+1.56 38.5+6.43 34.7+£3.09 | 35.1+3.15
NS
43.9+1.85 42.2+£5.79 41.7£1.66 | 46.0+2.09 '
NS

Values are means + SEM v
All measures: Sed-SHAM n=8; Sed-CORT n=7; Exer-SHAM n=9; Exer-CORT n=8

Table 4: Muscle fiber type areas of the mixed gastrocnemius in Sed-SHAM, Sed-

20.6+1.16 | 20.9+0.79 | 23.5+0.61 | 21.9+1.34 NS
27.1+0.88 | 25.6+1.65 | 262+1.28 | 26.4+0.83 NS
31.142.56 | 31.742.43 | 29.0+1.76 | 28.0+1.55 NS

Values are means + SEM
All measures: Sed-SHAM n=8; Sed-CORT n=8; Exer-SHAM n=9; Exer-CORT n=8
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Substrate Utilization

Due to the limitations of utilizing one metabolic cage; a small subgroup of
animals were utilized to determine substrate utilization. Three animals per group were
1individually monitored in a plastic metabolic cage over a period of 20 hours. A three way
(CORT x. Exercise x Time ) mixed ANOVA was used to determine a time effect
(F(20,180)=1.93 p< 0.05) indicating that all‘anirﬁal groups utilized more fat during the

lights on (basal) than the lights off (active) phase (pooled data shown in Figure 15).
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Figure 15: Substrate utilization for Sed-SHAM (n=3), Sed-CORT (n=3), Exer-
SHAM (n=3) and Exer-CORT (n=4). All values are means + SEM. A three way mixed
ANOVA revealed a significant time effect (F(20,180)=1.93 p< 0.05) depicting a lower
respiratory exchange ratio during the lights on (basal) versus lights off (active) phase.
Pooled data.
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DISCUSSION

In this study, we used glucocorticoid pellets implanted subcutaneously to abolish
the diurnal corticosterone rhythm in young, growing Sprage-Dawley rats. This technique
was successful in maintaining elevated basal corticosterone levels for most of the 6 week
duration (08 00 in Figurés 6, 7 and 8). This is the ﬁrst time that exogenous corticosterone
has been used for metabolic studies lasting longer than 20 days in rodents. Moreover, this
study is the first to measure the effects of regular volitional exercise on attenuating the
metabolic consequences of elevated glucocorticoids in an animal model. A number of
key findings suggest that elevations in basal glucocorticoids promote an increase in
central adiposity and thét exercise reverses this phenotype. In exercised rodents the rise in
HSL and a trend for greater expression of ATGL in epididymal fat provides a mechanism
for lowering central adiposity in this animal model. As mentioned above, HSL and
ATGL are key regulators of lipolysis in adipose tissue and their increased expression help
explain the reduced visceral adiposity seen in all exercised groﬁps. To date, no studies
have explored the expression of ATGL in exercised rodents and so we provide novel
findings for this newiy discovered lypolitic enzyme.

Physical Parameters
Since glucocorticoids are known to have widespread effects on multiple tissues,

we measured a number of physical/anthropometric features in this new model of basal

hyperglucocorticoidemia. The lower body weight observed in CORT (Figure 2a, b)

groups is in agreement with other animal models using exogenous GC treatment (42,

155). Some authors have suggested that a decrease in food intake is responsible for the
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decreased growth of GC treated animals (155), as was found in this study (Figure 1).
Conversely others have observed an increaée in food intake with GC treatment in the
presence of weight loss (58). In the present study, absolute values of food intake wére
loWer in CORT compared with SHAM groups (Figure 1a, b and Figure 2a, b). When food
consumed was corrected per gram of body weight (Figure 3a, b), as an index of food
intake efficiency, interestingly, CORT groups were less efficient at utilizing the food
consumed for increasing body weight. It may be that the catabolic nature of increased
CORT lowers the metaboiic efficiency of ingested food. Some have suggested that GC
inhibit the effects of growth hormone on physical maturation and growth (4). The higher
levels of visceral fat deposition observed in CORT groups may be explained by an
increase in the expression of lipoprotein lipase (LPL) which was not measured in our
study. Indeed, dexamethasone treatment of primary rat cells has been shown to promote
an increase in LPL activity in visceral adipocytes (6). Similar findings have also been
observed using corticosterone (134).

Since increases in visceral fat are known to precede the development of insulin
resistance and type 2 diabetes, and because GC are well known to promote insulin
resistance, we measured oral glucose tolerance in these animals (Table 2). .The oral
glucose tolerance test showed that exercise improved the efficiency to tolerate a bolus of
dextrose. Surprisingly, we did not observe any differences in glucose tolerance as a result
of CORT treatment. These findings suggest that the increase in visceral fat gain and the
level of circulating GC were insufficient to promote whole body insulin resistance.

Exercise however had a positive effect as it decreased fasted insulin levels in both Exer-
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SHAM and Exer-CORT animals. These findings support other studies analyzing exercise
trained animal models as well as human studies (112, 166).

Adrenal mass was markedly lower in the CORT vs. SHAM groups, suggesting a
decreased production of endogenous corticosterone (Table 1). Indeed, Lesniewska et al.v
(92) observed a decrease in adrenal size after seven days of dexamethasone treatment.
We believe that the elevations of exogenous CORT activated the negative feedback loop
of the HPA axis; therefore resulting in a decreased production of ACTH (92) in Sed-
CORT and Exer-CORT animalé to try and minimize circulating corticosterone levels.
Hence the activation of the negative feedback loop effectively decreased or even
éliminated the production of endogenous corticosterone in these CORT treated groups.
The atrophy of the adrenals and the lower levels of peak (20 00) diurnal corticosterone
~ seen in CORT groups in the last two weeks (Figure 6e, f and Figure 7e, f) lend support to
this idea.

Bone strength has clearly been shown to be negatively impacted by increased GC
(19, 165). We therefore were interested in measuring the impact of increased basal GC
and exercise on markers of bone strength. We found that the max load required to break
the femur in situ ‘was lowered wjth CORT treatment (Table 1). In the present study
volitional exercise training was unable to rescue the decrease in bone strength brought
upon by CORT treatment. Similarly, Gafrel et al. (53) observed that moderate intensity
 treadmill running was unable to recover the loss of bone density in humans caused by

nine days of glucocorticoid treatment. Conversely, exercise protocols-that simulated
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strength training in rodents have been better equipped at breventing the bone weakness
associated with GC treatment (106).
Skeletal Muscle

Glucocorticoids (42, 111) and exercise training (57, 69) have long been thought to
influence mitochondrial levels in skeletal muscle. We therefore measured COX activity
as an index of mitochondrial content in these animals. Exer-SHAM animals displayed a
“trend for a 55% increase in COX activity. This increase; in COX activity with training
however is simiiar to what we have previously observed in the plantaris muscle with
healthy wheel running animals (47). Exer-SHAM animals ran rhore than Exer-CORT rats
on weeks 3 and 4 (Figure 4); hence it is possible that COX activity failed to rise in Exer- -
CORT animals because the training stimuli were insufficient to promote mitochondrial

biogenesis (Figure 5). However running distances of the magnitude seen in our study

have previously shown training effects (47). The lack of increased COX activity in Exer-

CORT animals may also be a result'of decreased mitochondrial efficiency as chronic GC
’have been shown to decrease oxidative capacity in mitochondria of the plantaris muscle
(42, 111). More importantly, Exer-CORT animals di;played crucial phenotypic
. adaptations that are indicative of volitional exercise training including reduced body
weight (47, 131), improved glucose tolerance (18) and decreased visceral adiposity (18,
29). Although the weight of the plantaris muscle was lowered in CORT treated groups,
suggesting attenuation in muscle growth, when the weight of the plantéris was corrected

for total body weight, this difference disappeared (Table 1). Exercise failed to increase
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plantaris muscle mass in both CORT and SHAM treated groups, results that mimic
previous findings in healthy rodents (47).

- Exercise training also increased the concentration of free fatty acids in animé.ls
fasted for 24 hours (Table 2) suggesting a greater reliance on fat metabolism at rest.
Unfortunately, the sub segment of animals used in the metabolic cage did not support the .
increase in fat utilization as a substrate in these CORT treated groups (Figure 15).
However, it should be noted that a larger sample size is required to truly éonﬁrm the
findings of this subgroup of animals. Moreover, free fatty acids V(Tab‘le’ 2) were not
increased in CORT groups as some authors have previously observed (115, 138). Again,
the duration of the protocol may play a role as glucocorticoid treatment has a transient
increase in free fatty acids that is attenuated by the 20" day of GC treatment (115). In
order to determine if any accumulation of free fatty acids took place in muscle, IMTGs
were investigated in all groups. No increases were observed in the IMTGS content in any
of the muscle fibers (Table 3) which is consistent with findings by Novelli et al. (115)
utilizing dexamethasone injections.

Corticosterone treatment failed to bring about any changes in muscle fiber type
area (Table 3). This was surprising considering the loss in body mass that took place in
both the Sed-CORT and Exer-CORT groups. Some studies have observed the catabolic
effects of GC on muscle fiber area. Specifically, glycolytic fibers seem to be affected
negatively by treatment of synthetic GC (48, 94). Our findings may differ from these .
studies as a result of the methodology used in the protocols. A great deal of studies

conducted on the effects of GC in animals have used daily injections to administer GC
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treatment (31, 119). The use of needles in these projects poses a severe problem as the
injections are a stressor to the animal and so trigger the HPA axis (34). Moreover, the
synthetic GC used in these studies do not provide a true physiological paradigm as both.
dexamethasone and hydrocortisone (synthetic cortisol) are not the main GC produced in a
rodent. Based on our data, increases in basal CORT levels do not appear to impact‘
skeletal muscle fiber type size.
Skeletal Muscle Lipase Expression

HSL and ATGL content were investigated in the mixed gastrocnemius muscle
(Figuré 11a and b). Neither exercise»nor glucocor;icoid treatment had an effect on HSL
content in this muscle. These findings are similar to those reported in both rodent (soleus
and extensor digitorum longus muscles) and human studies (Vastus lateralis muscle) (44,
65). Interestingly, while the expression of HSL was not affected by exercise, Langfort et
al. reported that the activity of the enzyme is increaséd by muscular contractions (87).
Similarly, non significant findings were observed from ATGL western blots but no
research currently exists that has studied ATGL expression in skeletal muscle in the face

- of exercise training. Given its recent discovery, the expression of ATGL has also never

been studied in the presence of chronic glucocorticoid treatment.
Skeletal Muscle GR and 11-BHSD1 Expression

Although chronic elevations in the levels of GC did not affect the expression of
the GR ¢ isoform, exogenous CORT promoted an increase in GR a/b isoforms in skeletal
muscle (Figure 9a). These findings support the idea that differences exist in the

expression of these newly discovered isoforms. The difference in GR isoform content in
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various tissues may help to explain the multifaceted role that GC play in the body,
although this has only been recently speculated (99). Unlike previous findings (29)
exercise training (Exer—SHAM and Exer-CORT) did not increase the GR coﬁtent in
skeletal muscle. This discrepancy may be attributed to the animal model utilized.
Coutinho et al. (29) made use of hamsfers with running distances much greater than the
distances ran by our Sprague Dawley rats (Week 4, 20300+800 m/night vs Week 6,
(Exer-SHAM 6568+787 m/night; Exer-CORT 6134+1203 m/night) respectively)
suggesting that higher endurance training may be required to bring about a reduction of
GR content in skeletal muscle.

The rise in GR a/b and 11-$HSD1 éxpression seen in CORT groups (Figure 10)
provide evidence for a feed forward response in the presence of high systemic GC.
Indeed, some researchers have suggested that the pathogenesis of the mgtabolic syndrome
may be traced to the elevated GR content seen in these pétients’ muscle cells (168).
However, not all aspects of the metabolic syndrome were present in this model; we did
not observe any changes in the glucosé tolerance of animals treated with GC as has been
observed in other studies (16, 17, 100).

Perhaps the main difference between our study and those mentioned above is due
to the use of dexamethasone in the aforementioned experiments while in the pfesent
study? corticosterone was utilized. Dexamethasone is a synthetic glucocorticoid that has a
much higher (50 times greater) binding affinity to GR than corticosterone (58). Together
these findings suggest that a protocol lasting longer than 6 weeks or higher dosages of

corticosterone may be required to replicate all observations seen in dexamethasone
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animal rpodels and metabolic syndrome patients. In order fo attain greater concentrations
of GC and sustain these levels in the circulation it is recommended that future studies
provide a second surgery on the third week of treatment to replace the i)artially dissolved
CORT pellets.

Finally, Table 5 depicts a brief outline of the findings. In summary, successfully
abolishing the corticosterone diurnal pattern énd maintaining chronic elevations in GC
for most of the six Weeks promotes some modest detrimental effects on peripheral tissues.
Specifically, viscéral adiposity is increased deépite having stunted overall weight gain
and growth in these animals. In skeletal muscle, chronic exposure to corticosterone
promot;as a feed forward effect by increasing the expression of GR a/b and 11-BHSDI
which was unaffected by exercise training. The rise in GR and 11-BHSD1 are
" characteristic of individuals with the metabolic syndrome and/or those on GC therapy.
Despite having normal values in the OGTT, many of the adaptations mentioned above
mimic the elevations in cortisol levels and visceral fat accumulation seen in type 2

diabetes and the metabolic syndrome.
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No change No change
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SUMMARY AND FUTURE DIRECTIONS , S

In this study we investigated the effects of chronically elevated levels of
glucocorticoids on various peripheral tissues in the presence or absence of exercise
training. Our first ijective was to successfully develop an animal model with elevated
levels of corticosterone. Our second objective was to analyze various anthropometric
measures and markers of energy metabolism in peripheral tissues. To aécompljsh these
objectives, we made use of young, growing Sprague-Dawley rats that were randomly
assigned to one of four groups; sedentary SHAM, sedentary CORT, exercise SHAM and
exercise CORT. Exercised animals had 24h access to a running wheel for six Weeks and
all animals had access to water and food ad libitum. Food, running distances and body
Wéight were all measured five days per week while blood was collected at three different
time points (08 00, 20 00 and 01 00) at the end of eagh week for corticosterone
measurements.

Analysis of nadir corticosterone levels revealed that CORT treated animals
indeed had nearly 3-fold elevations in basal corticosterone concentrations, which would
be indicative of a moderate level of chronic stress, including a novel exercise training.
regimen (47), type 2 diabetes mellitus (21) or mild Cushing’s Syndrome (38). This model
of elevated GC also mimics what would be observed clinically‘ in patients being treated
with exogenou§ corticosteroids (i.e. prednisone). In this model, elevated CORT levels
were accompanied by a decrease in body weight gain, a reduction in food intake yet a |
paradoxical increase in relative epididymal fat _mass.. On the other hand, with regula.f

- exercise, we observed a normalization in epididymal fat mass and a concomitant increase
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in hormone sensitive lipase and adipose triglyceride lipase expression in that tissue. We
also found in this model, quite surprisingly, that there was increased expression of
skeletal muscle GR isoforms a/b and increased expression of the pre receptor ehzyme 11-
BHSD1 that activates inactive GC to their active form. Together, these tissﬁe specific
adaptations to elevations in circulating CORT suggest that a feed forward mechanism
exists to increase tissue GC exposure in skeletal muscle. This rise in GC would be
expected vto worsen the metabolic condition of CORT treated rodents, as has been
recently observed in patients with the metabolic syndrome (168). Despite this feed
forward increase in muscle GC exposure, we failed to obsérve any phenotypical effects
associated With CORT exposure, as muscle fiber area, IMTG levels, HSL and ATGL
levels were all normal in these animals. In addition, oral glucose tolerance was similar
between CORT and SHAM animals suggesting that the CORT treated groups were not
insulin resistant. The lack of phehotypical effects on mixed gastrocnemius are noteworthy
as it suggests that unlike adipose, muscle is resistant to the potentially deleterious effects
of elevated CORT. Future work using larger dosages of exogenous corticosterone
treatment and-a more detailed examination of skeletal muscle phenotype and contractile
charécteristics could test the hypothesis that skeletal muscle is somewhat resistant to
elevations in GC. It is important to note that we did observe a generalized stunted growth
in CORT animals suggesting that regulators of protein synthesis and degradation may be
modified with this level of chronic corticosterone treatment.

The rise in epididymal fa;t content with glucocorticoids -has been observed

previously (142). It would be interesting to confirm this observation in the mesentery fat
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depot as this adipose is in direct contact with the viscera. More importantly, the natural
question that arises is if CORT is increasing the number of fat cells and/or the size of
adipocytes within the central depot. Hence, future work should look to extract primary
adibocytes from this animal model to investigate differences that may exist in this tissue.
Finally, the rise in GC seen in this animal model mirrors characteristics seen in a
wide variety of clinical populations including type 2 diabetes mellitus, mild cushing’s
syndrome and the metabolic syndrome. These findings suggest that tissue specific
alterations take place in the présence of elevated GC which may be jeopardizing these
patients. More importantly, regular volitional exercise can attenuate some of the negative
implications associated with chronic glucocorticoids such as visceral fat deposition. Our
findings lend support to the beneﬁts.of regular exercise as a therapy for chronic diseases

characterized by elevated glucocorticoid content.
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Running Distance (m)

Exercise

SHAM week1 week2 week3 weekd4 week5 week6
E1 5881 16787 6852 8772 6407 5705
E2 6623 8539 8527 5286 5564 6625
E3 5477 10338 8216 5765 4607 9842
E4 5475 9368 9129- 10678 7261 7029
E5 1794 3933 3596 5037 6973 3451
E6 7635 10496 5845 7327 3263 6817
E7 2243 4828 4563 6236 3015 2749
E8 589 1815 7483 8663 10627 9299
E9 6370 14513 7716 6307 2994 7593

Exercise

CORT week 1 week2 week3 weekd4 week5 week6
EC1 8961 6081 2903 7765 7170 12597
EC2 9273 10159 2741 4420 4814 2860
EC3 12671 5539 6567 5521 7019 =~ 3713
EC4 7894 8369 4913 4880 6284 . 9609
EC6 1186 5268 2487 2680 3182 6293
EC7 7240 4777 1279 3674 3101 4142
EC8 2977 2300 1241 1363 1389 1933
EC9 4930 4395 4109 3523 3950 4736
EC10 8924 5878 8150 8356 7977 9323

Cytochrome C Oxidase
Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 1.90 | SC1 0.91 | E1 6.72 | EC1 3.06
52 427 | SC2 572 | E2 1.02 | EC2 1.99
S3 4.54 | SC3 3.54 | E3 476 | EC3 1.38
S4 2.70 | SC4 2.85 | E4 6.51 | EC4 1.48
S6 ~ SC5 244 | ES 441 | EC6 4.91
S7 2.16 | SC6 6.14 | E6 249 | EC8 3.05
S8 2.33 | SC7 3.14 | E7 3.86 | EC9 257
S9 0.86 | SC8 2.31 | E8 3.09 | EC10 5.34
SC9 0.95 | E9 5.34
SC10 1.95
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Epididymal Fat Relative to Total Body Weight (mg/g b.w.)

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 8.55 | SC1 14.56 | E1 6.55 | EC1 . 20.60
S2 12.23 | SC2 24.55 | E2 6.90 | EC2 13.65
S3 12.26 | SC3 ~ | E3 5.23 | EC3 6.81
S4 16.70 | SC4 12.68 | E4 5.55 | EC4 9.62
S6 15.61 | SC5 15.72 | E5 14.84 | EC6 9.25
S7 15.42 | SC6 ~ | E6 8.11 | EC7 13.58
S8 16.60 | SC7 18.13 | E7 17.50 | EC8 14.55
s9 13.31 | SC8 18.27 | E8 4.54 | EC9 14.75
: SC9 13.30 | E9 8.67 | EC10 4.89
SC10 18.53 :

Absolute Plantaris Weight (mg)

Sedentary Sedentary Exercise - Exercise
SHAM CORT SHAM CORT
S1 461.3 | SC1 385.9 | E1 4252 | EC1 203.7
S2 399.0 | SC2 246.2 | E2 390.0 | EC2 310.8
S3 4295 | SC3 213.7 | E3 359.7 | EC3 295.8
S4 282.8 | SC4 358.7 | E4 284.0 | EC4 302.0
S6 450.4 | SC5 410.8 | E5 433.9 | EC6 342.3
S7 401.2 | SC6 435.6 | E6 371.2 | EC7 268.4
S8 515.8 | SC7 4495 | E7 437.9 | EC8 444.6
S9 428.7 | SC8 4439 | E8 - 389.5 | EC9 387.1
SC9 404.1 | E9 390.7 | EC10 345.9
SC10

Plantaris Weight Relative to Total Body Weight (mg/g b.w.

Sedentary Sedentary Exercise Exercise

SHAM CORT SHAM CORT

S1 1.104 | SC1 - 1.078 | E1 0.998 | EC1 0.792

S2 0.883 | SC2 0.851-| E2 1.019 | EC2 0.897

S3 0.887 | SC3 0.857 | E3 0.895 | EC3 0.790

S4 0.594 | SC4 0.916 | E4 0.691 | EC4 0.940

S6 1.006 | SC5 '1.029 | E5 0.929 | EC6 1.021

S7 0.871 | SC6 1.077 | E6 0.835 | EC7 0.889

S8 0.960 | SC7 0.945 | E7 0.908 | EC8 0.839

S9 0.931 | SC8 0.902 | E8 0.965 | EC9 0.953
SC9 0.863 | ES 0.901 | EC10 1.008
SC10 ‘
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Max Load to Fracture Femur (N)

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 140.4 { SC1 117.9 | E1 127.3 | EC1 118.7
S2 134.4 | SC2 - 899 | E2 122.4 | EC2 101.1
S3 135.6 | SC3 872 | E3 120.1 | EC3 121.7
S4 137.5 | SC4 125.8 | E4 113.4.| EC4 98.0
S6 129.7 | SC5 129.9 | E5 137.7 | EC6 94.8
S7 138.4 | SC6 129.7 | E6 157.4 | EC7 93.6
S8 152.5 | SC7 115.6 | E7 163.3 | EC8 144.1
’S9 153.0 | SC8 132.4 | E8 132.1 | EC9 125.2
SC9 116.6 | E9 - 133.8 | EC10 88.4
SC10

Left Adrenal Relative to Total Body Weight (mg/g b.w.)

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 0.0824 | SC1 0.0615 | E1 0.0770 | EC1 0.0303
S2 0.0449 | SC2 0.0263 | E2 0.0888 | EC2 0.0193
S3 0.0808 | SC3 0.0341 | E3 0.0802 | EC3 0.0363
S4 0.0929 | SC4 0.0460 | E4 0.0849 | EC4 0.0290
S6 0.0484 | SC5 0.0301 | E5 0.0942 | EC6 0.0639
S7 0.0906 | SC6 0.0505 | E6 0.0828 | EC7 0.0526
S8 0.0724 | SC7 0.0525 | E7 0.0616 | EC8 0.0681
S9 0.1077 | SC8 0.0577 | E8 0.1264 | EC9 0.0531
SC9 . 0.0843 | E9 0.0821 | EC10 0.0807
SC10 0.0686 :

Right Adrenal Relative to Total Body Weight (mg/g b.w.)

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 0.0898 | SC1 0.0699 | E1 0.0704 | EC1 0.0264
S2 0.0631 | SC2 0.0304 | E2 0.0784 | EC2 0.0335
S3 0.0357 | SC3 0.0321 | E3 0.0732 | EC3 - 0.0366
S4 0.0889 | SC4 0.0595 | E4 0.0681 | EC4 0.0455
S6 0.0708 | SC5 0.0180 | E5 0.0955 | EC6 0.0594
S7 0.1010 | SC6 0.0425 | E6 0.0839 | EC7 0.0560
S8 0.0642 | SC7 ~ E7 0.0633. | EC8 0.0378
S9 0.0858 | SC8 0.0425 | E8 0.0800 | EC9 0.0261
SC9 0.0561 | E9 0.0780 | EC10 0.0670
SC10 0.0439
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Combined Pellet Weight (mg)

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 298.9 | SC1 246.5 | E1 306.4 | EC1 26
S2 301.8 | SC2 09 | E2 303.4 | EC2 236.6
S3 300.4 | SC3 17.7 | E3 300.6 | EC3 191.3
S4 307.0 | SC4 2457 | E4 2996 | EC4 77.2
S6 298.8 | SC5 233.4 | E5 299.0 | EC6 80.8
S7 300.1 | SC6 168.7 | E6 305.5 | EC7 176.3
S8 301.3 | SC7 232.0 | E7 304.0 | EC8 251.3
S9 299.8 | SC8 235.2 | E8 303.0 | EC9 143.8
SC9 200.6 | E9 306.6 | EC10 265.3
SC10

Area Under Curve of Oral Glucose Tolerance Test (min-mmol)

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 867.5 | SC1 898.0 | E1 758.5 | EC1 688.0
S2 921.0 | SC2 803.5 | E2 1683.0 | EC2 756.5
S3 904.0 | SC3 869.0 | E3 740.0 | EC3 659.0
S4 830.5 | SC4 8545 | E4 7435 | EC4 627.5
S6 742.0 | SC5 793.0 | E5 896.5 | EC6 823.5
S7 809.0 | SC6 687.5 | E6 7450 | EC7 790.0
S8 791.5 | SC7 880.0 | E7 737.0 | EC8 872.5
S9 836.0 | SC8 850.0 | E8 601.0 | EC9 690.0
SC9 760.5 | E9 807.5 | EC10 694.5
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Non-esterified Free Fatty Acids (mM)

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 1.034 | SC1 0.992 | E1 - 0.935 | EC1 1.027
S2 1.001 | SC2 0.915 | E2 1.274 | EC2 1.019
S3 1.329 | SC3 0913 | E3 1.184 | EC3 1.195
S4 0.809 | SC4 0.672 | E4 1.001 | EC4 0.802
S6 0.560 | SC5 0.838 | E5 0.992 | EC6 1.204
S7 0.750 | SC6 1.155 | E6 0.787 | EC7 0.983
S8 0.725 | SC7 1127 | ET 0.882 | EC8 0.721
S9 0.538 | SC8 0.880 | E8 1.111 | EC9 1.116
SC9 0.730 | E® 1.210 | EC10 1.314
SC10 0.626

Plasma Insulin (ng/ml)

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 0.533 | SC1 2.634 | E1 0.807 | EC1 0.548
S2 1.270 | SC2 0.966 | E2 1.041 | EC2 0.797
S3 0.647 | SC3 1.076 | E3 0.418 | EC3 1.051
S4 1.076 | SC4 1.693 | E4 0.508 | EC4 1.290
S6 2.545 | SC5 1.708 | ES 0.782 | EC6 0.378
S7 1.818 | SC6 2.615 | E6 1.459 | EC7 0.294
S8 1.424 | SC7 0.588 | E7 0.837 | EC8 2.480
S9 2.032 | SC8 3.516 | E8 0.857 | EC9 1.574
» SC9 1.384 | E9 0.493 { EC10 0.378
SC10
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Intramuscular Triglycerides (optical density)

Sedentary Type | Type Ha Type lib/d Type lib/d
SHAM Red Red Red White

S1 41.69 48.75 33.21 4317
82 33.06 41.85 32.93 42 .46
S3 32.96 36.75 29.74 34.77
S4 28.53 32.46 29.78 37.78
S6 27.28 36.02 27.67 47.06
S7 30.89 35.06 29.72 48.77
S8 25.75 31.00 21.84 45.89

Sedentary Type | Type lla Type lib/d Type Hb/d
CORT Red Red Red White

SC1 20.84 26.22 '20.22 14.74
SC2 ~ ~ ~ ~

SC3 42.92 45.96 49.88 53.22
SC4 43.55 48.76 43.83 38.44
SC5 58.41 62.45 62.52 42 47
SC6 22.43 2460 17.94 32.80
Sc7 58.50 57.20 4857 55.61
SC8 ~ ~ ~ ~

SC9 ~ ~ ~ ~

SC10 28.82 32.64 26.42 58.02
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Intramuscular Triglycerides (optical density)

Type i Type lla Type lib/d Type Hib/d

Exercise SHAM | Red Red Red White

E1 33.44 38.91 34.44 38.12
E2 28.79 31.40 21.97 43.23
E3 48.86 51.19 48.08 36.98
E4 -49.63 55.72 46.17 46.47
E5 40.47 41.69 36.61 47.33
E6 41.90 46.90 40.64 42.11
E7 31.02 35.89 29.04 46.38
E8 37.63 40.66 32.03 41.51

E9

32.12

28.96

22.95

3217

» Type | Type lla Type lib/d Type lib/d

Exercise CORT | Red Red Red White -

EC1 44,21 76.56 44 80 47.29
EC2 28.23 33.13 23.84 4558
EC3 41.51 51.13 39.35 54.28
EC4 47.23 52.98 43.03 50.24
EC6 36.31 54.97 42.21 48.49
EC7 37.02 43.91 36.25 34.11
EC8 ~ ~ ~ ~

EC9 31.49 32.30 21.98 4402
EC10 29.98 33.73 29.52 43.58
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Muscle Fiber Areas (uniz)

Type lib/d

Sedentary Type | Type lla Type Hb/d

SHAM Red Red Red White

S1 17.89 19.32 23.27 39.51
S2 23.17 24.99 29.57 22.27
S3 18.00 18.14 28.90 34.96
S4 22.15 16.31 24.85 36.69
S6 18.29 20.16 27.44 34.11
S7 21.70 19.35 24.08 34.88
S8 20.66 21.87 28.84 28.63

Sedentary Type lib/d 7| Type lib/d
CORT Red Red Red White
SC1 0.24 0.18 29.00 | 29.47
SC2 ~ ~ ~ ~
SC3 28.83 23.84 25.44 21.89
1 SC4 20.70 18.86 21.80 38.65
SC5h 20.82 23.17 23.40 32.61
SC6 17.08 19.17 20.53 43.22
SC7 23.57 21.45 28.78 | 26.21
SC8 ~ ~ ~ . ~
SC9 17.77 20.34 33.97 27.93
SC10 22.06 22.78 21.58 33.58
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Muscle Fiber Areas (um®)
’ Type | Type lla Type llb/d Type lib/d

Exercise SHAM | Red Red Red White

E1 21.52 22.95 22.95 32.58
E2 17.03 24.15 30.14 28.68
E3 26.30 26.40 28.22 19.08
E4 22.66 26.25 27.42 23.67
ES 27.53 22.02 22.64 27.81
E6 21.70 22.58 21.41 34.30
E7 15.78 21.12 31.22 31.87
E8 19.55 22.52 22.36 35.57
E9 19.71 23

: Type | Type lla Type Hb/d Type lib/d
Exercise CORT | Red Red Red White
ECA1 24.09 23.48 24.56 27.87
EC2 21.64 16.27 31.44 30.64
EC3 31.14 24.41 24,22 20.24
EC4 19.72 26.90 26.88 26.50
EC6 24.17 24.96 26.02 24.85
EC7 27.38 16.98 2511 30.53
EC8 ~ ~ ~
EC9 23.30 20.52 27.49 28.69
EC10 17.90 21.95 25.14
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Sedentary CORT corticosterone Concentration (ng/ml)
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Exercise SHAM Corticosterone Concentrations (ng/ml)

Sl'ee| £9°00n vB'COM |11} 86'9LG€6°GEL L6'9}) 99°/£908°LGY L2°0¥) 16'8EESY'6SH €1'L¢ €6'.67 6880 0)TE €2'8ZHSYELL 63
92'8¢ 2CV61L{ GG LY €6'0% ¥0'9ZT 86'0€T| CVeg 190V LLOLY 156 0L'0LE €8 L9l €L'€6 66'8LC6V'ECH LS 'LE 98°'.8Q96°6L) 83
L8'pPl 18°0ve82'GYel C1'9L SPTaNeT’LLY 10°6E C1'C9dZ80vEl LL'cE v 6lE LI'6E wmm.oo 016 82'8ce €€'9¢ 60°G¥l81'8LL L3
2T'1E 96'€L8189'CCe] GL°TH 9828 €8'8eY] 8L LY 2TLLI .88 Z8'¥H G1°002 6982 mN.VNr 86'¥81) G9'Lve] 01°GZ £6°LL L¥'68T 93
16'9Y) €2°G2H €9°09} 0™Vl 0€'69E LP'OLY 8.6 ¥E'8Ld TZ'1L 9€Ld L6'SEL 69'GY 9L'PS €9'82€ 6582l 66°0¢ Y02y 8T8CE 53
ey 98'vZL 09°LGH L6} €6'G48G°€0l| C0'Cl Ly'sva0C 10 L1822 LL'6SH LL'CEL) ¥8'VE 92°65C 68°202|9F 19} 92'2¢q 6G°G01 ¥3
L6'VC v2'16L06°'€CY 98°1T L2800 LL'OLY LS'€T 209l €0°06] €¥'2e 21198 €215 18697 v6'GvS 02802 ¥6'El| 9.'85){6L°25¢E €3
6'vS 1 3.,05 YA 44 mm,.vm 90'16200°90q] 6€'Ld €0°0eg €L LLY €E0Y v ve 8L 1S v 292 ¢8'881 00691 9902 LT'GLL 6L'969 23
1Z°8Y ¥2'901 LG°G.8) TP 0€| 29'G81/€0'607 G161 0€'89¢ 98'9€L| L9'61) 6¥'6112E'EVE G261 0L6G 80'€27 .mm.wmr 8y’ Lgezorl 13
0080, 0002 00L0 0080 0002 0010 0080, 0002 0010 0080 000 001i0} 0080 0002 0010 0080 000Z 00 L0f WYHS @sidlax3
9 o3 G Jes ¥ 183 € %eam C A3 I YoM




101

Concentration (ng/ml)

Exercise CORT corticosterone
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Skeletal Muscle- Glucocorticoid Receptor (a/b isoform)

Skeletal Muscle- Glucocorticoid Receptor (c isoform)

Sedentary Sedentary | Exercise Exercise
SHAM CORT SHAM CORT
S1 0.75 | SC1 1.06 | E1 0.71 | EC1 0.86
S2 0.29 | SC2 1.01 | E2 0.58 | EC2 0.94
S3 0.61 | SC3 1.23 | E3 0.70 | EC3 1.32
S4 1.31 | SC4 111 | E4 0.90 | EC4 1.34
| S6 0.90 | SC5 1.17 | ES 1.94 | EC6 2.54
-S7 0.23 | SC6 3.19 | E6 - 093 | EC7 2.51
S8 2.32 | 8C7 2.84 | E7 1.80 | EC8 204
S9 1.60 | SC8 272 | E8 1.29 | EC9 2.78
SC9 0.90 | E9 1.76 | EC10 4.05
SC10 1.85

Sedentary Sedentary Exercise Exercise .
SHAM CORT SHAM CORT
S1 0.34 | SC1 0.72 | E1 0.44 | EC1 0.87
S2 0.19 | SC2 066 | E2 0.84 | EC2 0.88
S3 0.73 | 8C3 1.00 | E3 0.86 | EC3 0.60
S4 043 | SC4 040 | E4 1.32 | EC4 045
S6 1.47 | SC5 0.95 | ES 0.45 | EC6 2.45
S7 1.07 | SC6 1.46 | E6 1.67 | EC7 2.7
S8 -2.091SC7 210 | E7 2.16 | EC8 2.19
S9 1.67 | SC8 1.24 | E8 2,56 | EC9 1.23
SC9 0.99 | E9 0.99 | EC10 1.18

Skeletal Muscle- 11 Beta-Hydroxysteroid Dehydrogenase 1

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 0.48 | SC1 0.97 | E1 0.51 | EC1 0.46
S2 0.14 | SC2 1.57 | E2 0.78 | EC2 1.28
S3 1.17 { SC3 1.29 | E3 0.92 | EC3 0.98
S4 0.75 | SC4 0.45 | E4 1.11 | EC4 2.1
S6 1.45 | SC5 1.28 | E5 1.19 | EC6 1.28
S7 1.00 | SC6 1.56 | E6 0.61 | EC7 1.46
S8 1.67 | SC7 167 | E7 1.17 | EC8 2.00
S9 1.33 | SC8 1.68 | E8 1.07 | EC9 2.07
SC9 1.88 | E9 2.21 | EC10 2.04
SC10 1.94




Skeletal Muscle- Hormone Sensitive Lipase

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 1.05 | SC1 0.55 | E1 0.74 | EC1 224
S2 2.08 | SC2 1.03 | E2 1.41 | EC2 0.71
S3 0.37 | SC3 1.59 | E3 0.61 | EC3 0.69
S4 1.25 | SC4 1.07 | E4 0.62 | EC4 ~
S6 0.77 | SC5 0.95 | E5 0.53 | EC6 1.11
S7 0.85 | SC6 202 | E6 1.13 | EC7 0.57
S8 0.86 | SC7 ~ | E7 1.64 | EC8 0.56
S9 0.77 | SC8 1.33 | E8 1.44 | EC9 1.25
SC9 0.61 | E9 0.47 | EC10 0.92
SC10 0.30

Skeletal Muscle- Adipose Triglyceridé Lipase

Sedentary Sedentary Exercise Exercise
SHAM CORT SHAM CORT
S1 0.93 | SC1 0.50 | E1 0.30 | EC1 2.16
S2 1.39 | SC2 0.37 | E2 1.05 | EC2 0.71
S3 0.19 | SC3 0.51 | E3 0.91 | EC3 0.79
54 0.58 | SC4 0.99 | E4 0.43 | EC4 ~
S6 1.55 | SC5 0.78 | E5 0.96 | EC6 0.90
S7 0.52 | SC6 2.08 | E6 1.02 | EC7 0.71
S8 1.08 | SC7 ~ | E7 1.29 | EC8 0.40
S9 . 1.75 | SC8 1.81 | E8 0.95 | EC9 1.37
SC9 1.06 | E9 0.54 | EC10 1.04
C1
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Subcutaneous Adipose- Hormone Sensitive Lipase

Sedentary SHAM | Sedentary CORT Exercise SHAM Exercise CORT
S1 1.63 | SC1 0.67 | E1 0.84 | EC1 ‘ 0.56
S2 0.30 | sc2 0.58 | E2 0.68 | EC2 2.17
S3 241 | SC3 2.76 | E3 ~ EC3 1.60
S4 0.27 | SC4 0.32 | E4. 2.48 | EC4 0.59
S6 1.08 | SC5 1.97 | E5 0.58 | EC6 1.19
s7 1.50.{ SC6 048 | E6 2.33 | EC7 2.54
S8 0.48 | SC7 0.83 | E7 0.30 | EC8 1.15
S9 0.33 | SC8 223 | E8 1.64 | EC9 2.48
SC9 512 1 E9 0.22 | EC10 2.19
SC10 2.42

Subcutaneous Adipose- Adipose Triglyceride Lipase

Sedentary SHAM Sedentary CORT Exercise SHAM Exercise CORT
S1 2.33 | SC1 1.05 | E1 0.87 | EC1 0.50
S2 0.51 | SC2 0.93 | E2 0.89 | EC2 1.99
S3 1.99 | SC3 238 | E3 ~ EC3 0.92
S4 0.62 | SC4 062 | E4 2.03 | EC4 0.92
S6 0.96 | SC5 1.65 | ES 0.44 | EC6 0.60
S7 0.73 | SC6 0.42 | E6 1.35 | ECY 0.71
S8 0.52 | SC7 0.65 | E7 0.36 | EC8 0.37
S9 0.34 | SC8 0.86 | E8 . 1.24 | EC9 1.06
SC9 ‘090 | E9 0.40 | EC10 0.66
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Epididymal Adipose- Hormone Sensitive Lipase

Sedentary SHAM | Sedentary CORT Exercise SHAM Exercise CORT
S1 0.74 | SC1 0.25 | E1 0.61 | EC1 1.60
S2 0.72} SC2 1.70 | E2 1.92 | EC2 1.65
S3 0.67 | SC3 0.18 | E3 ~ EC3 2.79
S4 1.53 | SC4 152 | E4 1.47 | EC4 1.06
S6 1.18 | SC5 0.49 | E5 0.86 | EC6 2.09
s7 0.61|SC6 2.53 | E6 1.86 | EC7 . 245
S8 .0.73 | SC7 . 0.70 | E7 ' 2.06 | EC8 217
S9 1.83 | SC8 1.01 | E8 2,88 | EC9 1.37
- | SC9 292 | E9 1.97 | EC10 2.30
SC10 1.07

Epididymal Adipose- Adipose Triglyceride Lipase

Sedéntary SHAM Sedentary CORT Exercise SHAM Exercise CORT
S1 1.28 | SC1 0.93 | E1 0.68 | EC1 0.97
S2 1.17 | SC2 160 | E2 2.08 | EC2 1.67
S3 0.87 | SC3 0.80 | E3 ~ EC3 1.52
sS4 1.81 | SC4 195 | E4 1.81 | EC4 1.56
S6 1.03 | SC5 0.78 | E5 1.15 | ECB 1.30
S7 0.84 | SC8 . . 114 | E6 1.54 | EC7 0.91
S8 0.55 | SC7 -1.23 | E7 . 071} EC8 0.43
S9 0.44 | SC8 0.62 | E8 1.82 { EC9 1.03
SC9 1.08 | E9 1.59 | EC10 2.28
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Substrate Utilization
Sedentary
SHAM
Time of
Da S4 S6

‘ 0.9322 0.9092

0.9321 0.9350

0.9380 0.9306

0.9187 0.9466

0.9291 0.9401

0.9530 0.9377

0.9301 0.9494 |

0.9372 0.9566

0.9310 0.9441

0.9157 0.9328

0.9210 0.9370

0.9054 0.9297

0.8899 0.9152

0.8904 0.8994

0.8656 0.9471

0.8776 0.9257

0.8674  0.9047

0.8924 0.9065

0.9039 09118

0.8877  0.9457

0.9153 0.9322




Substrate Utilization

Sedentary

CORT

Time of

Da SC1 SC6 SC7
0.9549 0.9098 0.9341
0.9595 0.9264 0.9432
0.9617 0.9259 0.9394
0.9591 0.9225 0.9172
0.9434 0.9282 0.9205
0.9099 0.9472 0.9065
0.9537 0.9304 0.9131
0.9571 0.9228 0.9180
0.9546 0.9275 0.9100
0.9248 0.9150 0.8714
0.9373 0.9081 0.9227
0.9102 0.9022 0.9062
0.9127 0.9220 0.9174
0.8922 0.9103 0.9012
0.8700 0.8938 0.8819
0.8833 0.8954 0.8893
0.9166 0.9388 0.9277
09123 09233 0.8852
0.9063 0.9403 0.9081
0.9141 0.9372 0.9227
0.9276 0.9343 0.9208
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Substrate Utilization

Exercise

SHAM

Time of

Da 1 E1 E2
0.9254 0.9126
0.9502 0.9261
0.9421 0.9338
0.9380 0.7604
0.9522 0.8491
0.9703 0.9010
0.9533 0.9150
0.9448  0.9281
0.9590 0.9287
0.9460 0.9376
0.9488 0.9388
0.9315 0.9357
0.9429 0.9430
0.9405 0.9323
0.9525  0.9309
0.9390 0.9361
0.9388 0.9317
0.9413  0.9328
0.9406 0.9396
0.9343  0.9351
0.9431 0.9375
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Substrate Utilization

Exercise
CORT

Time of
Da ' EC6 = EC9 EC10

| 0.8822 09374 09111
0.9009 09614 0.9158
0.9168 09721  0.9316
0.9311 09773 0.9319
0.9152 0.9676  0.9409
0.9424 09780 0.9438
0.9293 09700 0.9416
0.9290 09679 0.9305
0.9075 0.9731  0.9416
0.9168 0.9450 0.9292
0.8849 09348 0.9356
0.8879 09141  0.9251
0.8517 0.9204  0.9490
0.8895 0.9471  0.9082
0.9072 0.9091  0.8857
0.9060 09504 0.8524
0.8903 09255 0.8534
0.9097 0.8931 0.8521
0.9243  0.9207 0.8755
0.9248 0.9000 0.8656




Blood Glucose Levels

Oral Glucose Tolerance Test
117 Exercise effect (p<0.05)

0-10 20 30 40 50 60 70 80 90 100
Time (min)

=B~ Sedentary SHAM
_-r-Sedentary CORT

=9 = Exercise SHAM
~ <« Exercise CORT
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