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ABSTRACT 

 

Background: Diabetes is characterized by dysregulated glucose homeostasis that leads to 

hyperglycemia, due in part to increased hepatic glucose production (GP) and insulin 

resistance. Excessive levels and/or action of glucocorticoids (GCs) are associated with 

obesity, insulin resistance, and hyperglycemia. Whereas the peripheral effect of GCs to 

elevate glycemia is well known, less is known about the brain effect of GCs to modulate 

metabolism. The brain senses nutrients and hormones to regulate glucose homeostasis. This 

study aims to delineate a mechanism of GC action in the mediobasal hypothalamus (MBH) 

that modulates GP in normal and pre-obese rodents. I hypothesize that GC action in the 

brain alters glucose metabolism. 

 

Methods: Male SD rats underwent stereotaxic MBH bilateral cannulation and intravenous 

(iv) and intraarterial catheterization to enable simultaneous direct infusions into the MBH, 

iv infusions, and blood sampling, respectively. Mildly hyperinsulinemic-euglycemic 

clamps with tracer dilution methodology combined with MBH GC infusion ± GC receptor 

(GR) inhibition enabled measurement of GP and utilization while assessing MBH GC 

interaction with its MBH receptors independent of changes in plasma insulin, glucagon, 

and glucose levels.  

 

Results: In healthy regular-chow (RC) fed rats, MBH GC infusion potently stimulates GP 

and lowers the requirement for exogenous glucose infusion without altering glucose 

utilization. This effect is mediated via GRs since co-infusion of GR antagonist mifepristone 

(MIF), or a Hsp90 inhibitor, as well as chronic MBH GR or Hsp90 inhibition with MBH 
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GR shRNA or MBH Hsp90 shRNA negates the ability of MBH GCs to increase GP. MBH 

GCs similarly increased glucose excursions during iv glucose tolerance tests (ivGTT), 

which were reversed with concomitant MBH MIF infusion. Rats fed with high fat diet 

(HFD) for 3 days had altered glucose kinetics and increased basal plasma corticosterone, 

insulin, and blood glucose levels without changes in body weight. MBH MIF infusion or 

chronic MBH GR inhibition with MBH GR shRNA lowered GP compared to MBH vehicle 

and mismatch control HFD rats with MBH saline infusions, suggesting that blocking 

excessive MBH GC action in a model of pre-obesity with hypercorticosteronemia resulting 

from HFD feeding attenuates GP to improve glucose homeostasis. 

 

Conclusion: This study provides novel evidence that MBH GC action modulates GP in 

healthy and pre-obese rats. Importantly, targeted inhibition of MBH GC action may help 

improve glucose regulation in obesity-related metabolic disease. 
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Chapter 1: BACKGROUND 
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1.1 – Diabetes and Obesity 

 

1.1.1 – Diabetes and Obesity Overview 

The prevalence of diabetes and obesity is growing and has become a worldwide 

epidemic. Type 2 diabetes (T2D) is classified as a chronic disease in which the body is 

unable to adequately utilize the insulin it makes or is unable to produce enough insulin in 

more advanced stages of the disease1. Globally, 422 million individuals were diabetic in 

2014 compared to 108 million in 19802. Historically, T2D has been referred to adult-onset 

diabetes but its diagnosis in children has also been on the rise2. Earlier onset of T2D 

increases the chance of experiencing severe and chronic complications later in adulthood 

due to the longer duration of exposure to the disease3. The increased prevalence of T2D in 

both adults and children is highly correlated with the increasing incidence of obesity across 

a wide span of age groups.  

 

Adults who are obese have abnormal fat accumulation and have a Body Mass Index 

(BMI) of 30kg/m2 or geater4. Last year (2018) over 7.3 million Canadian adults were 

classified as obese and its occurrence has more than doubled worldwide since 1980 highly 

due to the increased consumption of energy-dense foods and sedentary lifestyle5–7. In the 

U.S., food processing had become the largest industry by 1920, and carbonated sweetened 

drinks, fast food and frozen dinners rich in saturated fats were in highly popular by the 

1950s8. In addition, time spent watching television significantly increased since the 1970s, 

and physical education in schools has been declining in developed countries8. Given this 

lifestyle shift in the last few decades, the current worldwide epidemic of obesity should 

come as no surprise. 
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Both obese and diabetic individuals are at high risk for developing life-ending 

comorbidities such as cardiovascular disease (CVD). In addition, T2D increases the risk for 

developing foot ulcers and infection as a consequence from reduced blood flow and 

neuropathy, blindness subsequent to retinopathy, and kidney failure2,7,9. T2D and obesity 

impose a large economic burden on the global health-care system, but they are often 

preventable conditions through lifestyle modifications10. Although T2D and obesity are 

tightly related, they are not exclusive to one another and can occur independently.  

 

1.1.2 – Metabolic Characteristics of Diabetes and Obesity 

T2D is characterized by a dysregulation in glucose homeostasis that leads to 

hyperglycemia, due in part to increased hepatic glucose production (GP), triglyceride-rich 

very low-density lipoprotein secretion and insulin resistance11,12. Insulin resistance often 

develops following chronic states of energy surplus, and the action of insulin on nutrient 

flux in target tissues consequently becomes impaired. In addition to being a contributing 

cause for insulin resistance, energy surplus can stimulate accumulation of excess adipose 

tissue and lead to the onset of obesity, highlighting the relationship between BMI, T2D and 

insulin resistance.  

 

The development of insulin resistance in obesity can be attributed in part to chronic 

low-grade inflammation in adipose tissue induced by metabolic overload 13. Adipocyte 

hypertrophy provokes a local inflammatory response and pro-inflammatory cytokines such 

as IL-6 and TNFα	are subsequently secreted from adipose tissue and released into 

circulation causing systemic inflammation13,14. Inflammation can alter insulin signalling in 

adipocytes through more than one mechanism. It can inhibit the insulin receptor and the 
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insulin signalling pathway, inhibit PPAR"	function which plays a role in driving lipid 

synthesis and storage into cells, as well as increase plasma free fatty acid (FFA) 

concentration by increasing the rate of lipolysis and decreasing triglyceride synthesis14. 

Individuals that are abdominally obese are more susceptible to insulin resistance as visceral 

adipose tissue is highly metabolically active. In fact, visceral fat is more susceptible to 

lipolysis15 and secretes greater amounts of pro-inflammatory cytokines than subcutaneous 

adipose tissue16,17.  

 

In states of insulin resistance, glucose uptake (GU) in muscle as well as glucose and 

fatty acid uptake in adipose tissue is reduced. Whereas skeletal muscle is the main tissue 

responsible for insulin-mediated glucose clearance from the circulation in the post-prandial 

state18, the liver is the key organ responsible for releasing glucose into the circulation19. In 

addition, insulin fails to reduce hepatic gluconeogenesis and glycogenolysis20. In an attempt 

to maintain homeostasis and decrease plasma glucose levels, insulin secretion is initially 

upregulated. Over time, pancreatic β-cell exhaustion occurs and β-cell function becomes 

impaired and fails to secrete sufficient insulin in response to a rise in glucose levels21.  

 

Although T2D and obesity are both associated with insulin resistance, not all obese 

individuals develop dysregulated glucose homeostasis. In contrast to individuals with T2D, 

insulin secretion from β-cells in obese insulin resistant individuals is usually adequate in 

order to fully compensate for reduced insulin sensitivity and plasma glucose levels remain 

normal22,23.  
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1.2 – Glucocorticoids 

Excessive plasma concentrations and/or action of glucocorticoids (GC) are 

associated with T2D, obesity, insulin resistance, and hyperglycemia24,25. GCs are key 

regulators in energy flux and their metabolic actions will later be discussed. In addition to 

GC production and turnover being increased in obesity26, GC activity is locally increased in 

visceral adiposity by local enzymatic conversion and further enhances the risk for 

metabolic disorders27. In fact, GC sensitivity has also been shown to fluctuate in a wide 

span of disease28.  

 

1.2.1 – Glucocorticoid Synthesis and Intracellular Action  

GCs, which include cortisol in humans and corticosterone (CORT) in rodents, are 

steroid hormones released by the adrenal cortex upon stressor-induced activation of the 

hypothalamic-pituitary-adrenal (HPA) axis29,30. Steroid hormones are synthesized from 

cholesterol in process known as steroidogenesis, an enzymatic process that occurs in 

mitochondria31. In the zona fasciculata of the adrenal gland, cholesterol is transported from 

the outer to the inner mitochondrial membrane via the transport protein StAR 

(steroidogenic acute regulatory protein). Cholesterol is then converted to the common 

steroid precursor pregnenolone by the enzyme P450scc (side chain cleavage enzyme), 

which constitutes of the rate-limiting step in steroid hormone biosynthesis32,33. A variety of 

mitochondrial cytochrome P450 enzymes then catalyze the next series of chemical 

reactions involved in the synthesis of CORT34,35. 

 

After their secretion from the adrenal cortex, circulating GCs can enter cells through 

passive diffusion, and their bioavailability not only depends on circulating levels in the 
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blood stream but also on cellular-specific level and/or activity of 11β-hydroxysteroid 

dehydrogenases (11β-HSDs), enzymes located in the endoplasmic reticulum36. 11β-HSD2 

is involved in oxidizing CORT, but not most synthetic GCs, into its inactive form 11-

dehydrocorticosterone (11DHC), whereas 11β-HSD1 has the reverse effect and allows for 

11DHC to be converted to active CORT37,38. 11β-HSD1 is principally expressed in the 

liver, adipose tissue, kidneys and brain, whereas 11β-HSD2 is mainly found in the kidneys 

and salivary glands39. Inflammatory signals such as IL-1β and TNFα can alter tissue 

sensitivity to GCs through an upregulation in the expression of 11β-HSD136,40. 

 

GC receptors (GR) are found in the majority of cells of the body and are involved in 

a wide span of physiological processes37. In the hypothalamus, GRs are highly expressed in 

both the paraventricular nucleus (PVN) and the arcuate nucleus (ARC) of the 

hypothalamus41–45. In the absence of the steroid hormone, GRs are found principally in the 

cell cytoplasm as part of a large multi-protein complex46,47. This complex includes 

chaperone proteins such as heat-shock protein (Hsp) 90 and Hsp70, as well as a multitude 

of other proteins, which help maintain the receptor in a transcriptionally inactive 

conformation while favoring high affinity ligand binding37. Hsp70 is thought to have an 

essential role of holding the GR inactive through partial unfolding, whereas Hsp90 reverses 

this process. In order for ligand binding to occur and for the GR to become active, Hsp90 is 

required and allows in an ATP-dependent manner for the activation of various other client 

proteins involved in the translation of the GR inside the nucleus and subsequent gene 

transcription and de novo protein synthesis48,49. These nuclear receptors belong to the 

family of ligand-dependent transcription factors50.  
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1.2.2 – Glucocorticoid Regulation: The Hypothalamic-Pituitary-Adrenal Axis 

The HPA stress response is a neuronally driven adaptation response that affects 

numerous organ systems. It helps mobilize energy stores to ensure that the body has a 

sufficient energy supply if faced with a physical demand51. When the body perceives a 

stressor (psychological or physical), hypothalamic PVN neurons release corticotropin-

releasing hormone (CRH), which then stimulate the release of adrenocorticotrophic 

hormone (ACTH) from the anterior pituitary. ACTH then acts on its receptors in the 

adrenal cortex and stimulates the synthesis and release of GCs into the systemic 

circulation52. Typically, negative feedback terminates the HPA stress response where GCs 

act on GRs at the level of the PVN of the hypothalamus and anterior pituitary to inhibit 

further HPA activity (figure 1.2.1)29,53, but disruption in metabolic homeostasis may lead to 

a hyperactivation of the HPA axis54,55. HPA axis hyperactivity occurs in both diabetes and 

obesity24,56. It has been proposed that hyperactivity is part of a vicious cycle where excess 

energy intake, hyperglycemia and body weight gain act as chronic stressors and further 

increases GC secretion through HPA hyperactivity, which in turn also stimulates hunger to 

increase energy intake57. 

 

The HPA axis is not only regulated by the stimulatory input of stress, but also by 

rhythmic inputs from the suprachiasmatic nucleus (SCN) of the hypothalamus, the 

hippocampus and diet composition58–61. The SCN is strategically located above the optic 

chiasm and receives afferent light/dark inputs from the eyes. This allows the SCN to act as 

a master circadian pacemaker in mammals and coordinate circadian rhythms in other 

tissues and brain areas62. In humans, light activates the central clock and inputs are sent 

from the SCN to neurons of the PVN, allowing for diurnal GC secretion patterns where GC 
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levels are at peak in the morning and at nadir at night58,63,64. Mineralocorticoid receptors 

(MR) in the hippocampus play an important role in regulating GC-mediated feedback 

control of the HPA axis. In the hippocampus, MRs bind with GCs with a greater affinity 

than GRs and are saturated even when basal GC levels are low at trough of the circadian 

rhythm59. This allows for tonic inhibition of the HPA axis through inhibitory projections 

mediated by GABAergic neurons to the PVN59,65. In addition to regulating the secretion of 

GCs and other hormones, it has been shown that metabolism and energy balance in 

peripheral tissues can also be regulated by the circadian clock66. In fact, studies have shown 

that high-fat diet (HFD) feeding disrupts clock gene expression in various tissues such as 

the hypothalamus, liver and adipose tissue, and affects glucose homeostasis by altering 

circadian variation in glucose tolerance and insulin sensitivity67. Moreover, long term HFD 

feeding is associated with HPA hyperactivity and increased basal plasma GC levels60,61. In 

addition, disruption of the circadian rhythm through shift work has been strongly associated 

with obesity and diabetes68. Given the strong relationship between dysregulated circadian 

rhythmicity and metabolic disturbances, GC rhythmicity plays without a doubt an 

important role in regulating glucose homeostasis69.  
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Figure 1.2.1 – Diagram of the HPA axis. Upon the presence of a stressor, CRH is 

released from the PVN of the hypothalamus, which stimulates the release of ACTH 

from the anterior pituitary, which then stimulates the release of GCs from the adrenal 

cortex. GCs act on GRs at the level of the PVN and anterior pituitary to inhibit further 

HPA activity. ACTH: adrenocorticotrophic hormone; CRH: corticotropin-releasing 

hormone; PVN: paraventricular nucleus. 
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1.2.3 – Peripheral Actions of Glucocorticoids: Non-Metabolic Actions 

 GCs are involved in many physiological processes in both health and disease. GCs 

are involved in the regulation of immune function, cardiovascular system, central nervous 

system (CNS), skeletal growth, reproductive system, cell proliferation and more70. GCs 

have powerful anti-inflammatory and immunosuppressive properties and they are widely 

used in clinical settings to help treat inflammatory and autoimmune diseases70.  

 

 GCs affect most immune cells and help to prevent hyperactivation of the immune 

system and combat systemic infections. GC action on classical GRs can modulate the 

activation of signalling pathways such as PI3K, JNK and T cell receptor signalling complex 

and subsequently modulate pro-inflammatory gene expression71. GR activation can 

downregulate the activity of numerous DNA-bound transcription factors such as for 

example NF-κB, STAT3 and AP-1, and successively downregulate pro-inflammatory 

cytokine genes via transrepression such as IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-12, IL-18 

and TNFα72. In addition to modulating pro-inflammatory cytokine release, GCs can 

upregulate the release of anti-inflammatory cytokine IL-10, enhance M2-like macrophage 

phenotype (anti-inflammatory), consequently promoting the removal of apoptotic cells and 

enhancing tissue healing73. Given the anti-inflammatory properties of GC action, GC 

therapy is widely used for the treatment of rheumatoid arthritis, asthma, COPD, psoriasis 

and eczema49. 

 

 GCs also play a vital role in maintaining proper cardiac function. In cardiac cells, 

GCs exert both antiapoptotic and anti-inflammatory actions74. GCs have also been shown to 

regulate cardiomyocyte size75 as well as play a role in maintaining blood pressure 
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homeostasis by inhibiting the secretion of vasodilators49. Although GCs are 

cardioprotective, excessive levels resulting from either upregulated endogenous production 

or exogenous administration is correlated with a greater risk of developing CVD76. Chronic 

GC therapy has also been associated with bone mass regression. GC action on bone 

supresses osteoblast formation, as well as enhances osteoblast apoptosis. Consequently, the 

risk for GC induced osteoporosis and bone fractures is elevated in individuals undergoing 

chronic GC therapy77.  

 

 In addition to regulating the HPA axis, disruption in GC homeostasis has been 

widely associated with CNS related disorders. For example, elevated GC levels and 

aberrant GR signalling has been linked with schizophrenia, substance abuse, post-traumatic 

stress disorder and mood disorders49,78,79. In addition, GR overexpression in specific brain 

regions like the forebrain and amygdala has been linked to anxiety behaviours80,81. 

Although the use of GCs is highly effective and beneficial for the treatment of 

inflammatory and autoimmune disorders, long-term GC exposure is clearly associated with 

undesirable outcomes and the adverse effects on health may outweigh the benefits. These 

pleiotropic effects explain why obesity-related insulin resistance following low-grade 

inflammation in adipose tissue cannot be treated with GC therapy. Taken together, the 

development of GC-based therapeutic strategies that target distinct physiological processes 

may reduce the undesired off-target metabolic effects82.  

 

1.2.4 – Peripheral Actions of Glucocorticoids: Metabolic Actions 

As aforementioned, GCs are key regulators in energy flux and help mobilize energy 

stores to provide sufficient substrate supply to the body under conditions of stress. 
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Consequently, GCs affect substrate output from adipocytes and the liver and suppress 

insulin-stimulated GU in peripheral tissues (figure 1.2.2)20. 

 

In white adipose tissue (WAT), physiological increases in plasma GCs promote 

lipolysis and impair the ability of insulin to suppress lipolysis83. Consequently, GC-

mediated adipose tissue lipolysis leads to the release of FFAs into the systemic circulation 

and increased plasma FFA concentration in turn can induce insulin resistance in 

adipocytes84,85. In addition to promoting lipolysis, GC action also paradoxically promotes 

lipogenesis in the fed state. Acting synergistically with insulin, GCs promote fat storage 

and variations in fat distribution in obesity can be attributed to the varying sensitivity of 

different fat depots to GCs52,86–88. Whereas subcutaneous adipose tissue (SAT) is more 

susceptible to lipolysis, visceral adipose tissue (VAT) is more prone to lipogenesis20. GCs 

can also modulate adipokine secretion by WAT. For example, adiponectin, which acts to 

enhance insulin sensitivity, is found at lower concentrations in obesity and diabetes and 

GCs can directly suppress its gene expression in adipocytes89,90. In addition, GC action in 

adipocytes locally upregulates leptin mRNA and increases plasma leptin levels through the 

enhancement of leptin production91. Leptin is an adipokine that relays information 

regarding energy status of WAT to the CNS to help regulate energy homeostasis by 

inhibiting hunger. In obesity and diabetes, leptin secretion is upregulated but hunger is not 

suppressed as a result of leptin resistance in the ARC of the hypothalamus92. In addition, 

GCs inhibit insulin-stimulated GU in WAT by decreasing insulin receptor affinity, 

reducing insulin receptor expression, as well as decreasing the translocation of glucose 

transporter (GLUT4)93–95. 
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In skeletal muscle, GC action attenuates insulin-stimulated muscle GU. Similarly to 

WAT, GCs impairs GLUT4 translocation to the cell membrane, but also suppresses 

glycogen synthase activity96–98. The GC-mediated increase in plasma FFA concentration 

resulting from GC action on WAT can also affect insulin sensitivity in muscle tissue. In 

fact, a strong correlation exists between plasma FFA levels, skeletal muscle insulin 

resistance, hyperglycemia and T2D99. It was initially hypothesized that FFAs compete with 

glucose for mitochondrial oxidation and as a result muscle GU is downregulated in the 

presence of increased plasma lipid levels100. This glucose-fatty acid cycle, also known as 

the Randle hypothesis, was postulated following experiments performed on isolated rat 

hearts and diaphragms. Follow-up human in vivo studies suggest that this glucose-fatty acid 

cycle is not the mechanism underlying FFA-mediated insulin resistance in skeletal 

muscle101. It has now been demonstrated that increases in plasma FFA concentrations 

reduce insulin-stimulated glucose storage in muscles through mechanisms that reduce 

glucose transport and phosphorylation102–104. 

 

Elevated circulating levels of FFAs can also stimulate the hepatic gluconeogenesis 

pathway (figure 1.2.3105). Following the reduction of FFAs into acetyl-CoA during β-

oxidation, pyruvate carboxylase (PC) is allosterically activated and the pyruvate 

dehydrogenase (PDH) complex is inhibited, thereby reducing oxidative metabolism106. PC 

irreversibly carboxylates pyruvate, which promotes hepatic gluconeogenesis through an 

increased pyruvate flux107. Furthermore, adipose tissue lipolysis provides glycerol as a 

substrate for hepatic GP. GC action in the liver also directly increases the gene transcription 

of PC108. Ligand-bound GRs also activate the transcription of the two rate limiting 

gluconeogenic enzymes phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-
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phosphatase (G6Pase)109,110. In addition to enhancing glucose output, GC-action 

downregulates glucose oxidation in the liver by stimulating the expression of pyruvate 

dehydrogenase kinase (PDK)111. PDK phosphorylates and inhibits the PDH complex that 

catalyzes the conversion of pyruvate to acetyl-CoA for the citric acid cycle112. Elevated 

mRNA and protein levels of PDK are also observed in fasted states and in the livers of 

diabetic and insulin resistant animals113,114. In contrast to skeletal muscle, GC action 

stimulates hepatic glycogenesis by upregulating glycogen synthase activity115,116. GCs can 

also increase hepatic ceramide synthesis which promotes resistance to the suppressive 

effect of insulin on GP117. The mechanism by which ceramides antagonize hepatic insulin 

signalling is suggested to be through the inhibition of Akt/PKB, a downstream target of 

insulin receptor signalling117–119. Given the catabolic effect of this stress hormone to elevate 

circulating glucose levels, it can be surmised without a doubt that chronic elevation of GCs 

leads to metabolic deterioration.	
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Glucocorticoids 

White Adipose Tissue 

Skeletal Muscle 

Liver 

• ↑ lipolysis (VAT<SAT)  
• ↑ lipogenesis (VAT>SAT)  
• Modulates adipokine secretion 
• ↓ glucose uptake 

• ↓ glucose uptake & 
utilization 

• ↓ glycogen storage  

• ↑ gluconeogenesis 
• ↑ glycogen storage 

Figure 1.2.2 – Schematic representation of the direct role of GCs on energy 

homeostasis in peripheral tissues. GCs regulate energy flux and help mobilize energy 

stores to provide sufficient substrate supply to the body under conditions of stress. SAT: 

subcutaneous adipose tissue; VAT: visceral adipose tissue.  
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Figure 1.2.3 – Simplified glucose metabolism pathway. Reactions specific to 

gluconeogenesis are shown in red, and glycolysis is shown in blue. GCK/HXK: 

glucokinase/hexokinase; G6Pase: glucose-6-phosphatase; PC: pyruvate carbolylase; 

PDH: pyruvate dehydrogenase complex; PDK: pyruvate dehydrogenase kinase; 

PEPCK: phosphoenolpyruvate carboxykinase. Adapted from: Palmer, M. 
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1.2.5 – Glucocorticoid Receptor Isoforms and Polymorphisms  

 GRs are molecular proteins that are composed of an N-terminal transactivation 

domain, a DNA-binding domain and a C-terminal ligand-binding domain70. The two major 

nuclear GR isoforms GRα and GRβ differ only in their C-terminal regions and are 

generated from alternative splicing of the ninth exon of the GR gene (NR3C1 gene in 

humans, Nr3c1 in rats). While GRα is functional when activated by GCs, GRβ does not 

bind GCs and acts as a dominant-negative inhibitor of GRα and modulates cell sensitivity 

to GCs. GRα is usually expressed at higher levels than GRβ, but increases in the ratio of 

GRβ to GRα can	lead to GC resistance28,49,70. 	

 

Mutations of the GR gene and subsequent modulation of tissue-specific GR 

sensitivity to GCs have been associated with the development of metabolic disturbances 

such as elevated fasting insulin and glucose levels, increased body weight and BMI, and 

abdominal obesity 120–122. For example, GR gene polymorphism BclI (rs41423247) has 

shown to increase HPA axis sensitivity to GCs while also leading to increased body fat 

mass and insulin resistance in homozygous carriers123. On the other hand, ER22/23EK 

polymorphism has been associated with relative GC resistance but has been reported to be 

linked with favourable metabolic profiles124. In addition, it has been reported that GRβ	

expression is increased in visceral fat and GRα	expression is decreased in subcutaneous 

abdominal adipose tissue of obese individuals and in metabolic syndrome125–127. Therefore, 

tissue-specific variations in GR expression can impact CG sensitivity and can contribute to 

the pathogenesis of metabolic disturbances.  
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In addition to classical nuclear GR signalling, GC action on cytosolic GRs or 

membrane-bound GR (mGR) can lead to rapid nongenomic effects128,129. GCs have shown 

to be capable of triggering rapid cellular responses that occur too quickly to be regulated at 

the transcriptional level. These rapid nongenomic effects may ensue via GC action on either 

cytosolic or the novel non-classical mGR to activate yet to be fully defined signalling 

pathways128,129. Evidence that points towards the existence of mGRs emerges from high-

sensitivity immunofluorescence staining. This technique has allowed researchers to confirm 

the physiological presence of mGRs on human immune cells and it has been observed that 

their frequency is upregulated with immunostimulation130. In addition, mGRs have been 

shown to exist in amphibian neuronal membranes131. Other nuclear receptors, such as the 

estrogen receptor, has recently been shown to also mediate signalling events through 

membrane receptors and seems to have an involvement in mediating glucose and liver 

metabolism132–134. 
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1.3 – Hypothalamic Nutrient and Hormone Sensing and Regulation of Hepatic 

Glucose Production 

The medial basal hypothalamus (MBH) brain region, which includes the ARC and 

minor medial aspects of the ventromedial hypothalamus (VMH), is an important region of 

the brain involved in mediating a wide span of neuroendocrine and physiological functions. 

Located next to the third ventricle and adjacent to the median eminence, the ARC is a 

circumventricular organ characterized by its close proximity to a leaky blood-brain barrier 

(figure 1.3.1)135,136. This optimal placement allows neurons in the ARC to sense 

fluctuations in hormones and nutrients in the blood and control metabolic homeostasis137. 

In response to metabolic cues from the periphery that relay to the brain the nutritional status 

of the body, the hypothalamus acts accordingly to modulate food intake, energy 

expenditure, as well as lipid and glucose metabolism137.  

 

1.3.1 – Nutrient sensing 

Considering that the brain’s metabolic energy relies almost mainly on glucose and 

glucose metabolites, the brain possesses nutrient-sensing abilities to help regulate and 

maintain peripheral glucose homeostasis and subsequently prevent large swings in 

glycemia. Therefore, circulating plasma glucose not only serves as a nutritive substrate for 

the brain, but plays a crucial role in providing the central nervous system with vital 

information regarding the body’s nutritional status. Evidence suggesting a role for the brain 

in whole-body glucose regulation dates back to the 19th century when it was observed that 

lesioning the floor of the fourth ventricle induced altered glucose homeostasis resulting in 

hyperglycemia138. It is now generally understood that an increase or decrease in 

extracellular glucose can be sensed by neurons within various areas of the brain139,140. The 
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mechanism by which hypothalamic glucose sensing helps maintain peripheral glucose 

homeostasis seems to involve modulating hepatic glucose output in a negative feedback 

fashion rather than affecting GU by peripheral tissues. In a set of experiments, infusing 

glucose through the intra-cerebral ventricle (ICV) route inhibited both gluconeogenesis and 

glycogenolysis which together contribute to net hepatic GP. This down regulation of 

hepatic glucose output was demonstrated by significant inhibition of hepatic G6Pase and 

decreased G6pc gene expression independent of changes in GU by metabolically active 

tissues141.  

 

Amino acids and fatty acids (FA) can also cross the blood-brain barrier and rapidly 

access the brain to relay nutritional status to the CNS. Infusing the amino acid leucine into 

the MBH lowers plasma glucose levels while also leads to decreased plasma insulin levels. 

As previously reported, MBH leucine decreased circulating glucose concentrations by 

supressing hepatic GP142. Similarly, ICV infusion of oleic acid, a monounsaturated long-

chain FA commonly found in vegetable and animal fats from a human diet, was 

demonstrated to decrease plasma glucose levels, increase hepatic insulin sensitivity and 

induce an anorectic effect143. Simultaneous ICV infusion of oleic acid and tolbutamide or 

glybenclamide, potent KATP blockers, blunts the metabolic effects of ICV oleic acid 

indicating that the metabolic effects following central action of oleic acid involve the 

activation of KATP channels143. In contrast to the glucose lowering effects of hypothalamic 

FA sensing, elevated systemic levels of FFAs can stimulate gluconeogenesis without 

affecting net hepatic glucose output144. However, a set of experiments demonstrated that 

increasing plasma FFA levels while simultaneously inhibiting hypothalamic FA action 

disrupts glucoregulation by decreasing glycogenolysis and subsequently increasing hepatic 
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GP. Therefore, hypothalamic lipid sensing is necessary for hepatic autoregulation and the 

prevention of dysregulated glucose metabolism145.  

 

1.3.2 – Hormone sensing 

In addition to sensing extracellular nutrient levels with the goal of maintaining 

whole body glucose homeostasis, the hypothalamus is equipped with hormone sensing 

mechanisms that also contribute to regulating peripheral glucose. Insulin delivers to the 

brain peripheral information regarding energy status and has been hypothesized to provide 

negative feedback for chronic regulation of energy balance146–148. Studying the effects of 

hypothalamic insulin sensing has allowed for consideration the use of intranasal insulin as 

an agent to correct for hyperglycemia in T2D diabetes149. Within the ARC of the 

hypothalamus, insulin receptors are localized in anorexigenic pro-opiomelanocortin 

(POMC) and orexigenic neuropeptide Y (NPY)/agouti-related peptide (AgRP) neurons150 

and specific deletions of the insulin receptor in either of these neuron populations has been 

shown to negatively affect glucose metabolism151. When insulin receptors in AgRP neurons 

are intact but specifically removed in POMC neurons, hypothalamic insulin action 

suppresses hepatic GP. When insulin receptors are strictly expressed in POMC neurons but 

not AgRP neurons, central insulin action fails to suppress hepatic GP and induces 

hyperglycemia, suggesting that insulin sensing mechanisms in AgRP neurons are necessary 

for the maintenance of whole body glucose homeostasis152,153. The glucoregulatory effects 

of hypothalamic insulin action have been shown to be mediated by a decrease in the firing 

rate of both POMC and AgRP neurons through the opening of KATP channels and 

consequent cellular hyperpolarization152,154. ICV administration of potent KATP blockers has 

been shown to prevent the decrease in hepatic GP following hypothalamic insulin action in 
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a similar fashion as central lipid sensing previously discussed154,155. The actions of 

hypothalamic insulin signalling on peripheral glucose regulation seem to be mediated 

through autonomic neural modulation of hepatic gluconeogenesis. ICV infusions of insulin 

are shown to decrease hepatic expression of G6Pase and PEPCK152,155,156 whereas 

selectively vagotomizing the hepatic branch prevents the decrease in liver gluconeogenic 

enzymes in response to ICV insulin155.  

 

In addition to sensing extracellular rises in insulin, the hypothalamus can also 

respond to rises in glucagon in order to help maintain peripheral glucose homeostasis. 

Glucagon receptors have been identified in the hypothalamic region of the brain157,158 and 

paradoxically, centrally acting glucagon lowers hepatic GP whereas it is systemically 

known elicit a rise in blood glucose158. Hypothalamic glucagon, signalling via its G-protein 

coupled receptor, activates adenylate cyclase and increases levels of cAMP which allows 

for intracellular signal transduction within the hypothalamus via PKA signalling157,158.  

Infusing glucagon directly into the MBH has been shown to lower hepatic GP during basal 

pancreatic euglycemic clamps and improve glucose tolerance in response to a glucose bolus 

during an intravenous glucose tolerance test independently of changes in GU and changes 

in circulating insulin and glucagon levels. Not only does the MBH sense glucagon that is 

directly infused into the hypothalamus158 but an increase in circulating glucagon can also 

cross the blood-brain-barrier and activate neuronal activity159 and glucagon signalling 

targets like PKA within the MBH158. Moreover, a modest physiological rise in circulating 

glucagon levels signals via glucagon receptors in the MBH to regulate hepatic GP158. 

Hypothalamic glucagon sensing is proposed to be a physiological mechanisms in place that 

allows to counter regulate the stimulatory effect of elevated plasma glucagon levels on the 
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liver and prevent hyperglycemia when hyperglucagonemia is sustained158. Taken together, 

the ability of the brain to respond to hormones to trigger neural signalling pathways and to 

regulate peripheral glucose metabolism can be assessed via direct hormone infusions into 

targeted brain regions like the MBH, and it is also important to highlight that the brain can 

sense increases in circulating hormones to affect glucose metabolism as well. 

 

It has been established that hypothalamic nutrient and hormone sensing is defective 

in animal models of HFD feeding and obesity. This sensing impairment has been 

demonstrated to disrupt metabolic homeostasis by promoting aberrant glucose regulation 

and further promoting the development of obesity160,161. Importantly, restoring 

hypothalamic nutrient and hormone sensing is shown to normalize energy balance and 

glucose homeostasis in overfed rodents162. Given these findings, hypothalamic nutrient and 

hormone sensing undoubtedly plays a physiological role in regulating whole body energy 

homeostasis and is clearly involved in the development of metabolic disturbances observed 

in obesity and diabetes.  
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Figure 1.3.1 – Coronal plane diagram of the rat brain showing the anatomical 

location of the hypothalamic ARC. Red arrow indicates the location of the ARC 

region (ArcD/ArcM) of the MBH located next to the third ventricle and adjacent to the 

median eminence (MEI/MEE); ventromedial hypothalamus (VMH). Adapted from: 

Paxinos, G. & Watson, C. The rat brain in stereotaxic coordinates.    
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1.4 – Metabolic Effects of Central/Brain Glucocorticoid Action 

Evidence clearly supports the MBH as a hormone-responsive glucoregulatory site, 

but less is known about how central/brain GC action modulates metabolism. Studies have 

demonstrated that chronically infusing synthetic GCs through the ICV route has metabolic 

consequences. In fact, it has previously been shown in rodent studies that a chronic 2-3 day 

ICV GC infusion increases body weight gain as a consequence of increased food intake, 

decreases energy expenditure, increases adipose tissue lipogenic enzyme expression, 

increases plasma triglyceride concentrations and increases circulating levels of insulin and 

leptin. In these studies, the metabolic outcomes following central GC-action occurs in 

parallel with an increase in the potent orexigenic peptide, NPY, in the ARC of the 

hypothalamus163,164. The effect of chronic GC central infusion on food intake, body weight 

and plasma insulin levels is proposed to be mediated through the parasympathetic nervous 

system as these GC-mediated actions are no longer observed in vagotomised animals165. 

Additionally, central GC action has shown to increase 11β-HSD1 activity in WAT and this 

mechanism may be of importance in the development of obesity163. 

 

 In regards to glucose homeostasis, previous studies have revealed that a chronic 2-3 

day ICV GC infusion promotes muscle insulin resistance during euglycemic-

hyperinsulinemic clamp experimentation165. In addition, a study investigated the effect of 

short-term GC infusion delivered directly into the ARC by retrodialysis on hepatic GP and 

insulin sensitivity166. Acute GC signalling in the ARC of the hypothalamus was shown to 

have greater endogenous GP in response to a rise in systemic insulin as compared to 

controls, therefore indicating that local GC action in the ARC leads to hepatic insulin 

resistance. These effects were shown to be negated when a NPY inhibitor was 
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simultaneously infused through the ICV route as well as when hepatic sympathetic 

denervation was performed, suggesting that localized GR activation in the ARC stimulates 

sympathetic pre-autonomic output from the hypothalamus to liver as a result from GC-

stimulated release of NPY166.  

 

The existence of neural regulatory circuits linking the brain to the periphery to 

regulate metabolism have been recurrently reported. In fact, it has been demonstrated that 

several nutrients or hormones sensed in the MBH engage a forebrain/hindbrain neuronal 

axis in order to control energy balance. It has been commonly reported that information 

from the MBH is projected to neurons located within regions of the brainstem, which can 

then communicate to the liver through either efferent sympathetic or parasympathetic 

projections and modulate metabolism167–169. Although the studies discussed above 

demonstrate that hypothalamic GC action clearly induces metabolic disturbances, 

intracellular mechanisms underlying the effects of brain GC signalling to elicit changes in 

glucose metabolism in healthy and pre-obese/obese states still remain largely unknown. 
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Chapter 2: OBJECTIVES, HYPOTHESIS & 
METHODS 
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2.1 – Objectives 

This project is aimed towards elucidating GC action in the MBH brain region in 

relation to glucose tolerance, hepatic GP, insulin resistance, and obesity. In light of recent 

evidence supporting a role of hypothalamic GCs and data substantiating the MBH as a 

hormone-responsive glucoregulatory site154,158,170,171, we hypothesize that GC action in the 

brain alters glucose metabolism. More specifically, we hypothesize that GCs will act on 

GRs in the MBH to modulate glucose homeostasis via increased hepatic GP (figure 2.1.1). 

The in vivo experiments performed will allow to delineate molecular and physiological 

mechanisms of GC action in the brain that modulate glucose homeostasis in normal and 

pre-obese/obese rodents. In addition, analysis of protein and gene expression of various 

enzymes in liver tissue will allow to understand how MBH GC action may subsequently 

affect the liver to modulate hepatic GP. 

 

2.1.1 – Objective 1: To examine whether acute MBH GC action activates MBH GR to 

regulate glucose homeostasis in regular-chow (RC)-fed rats 

 These studies will assess for the first time the effects of acute GC infusion into the 

MBH on hepatic glucose production during basal insulin-euglycemic conditions, as well as 

test the requirement of MBH GRs in mediating the glucoregulatory effects of MBH GC 

action on hepatic insulin sensitivity in RC-fed rats. It is anticipated that acute MBH GC 

infusion using dexamethasone (DEX), a widely used GC to study GR-mediated 

signalling172,173, will increase hepatic GP and induce hepatic insulin resistance.  

 

Chemical and genetic loss-of-function approaches targeting GRs will be used to 

evaluate whether these intracellular, ligand-driven transcription factors are required for 
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MBH GC glucoregulatory action. Mifepristone (MIF), a known pharmacological antagonist 

to GR174, will be co-administered with and without DEX into the MBH to test the 

requirement of MBH GRs to mediate the glucoregulatory effects of GCs. MBH GRs will be 

genetically inhibited in separate groups via MBH injection of a lentivirus (LV) that 

expresses GR shRNA (LV-GR shRNA), or a mismatch sequence (MM) as a control, and 

treated with and without DEX in the MBH, to alternatively examine the necessity of GRs to 

mediate glucoregulatory action of MBH GC.  

 

Subsequently, to further determine whether GRs are indeed implicated in mediating 

the glucoregulatory effects of MBH GC action in normal rats, the next set of experiments 

will aim to investigate the role of cytoplasmic GR activation. Since the GR depends on 

Hsp90 for in vivo function48, the effects of chemical inhibition of Hsp90 in the MBH with 

17-AAG, a potent Hsp90 inhibitor175–177, or genetic knockdown of MBH Hsp90 with LV-

Hsp90 shRNA, will be investigated in order to determine whether the glucoregulatory 

effects of MBH GC action can also be negated through MBH Hsp90 inhibition. 

 

After assessing the requirement of MBH GRs in mediating the glucoregulatory 

effects of MBH GC action in RC-fed rats, western blotting and qRT-PCR will be done in 

MBH wedges and the livers of rats from different MBH treatment groups in order to 

analyze protein levels and gene expression of different glucoregulatory enzymes. This will 

allow for the initial reveal of the underlying biochemical and molecular mechanisms that 

are responsible for some of the glucoregulatory effects of MBH GCs. There will be a focus 

on determining how MBH GC action successively affects the liver to modulate hepatic GP. 

In hypothalami, it will be investigated whether expression of MBH GR or Hsp90 differs in 
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MBH DEX compared to MBH saline RC-fed animals. In liver, enzymes involved in hepatic 

gluconeogenesis and glycolysis, as well as hepatic glycogen content will be investigated.  

 

2.1.2 – Objective 2: To test whether MBH GR inhibition improves glucose homeostasis 

and reverses GC-induced changes in glucoregulation in 3-day high-fat diet (HFD)-fed 

rats 

Acute 3-day HFD feeding has been previously shown to elicit changes in the 

metabolic profile of rats characterized by hyperinsulinemia and mild hyperglycemia158,168. 

Longer term HFD feeding (12 weeks) is associated with HPA hyperactivity and increased 

basal plasma GC levels60. Thus it is anticipated that our 3-day HFD feeding model will 

induce hypercorticosteronemia. As a result, the increased levels of circulating GCs will 

then increase MBH GC signalling and disrupt glucoregulation in these animals. In fact, 

elevated GC levels, signalling, and/or activity is commonly observed in diabetes and 

obesity and is associated with disrupted glucose homeostasis. These studies will allow to 

assess whether inhibition of MBH GRs or its related intracellular regulators such as Hsp90 

would help improve metabolic profiles in diet-induced pre-obesity. 

  

It will be assessed whether chemical or genetic MBH GR inhibition with either 

MBH MIF or MBH LV-GR shRNA attenuates GP to improve glucose homeostasis in pre-

obese rodents. Once MBH GRs are determined to be implicated in mediating the 

glucoregulatory effects of 3-day HFD feeding, the effects of chemical inhibition of Hsp90 

in the MBH with 17-AAG or genetic knockdown of MBH Hsp90 with LV-Hsp90 shRNA 

on glucose metabolism will be investigated.  
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After assessing the requirement of MBH GRs in mediating the glucoregulatory 

effects in pre-obese rats, western blotting and qRT-PCR will be done on the livers and 

MBH wedges of rats from different MBH treatment groups and compared to RC-fed rats or 

HFD MBH MIF rats in order to analyze changes in protein levels and gene expression. This 

will allow for an initial assessment into the underlying biochemical and molecular 

mechanisms that are responsible for some of the glucoregulatory effects of MBH GCs in 3-

day HFD feeding. It will be investigated whether HFD feeding alters the expression of 

MBH GR or Hsp90 and if it is changed by acutely inhibiting MBH action with MBH MIF. 

In addition, enzymes involved in hepatic gluconeogenesis and glycolysis, as well as hepatic 

glycogen content will be investigated. These analyses will help link a role of brain GC 

action in contributing to aberrant glucose regulation in obesity and diabetes. 
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Figure 2.1.1 – Schematic representation of overall working hypothesis. GCs in the 

MBH act on classical GRs to modulate glucose homeostasis via increased glucose 

production. Inhibition of MBH GRs or MBH Hsp90 negates the effect of acute MBH 

GC infusion in healthy rats. 3-day HFD feeding increases circulating GCs and increases 

MBH GC signalling. Glucose homeostasis in HFD feeding can be restored through 

MBH GR or MBH Hsp90 inhibition. 
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2.2 – Hypothesis 

It is hypothesized that both acute and chronic antagonism of GR will negate the 

effect of the glucoregulatory action of MBH GC infusion in RC-fed rats. In fact, our 

laboratory has previously generated preliminary data suggesting that MBH DEX impairs 

glucose tolerance as shown by an exaggerated plasma glucose response to an intravenous 

glucose challenge, and these effects are blunted with MBH GR antagonism with MIF. 

Chemical or genetic inhibition of Hsp90 in the MBH with 17-AAG or LV-Hsp90 shRNA is 

also hypothesized to prevent GC-GR action when co-infused with DEX, and therefore 

negate the glucoregulatory effects of MBH GC infusion.  

 

We also hypothesize that inhibition of MBH GRs or its related intracellular 

regulators such as Hsp90 will improve the metabolic profile of diet-induced pre-obesity. At 

a molecular level, it is hypothesized that increased MBH GC-mediated signalling 

subsequent to a MBH DEX infusion or from 3-day HFD feeding will stimulate hepatic GP 

through an upregulation of gluconeogenic enzymes PEPCK and G6Pase in the liver. 
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2.3 – Methods 

* All of the protocols for animal care and experiments were approved by the University of 

Alberta Animal Care and Use Committee (protocol No 1604) and in accordance with 

regulations set forth by the Canadian Council for Animal Care. 

 

2.3.1 – Animal Care and Maintenance 

Eight-week-old male Sprague Dawley (SD) rats (initially weighing 190-200g; 

Charles River Laboratories, Montreal, QC) were used for the in vivo experimentation in this 

study. Rats were individually housed in individual conventional cages on a standard 12-12h 

light-dark cycle and given ad libitum access to water and standard rat chow (RC) (LabDiet 

PicoLab® Laboratory Rodent Diet, 5L0D; 60% cal. from carbohydrate, 28% cal. from 

protein and 12% cal. from fat; 3.0 kcal/g of total metabolizable energy). Male SD rats were 

used because when fed with a 10% lard-oil enriched diet (HFD is comprised of 90% RC 

combined with 10% lard) (TestDiet Modified LabDiet® Laboratory Rodent Diet, 5001; 

44% cal. from carbohydrate, 22% cal. from protein and 34% cal. from fat; 3.9 kcal/g of 

total metabolizable energy) for as little as 3 days (model of diet-induced pre-obesity), they 

acquire brain hormone sensing defects that dysregulate glucose metabolism158, develop 

mild hyperglycemia and hyperinsulinemia168,169, and develop hepatic insulin 

resistance178,179.  

 

2.3.2 – Stereotaxic Surgery 

Following a one-week acclimatization period, the rats were subjected to bilateral 

stereotaxic cannulation while being anaesthetised (intraperitoneal administration of 

60mg/kg ketamine (Ketalean, Bimeda-MTC), 8mg/kg xylazine (Rompun, Bayer)). 26-
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gauge, stainless steel bilateral guide cannula (C235G, Plastics One Inc.) were 

stereotaxically implanted into the MBH following the coordinates 3.1mm posterior to 

bregma, 0.4mm lateral to midline, 9.6mm below the cranial surface158,169. This bilateral 

cannulation enabled direct MBH infusion of various brain treatments on experimentation 

day such as dexamethasone (DEX) (Sigma, D1756; 100ng/µl), mifepristone (MIF) (Tocris 

#1479; 25nM) and 17-AAG (Tocris #1515; 0.606nmol/µl). Immediately following 

stereotaxic surgery, a separate group of rats received through each cannula a 3µl injection 

of a lentivirus (LV) that expresses GR shRNA (Santa Cruz Biotechnology, sc-35506-V), 

Hsp90 shRNA (Santa Cruz Biotechnology, sc-156099-V), or a control mismatch (LV-MM) 

sequence (Santa Cruz Biotechnology, sc-108080). To verify that the MBH cannulation was 

correctly positioned and to confirm that brain infusions were localized to the MBH, 3µl of 

bromophenol blue dye was injected into the bilateral cannulae at the end of in vivo 

experimentation. 

 

2.3.3 – Vascular Catheterization 

 Post-brain cannula implantation, rats recovered for 7-8 days before undergoing 

vascular catherization. The left carotid artery and right jugular vein were catheterized while 

the rats were anaesthetised (intraperitoneal administration of 90mg/kg ketamine, 10mg/kg 

xylazine) using catheters consisting of polyethylene (PE-50) (ID: 0.58mm, OD: 0.965mm; 

Becton, Dickinson and Company) and silastic tubing (Jugular: ID: 0.64mm, OD: 1.19mm; 

Carotid: ID: 0.51mm, OD: 0.94mm; Dow Corning Corporation)158,169. Postoperatively, the 

catheters were filled with 10% heparinized saline to maintain patency and sealed with a 

metal pin, and rats were treated with analgesic (2mg/kg Metacam) for 2 days after surgery. 

Vascular catherization allowed for intravenous (iv) infusions and repeated arterial blood 
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sampling to be performed in conscious, unrestrained rats. Recovery following surgeries was 

assessed daily by body weight and food intake measurements. Only rats that attained a 

minimum of 90% of their pre-vascular surgery body weight were used for the in vivo 

studies. 

 

2.3.4 – Intravenous Glucose Tolerance Test 

 The intravenous glucose tolerance test (ivGTT) is an experimental tool that allows 

us to measure the ability to tolerate glucose and to eliminate glucose from the blood180. 

Four to five days following vascular catheterization, rats were subjected to an overnight 

fast (16-18h fast) and subsequently randomly assigned to brain treatment groups to undergo 

ivGTT experimentation (figure 2.3.1). On experiment day and for the entire duration of the 

experiment, conscious and unrestrained rats received a short-term continuous MBH 

infusion of their respective brain treatment (saline, DEX, MIF, or MIF+DEX) at an 

infusion rate of 0.33µl/h (CMA 400 syringe pump, CMA Microdialysis) (e.g. at t=-120 

min). One hundred twenty minutes following the start of the MBH infusion (e.g. at t=0 

min), blood samples were taken and baseline plasma glucose concentrations were measured 

by the glucose oxidase method (Glucose Analyzer GM9, Analox Instruments). With this 

method, glucose oxidase present in the reagent solution of the apparatus catalyzes the 

oxidation of glucose in the plasma sample to gluconic acid and hydrogen peroxide, and the 

rate of oxygen consumption is directly related to glucose concentration. The ivGTT was 

then initiated with a 20% glucose solution (0.25g/kg) injection administered into the jugular 

vein catheter and flushed with 0.8ml of a 0.2% heparinized isotonic saline over a 30-second 

injection period. Blood was sampled from the carotid catheter at several time points (2, 5, 

10, 15, 20, 25, 30, 60, 90, 120min) for a duration of 120 minutes after the glucose injection. 
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These samples were immediately analyzed for glucose concentration measurement, and 

heparinized or protease inhibitor (Roche, #11836170001) treated plasma was stored at -

20ºC for future hormone analysis. At the end of the experiment rats were anesthetized with 

a 50µl iv injection of ketamine and decapitated. MBH tissue wedges, dorsal vagal complex 

(DVC), pituitary, liver, adrenals, and WAT were immediately collected, flash frozen in  

liquid nitrogen and stored at −80°C for later analysis.  

 

 

 

 

MBH 
cannulation  

 

Vascular 
catheterization 
 

ivGTT  
experiment 

  

0 -120 min 120 

d. 0 d. 8 d. 13 ± HFD 

:  saline/DEX/MIF/MIF+DEX  
 

Figure 2.3.1 – ivGTT experimental Protocol. Schematic representation of 

experimental design: MBH stereotaxic surgery (d.0) was performed on male SD rats. 

After one week on recovery, vascular catheterization (d.8) was performed. After 4-5 

days of surgical recovery, rats underwent ivGTT experimentation (d.13), with 

concurrent MBH infusion of either saline, DEX, MIF or MIF+DEX was given. 

  saline/DEX/MIF/MIF+DEX 

  
(0.33µl/h) : 
 

MBH infusion 
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2.3.5 – Pancreatic (Basal Insulin & Mildly Hyperinsulinemic) Euglycemic Clamps 

 Pancreatic (basal insulin and mildly hyperinsulinemic) euglycemic clamps with 

tracer dilution methodology combined with MBH GC infusion ± GR inhibition (figure 

2.3.2) enables measurement of glucose production (GP) and utilization rates (GU) during 

steady-state while assessing MBH GC binding with its MBH receptors independent of 

changes in plasma insulin and glucagon levels. In these experiments, a separate set of rats 

(eg. not used for ivGTT) fasted for ∼5h prior to experiments received short-term 

continuous MBH infusions (saline, DEX, MIF, MIF+DEX, 17-AAG, or 17-AAG+DEX) in 

a similar manner as during our ivGTT experiments previously described. Blood is sampled 

at 10-minute intervals during the basal and clamp periods to closely monitor plasma 

glucose levels and heparinized or protease inhibitor treated plasma was stored at -20ºC for 

future hormone analysis. At t=0min, tritiated glucose ([3-3H]-glucose, PerkinElmer) is 

infused (bolus followed by constant infusion rate of 40µl/min) for the duration of the clamp 

experiment to allow for adequate distribution of the radiolabeled tracer within the animal. 

During the steady-state basal period (t=60–90min), the total rate of appearance (Ra) 

corresponds to the rate of endogenous GP and is equivalent to the rate of glucose 

disappearance (Rd) or GU. In our experiments, the pancreatic euglycemic clamp is initiated 

at t=90min with a primed continuous infusion of a solution containing insulin (Sigma, I-

5523; 0.8mU/kg/min-basal insulin, 1.2mU/kg/min-mildly hyperinsulinemic) and 

somatostatin (BACHEM, H-1490.0025; 3µg/kg/min), in addition to a variable infusion of 

25% glucose solution to maintain glycemia at concentrations similar to those of the basal 

state until t=240min158. All solutions are infused simultaneously by infusion pumps 

(Harvard Apparatus PHD 2000 infusion pumps) into the jugular catheter using a multi-

channeled PE-50 infusion line. During the clamp setting (defined as the steady-state period 
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during the final half hour of the experiment, e.g. t=210-240min), the rate of endogenous GP 

is calculated from the difference between Rd and the exogenous glucose infusion rate 

(GIR). At the end of the experiment rats were anesthetized with a 50µl iv injection of 

ketamine and decapitated. MBH tissue wedges, DVC, pituitary, liver, adrenals, and WAT 

were immediately collected, flash frozen in liquid nitrogen and stored at −80°C for later 

analysis. 

 

Glucose turnover (Ra of glucose determined with [3-3H]-glucose) is calculated using 

the following steady-state formula where Ra is equal to [3-3H]-GIR divided by the specific 

activity of plasma [3-3H]-glucose: 

 

$% = $' = 	
()*+,-*,	,.-/0.	1*23+1)*	.-,0	
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Figure 2.3.2 – Pancreatic (basal insulin and mildly hyperinsulinemic) euglycemic 

experimental protocol and visual representation of BG over time during pancreatic 

basal insulin euglycemic clamp experiments. Schematic representation of 

experimental design: MBH stereotaxic surgery (d.0) was performed on male SD rats 

with or without a LV injection. After one week on recovery, vascular catheterization 

(d.8) was performed. 4-5 days later, rats underwent clamp experimentation (d.13), upon 

which an MBH infusion of either saline, DEX, MIF, MIF+DEX, 17-AAG or 17-

AAG+DEX was given. The basal period (t=60-90min) is represented by the red box and 

the clamped state (t=210-240) is represented by the yellow box. The green arrow at 

t=90min indicates the start of the SST, insulin, and glucose infusions.         
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2.3.6 – Plasma Glucose Tracer Assay 

The radioactivity of [3-3H]-glucose at various time points during clamp 

experimentation was determined by adding 100µl of barium hydroxide Ba(OH)2 (Sigma, 

B4059; 0.3N) and 100µl of zinc sulphate ZnSO4 (Sigma, Z2876; 0.3N) to 50µl aliquots of 

plasma following the end of experiment. Ba(OH)2 and ZnSO4 allows for the 

deproteinization of plasma. The plasma was vortexed and then centrifuged (10000rpm for 

5min at 4°C) to separate the precipitate from the supernatant. 75µl of supernatant of each 

sample supernatant was pipetted into the bottom of a 20ml white PE plastic scintillation 

vial (Fischer Scientific, 03-337-23) and left for evaporation in the fume hood over night to 

remove any tritiated water in the sample. This ensures that liquid scintillation counting of 

the supernatant solely represents radioactivity from [3-3H]-glucose in the plasma as tritium 

on the C-3 position of glucose is lost to water during glycolysis. The next day once the 

supernatant was fully evaporated, 150µl of distilled H2O and 7ml of scintillation fluid 

(EcoLite(+)™, MP Biomedicals; 882475) was added to each vial. Samples were then 

counted individually for 5min in a beta scintillation counter (Beckman, LS 6500) to 

quantify radioactivity and subsequent measurement of glucose turnover. 

 

2.3.7 – Plasma Insulin 

 Plasma insulin levels were measured by radioimmunoassay (RIA) using a 2-day 

commercial rat insulin RIA kit with 100% specificity (EMD Millipore Corporation, RI-

13K). A RIA is a very sensitive assay technique that measures antigen (e.g.: insulin) 

concentrations by determination of the extent it to which it binds with its antibody. This 

principle of antigen-antibody binding occurs when a fixed concentration of labeled tracer 

antigen (e.g.: 125I-labeled insulin) is incubated with a known amount of antibody. As a 
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result, the two specifically bind to one another. When unlabeled antigen from the plasma 

sample is added to this system, there is competition between the labeled and unlabeled 

antigen to bind to the limited amount of antibody binding sites. As the concentration of 

unlabeled antigen (originally from the plasma sample) is increased, a greater amount of it 

binds to the antibody and displaces the labeled tracer antigen, decreasing the amount of 

antibody-bound radiolabeled antigen and increasing free/unbound radiolabeled antigen. The 

bound antigens are then separated from the unbound ones by precipitation and 

centrifugation. The supernatant containing the free labeled tracer antigen is removed by 

decantation or aspiration and the radioactivity of the precipitate containing antibody-bound 

labeled tracer antigen is measured using a gamma counter181. A standard curve is generated 

with increasing known concentrations of standard unlabeled antigen and the unknown 

amount in the plasma samples can be calculated by interpolation of the reference curve. 

 

 The 2-day protocol provided with the assay kit was used as follows, and samples 

were assayed in duplicate. Borosilicate 12x75mm glass tubes (Fisher Scientific, 14-961-26) 

were used for this assay. On the first day, the insulin standard curve (0.156, 0.313, 0.625, 

1.25, 2.5, 5.0, 10.0ng/ml) was prepared using the 10ng/ml standard provided. The assay 

was then set up by adding assay buffer to the Non-Specific Binding (NSB=blank) tubes 

(100µl) and Reference (B0=100% binding) tubes (50µl). The standards, quality controls and 

each experimental plasma sample treated with protease inhibitor were then pipetted (50µl) 

into their respective tubes. 125I-labeled insulin (50µl) was added to all tubes followed by the 

addition of insulin antibody (50µl) (guinea pig anti-rat insulin serum), which was not added 

to Total Count (TC) and NSB tubes. Each tube was vortexed, covered with parafilm and 

incubated overnight (20-24h) at 4°C. On the next day following the incubation, cold 
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precipitating reagent (500µl) was added to all tubes except TC tubes followed by vortexing 

and a 20-minute incubation at 4°C. All tubes except TCs were then centrifuged (2000xg for 

20min at 4°C) to form an insulin-bound pellet. The supernatant in each tube was carefully 

removed by aspiration to ensure that the pellet was free from any excess liquid. The 

radioactivity of the pellet was then counted for 5 minutes by a gamma counter (Packard, 

Cobra II Series). The counts (B) for the samples and standards were expressed as a 

percentage of the mean counts of the total binding B0 tubes: 

 

%	>),-?	@1*A1*<	 = 	%
B
BC
	= 	

8-79?0	).	+,-*A-.A
BC

	D	100 

 

 The percentage of total binding (%B/B0) for each standard and experimental plasma 

sample was plotted against the reference curve from the known standards (0.156-

10.0ng/ml) and insulin concentrations were determined by interpolation. 

 

2.3.8 – Plasma Glucagon 

Plasma glucagon levels were measured by RIA using a 3-day commercial rat 

glucagon RIA kit with 100% specificity (EMD Millipore Corporation, GL-32K). The 

principle of the assay was similar to that of the RIA for insulin described above. The 

protocol provided with the assay kit was used as follows, and samples were assayed in 

duplicate. Borosilicate 12x75mm glass tubes were used for this assay. On the first day, the 

glucagon standard curve (12.5, 25, 50, 100, 200pg/ml) was prepared using the 400pg/ml 

standard provided. The assay was then set up by adding assay buffer to the NSB tubes 

(300µl), B0 tubes (200µl), standards and quality controls (100µl) and each sample tube 
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(150µl). The standards, quality controls (100µl) and each experimental plasma sample 

(50µl) treated with protease inhibitor were then pipetted into their respective tubes. 

Glucagon antibody (guinea pig anti-rat glucagon serum) (100µl) was added to all tubes 

except to TC and NSB tubes and each tube was vortexed, covered with parafilm and 

incubated overnight (20-24h) at 4°C. On the next day following the incubation, 125I-labeled 

glucagon (100µl) was added to all tubes, followed by vortexing and covered with parafilm 

to be incubated overnight (22-24h) at 4°C. On the last day, cold precipitating reagent 

(1.0ml) was added to all tubes except TC tubes followed by vortexing and a 20-minute 

incubation at 4°C. All tubes except TCs were then centrifuged (2000xg for 20min at 4°C) 

to form a glucagon-bound pellet. The supernatant in each tube was carefully removed by 

aspiration to ensure that the pellet was free from any excess liquid. The radioactivity of the 

pellet was then counted for 5 minutes by a gamma counter. The counts for the samples and 

standards were expressed as a percentage of the mean counts of the total binding B0 tubes 

and plotted against the reference curve from the known standards (12.5-200pg/ml) and 

glucagon concentrations were determined by interpolation and corrected for dilution 

factors..  

 

2.3.9 – Plasma Corticosterone 

 Plasma corticosterone (CORT) levels were measured by RIA using a 1-day 

commercial rat/mouse CORT RIA kit with 100% specificity (MP Biomedicals, 07-120103) 

and no cross reactivity with DEX. The principle of the assay was similar to that of the RIA 

for insulin described above. The protocol provided with the assay kit was used as follows, 

and samples were assayed in duplicate. Borosilicate 12x75mm glass tubes were used for 

this assay. Experimental plasma samples were initially diluted to a ratio of 1:200 with 
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steroid diluent (5µl plasma, 1.0ml diluent). Steroid diluent was added to NSB tubes (300µl) 

and B0 (100µl) tubes. The pre-made CORT standards (25, 50, 100, 250, 500, 1000ng/ml), 

quality controls and each diluted plasma sample were then pipetted (100µl) into their 

respective tubes. 125I-labeled CORT (200µl) was added to all tubes followed by the addition 

of CORT antibody (rabbit anti-CORT serum) (200µl) ,which was not added to TC and NSB 

tubes. Each tube was vortexed, covered with parafilm and incubated for 2h at room 

temperature (22-25°C). Succeeding the incubation, precipitating reagent (500µl) was added 

to all tubes except TC tubes, vortexed and centrifuged (2000xg for 20min at 4°C) to form a 

CORT-bound pellet. The supernatant in each tube was carefully removed by aspiration to 

ensure that the pellet was free from any excess liquid. The radioactivity of the pellet was 

then counted for 5 minutes by a gamma counter. The counts for the samples and standards 

were expressed as a percentage of the mean counts of the total binding B0 tubes and plotted 

against the reference curve from the known standards (25-1000ng/ml) and CORT 

concentrations were determined by interpolation. 

 

2.3.10 – Liver Glycogen Content 

 Liver glycogen concentrations were measured by colorimetric analysis using a 

commercial glycogen assay kit (Abcam, ab65620). The principle behind this assay is based 

on the hydrolysis of glycogen to glucose by the digestive enzyme glucoamylase. The 

hydrolysis of glycogen to glucose is then specifically oxidized to generate a product that 

reacts with the OxiRed probe and generates a color that can then be measured on a 

microplate spectrophotometer at optimal density. 
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The protocol provided with the assay kit was used as follows in duplicates. Non-

treated polystyrene 96 well assay plates (Corning, 9017) were used for this assay. Liver 

samples for the assay were prepared by harvesting 10mg of tissue followed by a wash with 

cold 1xPBS (200µl). Tissue was resuspended in ddH2O (200µl) and homogenized with a 

Dounce homogenizer sitting on ice. The liver homogenates were then boiled (10min at 

95°C) and centrifuged (18000xg for 10min at 4°C). The supernatant was collected and 

transferred into a new tube on ice to be later used for the glycogen assay as the sample. A 

glycogen standard curve (0, 0.4, 0.8, 1.2, 1.6, 2.0µg/well ) was prepared using the 2mg/ml 

standard provided. The assay was then set up by adding standards (50µl), samples and 

sample background controls (3µg) to the wells, and hydrolysis buffer (47µl) was added to 

both sample and sample background control wells to adjust the total volume to 50µl. 

Hydrolysis enzyme mix (2µl) was then added to each standard and sample wells, but not to 

background controls. The plate was then incubate at room temperature for 30 minutes, 

followed by the addition of reaction mix (50µl) to each well, which contains development 

buffer, development enzyme mix and OxiRed probe. The plate incubated at room 

temperature for another 30 minutes but protected from light, followed by the measurement 

of output on a microplate reader (Epoch, BioTek) at OD 570nm. The sample background 

controls were subtracted from the sample reading and the absorbance values for these 

corrected samples were plotted against the reference curve from the known standards (0-

2.0µg/well) to determine the amount of glycogen per well (µg/well). The concentration of 

glycogen in the experimental samples (µg/µl) was then calculated by the following formula: 
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 Since the exact weight of harvest liver tissue may vary, samples were subjected to a 

BCA protein assay (Pierce™ BCA Protein Assay, Thermo Scientific; #23225) in order to 

determine sample protein concentration. Samples were diluted to a ratio of 1:10 with 

ddH2O and the protocol provided with the protein assay kit was used. Once sample protein 

concentration (µg/µl) was determined, the final concentration of glycogen in the 

experimental samples were expressed in the units of glycogen(µg)/protein(µg). 

 

2.3.11 – Western Blotting 

 Liver (≈20mg) and MBH tissue wedges (≈10mg) were homogenized with a Dounce 

homogenizer at a dilution factor of 1:10 in 1% NP-40 lysis buffer containing 20mM Tris-

HCl (pH 7.4), 5mM EDTA, 1% (w/v) Non-idet P40, 2mM sodium orthovanadate, 5mM 

sodium pyrophosphate tetrabasic, 100mM sodium fluoride, phosphatase and protease 

inhibitor. The homogenates sat on ice for 30 minutes and were then centrifuged (1200xg for 

30min at 4°C). The supernatant was collected and transferred into a new tube on ice to be 

later used as the lysate. Protein concentration of the lysate and amount of sample to be used 

for loading for western blotting was determined using the Pierce™ BCA Protein Assay. 

Samples were diluted to a ratio of 1:20 for liver and 1:10 for MBH with ddH2O and the 

protocol provided with the protein assay kit was used.  

 

 Liver and MBH lysates were subjected to electrophoresis (Mini-PROTEAN® Tetra 

Vertical Electrophoresis Cell, Bio-Rad) using 10% polyacrylamide gels and transferred 

(90V for 2h30min at 4oC) to nitrocellulose membranes (0.45µm, Bio-Rad, #1620115). 

Membranes were then stained, destained and erased (MemCode™ Reversible Protein Stain 
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Kit, Thermo Scientific; #24580) to confirm the efficiency of protein transfer. Membranes 

were then incubated with blocking buffer (5% milk in Tris-buffered saline containing 0.2% 

Tween-20 (TBST)) for 1h at room temperature and rinsed with 1xTBST to rinse off the 

milk. Membranes were incubated overnight at 4°C in primary antibody solutions diluted as 

shown in table 2.3.1 for liver samples (pPDH-E1α, PDH-E1α, PDK1, PDPc, HXK II, 

PEPCK) and table 2.3.2 for MBH tissue (GR, Hsp90α/β, Hsp70). Tubulin (Tub) was used 

as a loading control for all primary antibodies investigated. Following incubation in 

primary antibody solution, membranes were washed with 1xTBST and incubated for 1h at 

room temperature in horseradish peroxidase (HRP)-linked secondary antibody (table 2.3.3) 

solution diluted 1:1000 in blocking buffer. Membranes were then washed with 1xTBST and 

protein expression was enhanced using a chemoluminescence reagent (Western Lighting® 

Plus-ECL, PerkinElmer; NEL105001EA). Immunoblots were detected using 

chemiluminescent imaging system (Bio-Rad ChemiDoc) and quantified by densitometry 

with ImageJ image analysis software and normalized for the total protein (Tub). 

 
 
2.3.12 – qRT-PCR 

 Liver gluconeogenic enzymes PEPCK (Pck1) and G6Pase (G6pc) mRNA 

expression was analyzed using two-step quantitative realtime polymerase chain 

reaction (qRT-PCR). Total RNA was extracted from liver using Trizol and quantified using 

a Nanodrop spectrophotometer (260/280nm). After first DNAse treatment, first-strand 

complementary DNA was synthesized using SuperScript II™ IV VILO Master Mix kit 

(Invitrogen, #11756050). Total RNA was first aliquoted by adding 1µg of total RNA in a 

9µl final volume using RNAse free H2O. Samples were then primed by adding 2µl of 
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1µg/µl of Random Hexamer Primers (Invitrogen, #48190011) to each sample and ran 

through a PCR program to be denatured (70°C for 10min). Master mix (9µl) was then 

added to each sample and ran through a PCR program (40°C for 1h) to yield cDNA at a 

concentration of 50ng/µl. cDNA samples were diluted to a ratio of 1:10 with RNAse free 

H2O for Pck1 and G6pc gene analysis and 1:100 for cyclophilin which was used as a 

control. Quantitative RT-PCR was performed (StepOne™ Real-Time PCR System, 

Applied Biosystems™) in duplicates on a MicroAmp™ Fast Optical 48-Well Reaction 

Plate (Applied Biosystems™, #4375816) using TaqMan™ Gene Expression Assays (FAM) 

(table 2.3.4) and TaqMan™ Universal PCR Master Mix (Applied Biosystems™, 

#4304437) per the manufacturer’s instructions. Expression values were normalized to the 

internal control gene, cyclophilin, for the efficiency of amplification and quantified by the 

2−∆∆Ct method182. Expression values of cyclophilin did not vary between experimental 

groups, deeming it a suitable control gene. 

 

2.3.13 – Statistical Analysis 

 Statistical analyses were calculated with GraphPad Prism software. Unpaired 

Student’s t-tests were performed in the statistical analysis of two groups. Where 

comparisons were made across more than two groups, analysis of variance (ANOVA) was 

performed, and if significant, was followed by Dunnett’s or Tukey’s post hoc tests when 

appropriate. The measurements that were taken repeatedly over time were compared using 

repeated-measures ANOVA. If the time and treatment interaction between groups was 

found to be significant, t-tests or Duncan’s multiple range post-hoc test were used to 
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determine the statistical significance at specific time points between groups. The P value 

o0.05 was considered statistically significant. 
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Antibody & Molecular  
Weight 

Company & Catalog 
Number 

Dilution 
Secondary 
Antibody 

Anti-PDH-E1α (pSer²⁹³) 
(pPDH-E1α) – 43kDa MilliporeSigma - #AP1062 1:500 GAR 

Anti-PDH-E1α (D-6) 
(PDH-E1α) – 43kDa Santa Cruz - #sc377092 1:500 GAM 

Anti-PDK1 (E-10) 
(PDK1) – 49kDa Santa Cruz - #sc515944 1:500 GAM 

Anti-PDPc (D-11) 
(PDPc) – 53kDa Santa Cruz - #sc398117 1:500 GAM 

Anti-HXK II (1A7) 
(HXK II) – 100kDa Santa Cruz - #sc130358 1:500 GAM 

Anti-PEPCK (F-2) 
(PEPCK) – 62kDa Cell Signaling - #2144 1:500 GAR 

Anti-α-Tubulin 
(Tub) – 50kDa Cell Signaling - #2144 1:1000 GAM 

Secondary Antibody   
Company & Catalog 

Number 
Dilution 

Anti-mouse IgG, HRP-linked Antibody (GAM) Cell Signaling - #7076 1:1000 

Anti-rabbit IgG, HRP-linked Antibody (GAR) Cell Signaling - #7074 1:1000 

Antibody & Molecular  
Weight 

Company & Catalog 
Number 

Dilution 
Secondary 
Antibody 

Anti-Glucocorticoid Receptor (D8H2) 
(GR) – 94kDa Cell Signaling - #3660 1:1000 GAR 

Anti-Hsp90α/β (F-8) 
(Hsp90α/β) – 90kDa Santa Cruz - #sc13119 1:1000 GAM 

Anti-Hsp70 (3A3) 
(Hsp70) – 70kDa Santa Cruz - #sc32239 1:1000 GAM 

Anti-α-Tubulin 
(Tub) – 50kDa Cell Signaling - #2144 1:1000 GAM 

Table 2.3.3 – Secondary antibodies used for western blotting in liver and MBH 
tissue.  

Table 2.3.2 – Primary antibodies used for western blotting in MBH tissue. 

Table 2.3.1 – Primary antibodies used for western blotting in liver tissue. 
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Gene Name  Reference Number Dilution 

Glucose-6-phosphatase catalytic subunit  
(G6pc) Mm00839363_m1 1:10 

Phosphoenolpyruvate carboxykinase 1, cytosolic 
(Pck1) Mm01247058_m1 1:10 

Cyclophilin-A  
(PPIA) Mm02342430_g1 1:100 

Table 2.3.4 – TaqMan™ gene and probes used for gene expression analysis in liver 
tissue. 
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Chapter 3: RESULTS 
 
 

 

 

ivGTT experiments in this section were performed by undergraduate students 

Aleesha Amjad Hafeez (AAH) (RC groups) and Hyejun Kim (HK)(HFD groups) as part of 

the undergraduate project courses PHYSL 467 (2015-2016) and CELL 398/498 (2017-

2018) respectively. Western blotting was performed by EBB and Carrie-Lynn Soltys (CLS). 

qRT-PCR analysis was performed by CLS. 

 

This chapter will first cover results obtained from in vivo experimentation in RC-fed 

rats (objective 1) and then will cover in vivo experimentation in 3-day HFD-fed rats 

(objective 2). The chapter will conclude with the results obtained following molecular 

analysis for both diets. 
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3.1 – MBH GCs act on MBH GRs to impair glucose tolerance in healthy RC-fed rats 

 To first evaluate the glucoregulatory impact of acute MBH GC infusion in an 

unclamped setting, undergraduate students in our laboratory, Aleesha Amjad Hafeez and 

Hyejun Kim, performed ivGTT experiments on a group of rats which allowed us to 

evaluate the rodents’ ability to tolerate glucose and eliminate glucose from the blood. 

Saline, DEX, MIF or MIF+DEX was infused directly into the MBH of unrestrained, 

healthy rats, and plasma glucose levels were monitored over time. Compared to control 

animals receiving MBH saline, rats that received a MBH DEX infusion for 4h had impaired 

glucose tolerance, as shown by a greater excursion of plasma glucose levels in response to 

an iv glucose bolus. Whereas MBH infusion of GR antagonist MIF alone had no effect on 

glucose tolerance, co-infusing MIF with DEX prevented the higher peak and delayed 

glucose clearance in the bloodstream induced by DEX, suggesting GR involvement in 

mediating GC action on glucoregulation (figure 3.1.1). 
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Figure 3.1.1 – MBH GC action impairs glucose tolerance during ivGTT 

experimentation in RC-fed rats. Plasma glucose levels with MBH infusion of saline 

(n=11, white squares), DEX (n=13, black squares), MIF (n=7, white triangles) and 

MIF+DEX (n=9, black triangles). *P<0.05 for MBH saline versus MBH DEX. 

Experiments performed by undergraduate student AAH (2015-2016). 
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3.2 – MBH GC action stimulates hepatic glucose production in healthy RC-fed rats 

 

3.2.1 – Basal insulin-euglycemic clamp experiments 

 To begin delineating a role of MBH GC action in the modulation of glucoregulation 

in normal healthy rodents, we tested whether MBH DEX regulates glucose GP or GU in 

rats during pancreatic euglycemic clamps. In a first set of clamp experiments using a basal 

insulin dose of 0.8mU/min/kg, infusion of DEX directly into the MBH of conscious 

unrestrained rats decreased the requirement for exogenous glucose infusion to maintain 

euglycemia (figure 3.2.1a) and potently stimulated hepatic GP during clamp conditions 

(figure 3.2.1b) compared with MBH infusions of saline. Analysis of plasma samples 

collected during in vivo experimentation demonstrated that infusing MBH DEX increased 

plasma insulin levels during the basal period. During the clamp period, the 

glucostimulatory effects of MBH DEX occurred without any differences in peripheral 

CORT concentrations (table 3.2.1), and independently of any differences in body weight 

(0.329±0.010kg for MBH saline; 0.336±0.008kg for MBH DEX). MBH DEX therefore 

stimulated hepatic glucose production without affecting GU (figure 3.2.1c) and acted 

independently of changes in plasma glucose (figure 3.2.1d) and glucagon levels (table 

3.2.1). 

 

3.2.2 – Mildly hyperinsulinemic euglycemic clamp experiments 

Mild hyperinsulinemic euglycemic clamps using an insulin dose of 1.2mU/min/kg 

were next performed to induce a greater suppression in hepatic GP while minimally 

affecting GU in peripheral tissues. High plasma insulin levels induced by intravenously 

infusing larger doses of insulin (e.g. 2.0-3.6mU/min/kg) increase insulin levels in the brain. 
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As such, mildly hyperinsulinemic clamp protocol was chosen to prevent a rise in 

hypothalamic insulin levels, which affects hepatic GP independent of insulin’s direct effect 

on the liver154,183. Increasing the insulin dose had no effect on circulating CORT levels 

(table 3.2.1-3.2.2). In congruence with the data obtained from clamp experimentation using 

a basal insulin dose, MBH DEX infusion decreased the GIR (figure 3.2.2a) and 

significantly increased GP compared to MBH saline controls (figure 3.2.2b) during the 

clamp under mild hyperinsulinemic conditions without altering GU or glucose levels 

(figure 3.2.2c-d). Increasing the insulin dose by 1.5x compared to the dose used for basal 

insulin clamps doubled plasma insulin levels during the clamp (table 3.2.2). MBH infusion 

of MIF alone had no effect on glucose kinetics when compared to MBH saline controls 

(figure 3.2.2a-d). Similar to basal insulin clamp conditions, co-infusing MIF with DEX 

negated the ability of MBH GCs to increase hepatic GP (figure 3.2.2b) during the clamp 

and normalized GIRs to a rate comparable to MBH saline controls (figure 3.2.2a), further 

confirming that the glucostimulatory effect of MBH GCs is mediated via MBH GRs. 

 

Furthermore, mild hyperinsulinemic euglycemic clamps where also performed on 

rats with chronically knocked-down MBH GRs using GR shRNA. This chronic loss of 

function approach allows to investigate with more specificity the involvement of MBH 

GRs by downregulating GR gene and protein expression. The cohort of rats involved in this 

set of experiments received a MBH bilateral LV injection that expresses either GR shRNA 

or a control mismatch (MM) sequence immediately following stereotaxic surgery occurring 

approximately two weeks prior to clamp experimentation. Western blots performed on 

MBH tissue wedges collected at the end of clamp experiments confirmed that GR shRNA 
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yielded a 56% reduction of 94-kDa GR expression in the MBH compared with the MM 

sequence (figure 3.2.3).  

 

In MBH MM animals, as expected MBH DEX infusion decreased the GIR (figure 

3.2.4a) and significantly increased GP compared to MM MBH saline controls (figure 

3.2.4b) during the clamp under mild hyperinsulinemic conditions independent of changes to 

GU or plasma glucose levels (figure 3.2.4c-d). Animals with MBH GR shRNA receiving 

either MBH saline or DEX showed no differences in GIR or GP at clamp (figure 3.2.4a-b) 

when compared to the MBH MM saline control group. Therefore, chronic loss of function 

of MBH GRs through GR shRNA negates the glucoregulatory actions of MBH DEX 

similarly to acute MBH GR inhibition with MBH MIF, validating the hypothesis that the 

glucostimulatory effect of MBH GCs is mediated via MBH GRs. 
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Figure 3.2.1 – MBH GC action stimulates hepatic glucose production during 

pancreatic basal insulin (0.8mU/min.kg) euglycemic clamp experimentation in RC-

fed rats. a) Glucose infusion rates, b) glucose production, c) glucose uptake and d) 

blood glucose levels. MBH infusion of saline (n=12) and DEX (n=14). *P<0.05 for 

MBH DEX versus MBH saline.    
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Figure 3.2.2 – Chemical inhibition of MBH GRs negates the glucoregulatory 

effects of MBH DEX during pancreatic mild hyperinsulinemic (1.2mU/min/kg) 

euglycemic clamp experimentation in RC-fed rats. a) Glucose infusion rates, b) 

glucose production, c) glucose uptake and d) plasma glucose levels. MBH infusion of 

saline (n=13), DEX (n=14), MIF (n= 8) and MIF+DEX (n=9). *P<0.05 for MBH DEX 

versus MBH saline, MBH MIF and MBH MIF+DEX.  
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Figure 3.2.3 – Representative western blots and protein levels of MBH GR 

normalized to tubulin (Tub) in RC-fed rats. MBH wedges of rats 13-day post MBH 

lentiviral (LV) injection of GR shRNA (n=5, black bar) or a mismatch sequence (MM; 

n=5, white bar) as a control. *P=0.001. 
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Figure 3.2.4 – Molecular knockdown of MBH GRs negates the glucoregulatory 

effects of MBH DEX during pancreatic mild hyperinsulinemic (1.2mU/min/kg) 

euglycemic clamp experimentation in RC-fed rats. a) Glucose infusion rates, b) 

glucose production, c) glucose uptake and d) plasma glucose levels. MBH infusion of 

LV-MM+saline (n=12), LV-MM+DEX (n=9), LV-GR shRNA+saline (n=7) and LV-GR 

shRNA+DEX (n=7). *P<0.05 for LV-MM+DEX versus LV-MM+saline, LV-GR 

shRNA+saline and LV-GR shRNA+DEX. 
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3.3 – MBH Hsp90 is required to mediate the glucoregulatory actions of MBH GCs in 

RC-fed rats 

 Given that the glucostimulatory effect of MBH GCs is mediated via MBH GRs, the 

role of Hsp90 on MBH GC-mediated signalling was next investigated. Since Hsp90 is 

required for cytosolic ligand binding to occur and for the GR to become active, inhibition 

of MBH Hsp90 should consequently prevent MBH GC-mediated stimulation of hepatic 

glucose production. In healthy RC-fed rats, infusing the pharmacological Hsp90 inhibitor 

17-AAG alone into the MBH had no effect on hepatic GP, GIR, GU and plasma glucose 

levels when compared to MBH saline controls (figure 3.3.1a-d). Meanwhile, co-infusing 

MBH 17-AAG with MBH DEX negated the ability of MBH DEX to increase hepatic GP 

(figure 3.3.1b) during the clamp and normalized GIRs to a rate comparable to MBH saline 

controls (figure 3.3.1a), implying the requirement of MBH Hsp90 to mediate MBH GC 

actions on hepatic GP.  

 

The involvement of MBH Hsp90 in MBH GC-mediated signalling was further 

supported with data obtained from mild hyperinsulinemic euglycemic clamp 

experimentation performed on rats with chronically knocked-down MBH Hsp90 using 

Hsp90 shRNA. When DEX was infused into the MBH of animals with MBH Hsp90 

shRNA, the glucoregulatory effects of MBH DEX were negated and GP during the clamp 

was equally supressed to values comparable to MM MBH saline controls (figure 3.3.2a-b), 

independent of changes in GU and plasma glucose levels (figure 3.3.2c-d). Since both acute 

inhibition as well as chronic loss of function of MBH Hsp90 negates the glucoregulatory 

actions of MBH DEX, MBH Hsp90 is involved in the mechanism of MBH GC-mediated 

signalling that modulates glucose metabolism in healthy rats.
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Figure 3.3.1 – Chemical inhibition of MBH Hsp90 negates the glucoregulatory 

effects of MBH DEX during pancreatic mild hyperinsulinemic (1.2mU/min/kg) 

euglycemic clamp experimentation in RC-fed rats. a) Glucose infusion rates, b) 

glucose production, c) glucose uptake and d) plasma glucose levels. MBH infusion of 

saline (n=13), DEX (n=14), 17-AAG (n= 7) and 17-AAG+DEX (n=7). *P<0.05 for 

MBH DEX versus MBH saline, MBH 17-AAG and MBH 17-AAG+DEX. 
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Figure 3.3.2 – Molecular knockdown of MBH Hsp90 negates the glucoregulatory 

effects of MBH DEX during pancreatic mild hyperinsulinemic (1.2mU/min/kg) 

euglycemic clamp experimentation in RC-fed rats. a) Glucose infusion rates, b) 

glucose production, c) glucose uptake and d) plasma glucose levels. MBH infusion of 

LV-MM+saline (n=12), LV-MM+DEX (n=9) and LV-Hsp90 shRNA+DEX (n=6). 

*P<0.05 for LV-MM+DEX versus LV-MM+saline and LV-Hsp90 shRNA+DEX.  
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3.4 – 3-day HFD feeding induces metabolic disturbances independent of changes in 

body weight  

In order to assess a therapeutic relevance for MBH GR inhibition on improving 

glucose homeostasis, we investigated the effects of our acute model of HFD feeding on 

glucoregulation. We first confirmed that a separate group of rats fed with a 10% HFD for 3 

days had elevated plasma CORT levels that were measured in the morning (e.g. at the 

circadian trough) and were mildly hyperglycemic and hyperinsulinemic when compared to 

the rats fed on a RC-diet (figure 3.4.1a-c) independent of changes in body weight (figure 

3.4.1d). Therefore, our model of acute HFD feeding for 3 days induced metabolic 

disturbances before the onset of obesity, in line with what has been previously documented 

with this model168,169,178,179.  

 

In addition, 3-day HFD feeding impaired glucose tolerance. When compared to RC-

fed rats, HFD increased basal and peak plasma glucose levels and slowed glucose clearance 

rate in MBH saline control animals subjected to a glucose bolus during ivGTT 

experimentation (figure 3.4.2a). Interestingly, insulin levels were also generally increased 

throughout the experiment in the HFD-fed group (figure 3.4.2b) in line with elevated 

plasma glucose levels. Future AUC analyses for plasma glucose and insulin responses 

could shed light into the extent glucose intolerance. 
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Figure 3.4.1 – Basal levels of corticosterone, blood glucose, insulin, and body 

weights of 3-day HFD-fed rats compared to RC controls (5h fast). Data corresponds 

to plasma collected and body weights morning of clamp experimentation. a) Plasma 

corticosterone in RC group (n=9, white bars) and HFD (n=10, black bars). b) Plasma 

glucose in RC group (n=56) and HFD (n=37). c) Plasma insulin in RC group (n=26) and 

HFD (n=19). d) Body weight in RC group (n=56) and HFD (n=38). *P<0.05. Pooled 

data at start of experiments prior to dividing animals into experimental groups.   
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Figure 3.4.2 – 3-day HFD feeding impairs glucose tolerance during ivGTT 

experimentation compared to RC MBH saline controls. a) Plasma glucose in RC 

group (n=9, white squares) and HFD (n=9, black squares). b) Plasma insulin in RC 

group (n=9) and HFD (n=10). *P<0.05. Experiments performed by undergraduate 

student HK (2017-2018).   
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3.5 – 3-day HFD feeding induces hepatic insulin resistance  

Given that rats fed a 3-day HFD had altered glucose homeostasis, basal insulin 

(0.8mU/min.kg) euglycemic clamps were next performed to investigate more closely what 

glucose kinetic mechanisms were involved in this disruption. When compared to RC MBH 

saline controls, HFD animals had significantly decreased GIRs in order to maintain 

euglycemia (figure 3.5.1a) despite their elevated plasma glucose levels (figure 3.5.1d). In 

addition, HFD stimulated an increase in hepatic GP during the clamp and insulin induced 

suppression of GP was of only 23% compared to 51% in RC MBH saline controls (figure 

3.5.1b) independent of changes in GU (figure 3.5.1c) and glucagon levels (table 3.2.1). 

Analysis of plasma samples following clamp experimentation demonstrated that HFD 

MBH saline control animals maintain elevated levels of plasma insulin until the end of the 

clamp, but peripheral CORT concentrations are not different later in the afternoon at the 

diurnal peak when the clamp period occurs (table 3.2.1). In other words, HFD for as little 

as 3 days led to hepatic insulin resistance in rats but did not induce peripheral insulin 

resistance179.  

 

We next wondered what would be the effect on glucose kinetics in HFD-fed MBH 

saline control animals if the dose of insulin would be increased to be mildly 

hyperinsulinemic (1.2mU/min/kg). When compared to basal insulin doses, mild 

hyperinsulinemic clamp experimentation performed on HFD-fed rats showed similar 

suppression of hepatic GP from basal (23% vs 29%, 0.8 vs 1.2mU/min/kg insulin dose; 

figure 3.5.2b) and similar GIR needed to maintain euglycemia (2.1±0.6 vs 

3.7±0.8mg/kg/min, 0.8 vs 1.2mU/min/kg insulin dose; figure 3.5.2a) without affecting GU 

in peripheral tissues (figure 3.5.2c). Most importantly, increasing the insulin dose by 1.5x 
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still resulted in HFD-fed rats needing a considerably lower amount of exogenous glucose to 

maintain euglycemia compared to RC MBH saline controls (figure 3.5.3a). Furthermore, 

HFD-mediated stimulation of hepatic GP was maintained during the clamp under mild 

hyperinsulinemic conditions (figure 3.5.3b). 
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Figure 3.5.1 – 3-day HFD feeding stimulates hepatic glucose production during 

pancreatic basal insulin (0.8mU/min/kg) euglycemic clamp experimentation 

compared to RC-fed rats. a) Glucose infusion rates, b) glucose production, c) glucose 

uptake and d) plasma glucose levels. RC group (n=12) and HFD (n=10). *P<0.05 for 

HFD versus RC. 
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Figure 3.5.2 – Glucose infusion rates, glucose production and glucose uptake 

during pancreatic basal insulin (0.8mU/min/kg) compared to mild 

hyperinsulinemic (1.2mU/min/kg) euglycemic clamp experimentation in 3-day 

HFD-fed controls. HFD MBH saline+0.8mU/min.kg group (n=10, white bars) and 

HFD MBH saline+1.2mU/min.kg group (n=10, black bars).   
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Figure 3.5.3 – 3-day HFD feeding stimulates hepatic glucose production during 

pancreatic mild hyperinsulinemic (1.2mU/min/kg) euglycemic clamp 

experimentation compared to RC-fed rats. a) Glucose infusion rates and b) glucose 

production. RC group (n=13) and HFD (n=10). *P<0.05 for HFD versus RC.   
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3.6 – Stimulation of hepatic glucose production following 3-day HFD feeding is 

mediated through MBH GRs  

Given that 3-day HFD feeding elevated plasma CORT levels and impaired glucose 

homeostasis compared to regular RC-fed rats, we postulated that elevated circulating 

CORT, which crosses the blood-brain-barrier, would activate MBH GRs similar to MBH 

DEX infusions in RC-fed rats. In other words, we postulated that this increase in MBH GC 

action in HFD-fed rats contributes to dysregulated glucose metabolism. Thus, we next 

investigated whether blocking excessive MBH GC action would attenuate GP to improve 

glucose homeostasis in our model of pre-obesity. In 3-day HFD-fed rats, an MBH infusion 

of the GR antagonist MIF during mild hyperinsulinemic clamp experimentation drastically 

increased the need for exogenous glucose (figure 3.6.1a) and significantly suppressed GP at 

clamp (51%) compared to HFD MBH saline controls (29%) (figure 3.6.1b). These changes 

occurred independently of any differences in body weight (0.354±0.004kg for MBH saline; 

0.346±0.003kg for MBH MIF). MBH MIF in HFD successfully restored hepatic GP at 

clamp (4.8±0.2mg/kg/min) to glucose production rates comparable to RC MBH saline 

controls (4.1±0.4mg/kg/min; figure 3.5.3b) independent of changes in GU or plasma 

glucose levels (figure 3.6.1c-d). This data suggests that elevated levels of circulating CORT 

induced by HFD feeding is sensed by MBH GRs and that subsequent MBH GC action 

impairs hepatic insulin sensitivity. In addition, further stimulating MBH GRs in HFD with 

a MBH DEX infusion does not further impair glucose kinetics (figure 3.6.1). 

 

In addition to acute MBH GR inhibition with MBH MIF, we also investigated 

whether chronically knocking down MBH GRs using GR shRNA would also improve 

glucose homeostasis in HFD-fed rats. As expected, HFD MBH LV injection did not affect 
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HFD-induced impairments in metabolism (figure 3.6.2). Likewise to an acute MBH MIF 

infusion, MBH GR shRNA negated the glucostimulatory effects of HFD feeding on 

glucose homeostasis. MBH GR shRNA increased the need for exogenous glucose to 

maintain euglycemia (figure 3.6.2a) and suppressed hepatic GP at clamp when compared to 

HFD MBH MM saline controls (figure 3.6.2b). The improvement in hepatic insulin 

sensitivity in HFD feeding following chronic inhibition of MBH GRs occurred without any 

changes in basal and clamp plasma glucose levels (figure 3.6.2d) and independently of 

changes in GU (figure 3.6.2c). Therefore, blocking excessive MBH GC action with either 

acute or chronic MBH GR inhibition attenuates HFD-stimulated hepatic GP and leads to an 

improvement in glucose homeostasis. 
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Figure 3.6.1 – Chemical inhibition of MBH GRs negates the glucoregulatory effects 

of 3-day HFD during pancreatic mild hyperinsulinemic (1.2mU/min/kg) euglycemic 

clamp experimentation. a) Glucose infusion rates, b) glucose production, c) glucose 

uptake and d) plasma glucose levels. MBH infusion of saline (n=10), MIF (n=11) and 

DEX (n=7). *P<0.05 for MBH MIF versus MBH saline and MBH DEX.  
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Figure 3.6.2 – Molecular knockdown of MBH GRs negates the glucoregulatory 

effects of 3-day HFD during pancreatic mild hyperinsulinemic (1.2mU/min/kg) 

euglycemic clamp experimentation. a) Glucose infusion rates, b) glucose production, 

c) glucose uptake and d) plasma glucose levels. MBH infusion of LV-MM+saline (n=9) 

and LV-GR shRNA+saline (n=8). *P<0.05 for LV-GR shRNA+saline versus LV-

MM+saline.     
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3.7 – Inhibition of MBH Hsp90 does not improve glucose homeostasis in 3-day HFD 

feeding 

Given that MBH GRs are involved in HFD-mediated stimulation of hepatic GP and 

that blocking excessive MBH GC action improves glucose homeostasis, and that we had 

demonstrated that inhibition of MBH Hsp90 prevents MBH DEX induced stimulation of 

GP in RC-fed rats, it was hypothesised that MBH Hsp90 inhibition would yield a similar 

improvement and restore glucose metabolism in pre-obese rats. Unexpectedly, acutely 

infusing the pharmacological Hsp90 inhibitor 17-AAG into the MBH of 3-day HFD-fed 

rats had no effect on the GIR, GP, GU or plasma glucose levels when compared to HFD 

MBH saline controls (figure 3.7.1) during mild hyperinsulinemic euglycemic clamp 

experimentation.  

 

The involvement of MBH Hsp90 in MBH GC-mediated signalling in HFD-fed 

rodents was further investigated in rats with chronically knocked-down MBH Hsp90 in 

order to assess whether longer term MBH Hsp90 inhibition could help improve glucose 

homeostasis. In RC-fed rats, in congruence with acute MBH Hsp90 inhibition with 17-

AAG, chronic inhibition with MBH Hsp90 shRNA did not affect the GIR, GP, GU or 

plasma glucose levels when compared to HFD MM MBH saline controls (figure 3.7.2) 

during mild hyperinsulinemic euglycemic clamp experimentation. According to this data, it 

would seem like MBH GC-mediated signalling in HFD-fed differs from healthy RC-fed 

rats and is mediated through a non-classical nuclear signalling pathway occurring 

independently of MBH Hsp90.  
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Figure 3.7.1 – Chemical inhibition of MBH Hsp90 does not negate the 

glucoregulatory effects of 3-day HFD during pancreatic mild hyperinsulinemic 

(1.2mU/min/kg) euglycemic clamp experimentation. a) Glucose infusion rates, b) 

glucose production, c) glucose uptake and d) plasma glucose levels. MBH infusion of 

saline (n=10) and 17-AAG (n=11).   
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Figure 3.7.2 – Molecular knockdown of MBH Hsp90 does not negate the 

glucoregulatory effects of 3-day HFD during pancreatic mild hyperinsulinemic 

(1.2mU/min/kg) euglycemic clamp experimentation. a) Glucose infusion rates, b) 

glucose production, c) glucose uptake and d) plasma glucose levels. MBH infusion LV-

MM+saline (n=9) and LV-Hsp90 shRNA+saline (n=8). 
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MBH saline 

 
MBH DEX 

 
MBH saline 

   
RC 

 
RC 

 
HFD 

Basal 
       

    Insulin (ng/ml) 
 

0.8 ± 0.1 
 

1.3 ± 0.1* 
 

1.9 ± 0.2* 
    Glucagon (pg/ml) 

 
40.8 ± 2.4 

 
46.1 ± 3.6 

 
43.2 ± 3.1 

    Corticosterone (ng/ml) 81.5 ± 36.0 
 

23.6 ± 1.6 
 

348.1 ± 48.1*         

Clamp 
      

    Insulin (ng/ml) 
 

0.9 ± 0.1 
 

1.1 ± 0.1* 
 

1.6 ± 0.2* 
    Glucagon (pg/ml) 

 
34.4 ± 5.3 

 
41.3 ± 2.1 

 
40.3 ± 2.2 

    Corticosterone (ng/ml) 
 

301.9 ± 59.0 
 

343.6 ± 82.3 
 

417.7 ± 62.5 

   
MBH saline 

 
MBH DEX 

 
MBH saline  MBH MIF    

RC 
 

RC 
 

HFD  HFD 

Basal 
       

  
    Insulin (ng/ml) 

 
0.8 ± 0.1 

 
1.7 ± 0.3* 

 
1.8 ± 0.2*  1.4 ± 0.2*  

 
     

  
Clamp 

       
  

    Insulin (ng/ml) 
 

2.1 ± 0.2⊺ 
 

2.3 ± 0.2⊺ 
 

1.8 ± 0.2  1.6 ± 0.1  
    Corticosterone (ng/ml) 

 
448.7 ± 63.2 

 
363.0 ± 138.3 

 
512.4 ± 43.8  390.2 ± 88.6 

         

Table 3.2.1 – Plasma insulin, glucagon and corticosterone concentrations during 

basal and clamp periods of basal insulin (0.8mU/min/kg) euglycemic clamp 

experimentation. Basal: t=60-90min, Clamp: t=210-240min. Error bars represent 

S.E.M. *P<0.05 for RC MBH DEX and HFD MBH saline versus RC MBH saline.  

Table 3.2.2 – Plasma insulin and corticosterone concentrations during basal and 

clamp periods of mildly hyperinsulinemic (1.2mU/min/kg) euglycemic clamp 

experimentation. Basal: t=60-90min, Clamp: t=210-240min. Error bars represent 

S.E.M. *P<0.05 for RC MBH DEX, HFD MBH saline and HFD MBH MIF versus RC 

MBH saline. ⊺P<0.05 for value during mildly-hyperinsulinemic clamp versus basal-

insulin clamp (table 3.2.1).   
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3.8 – MBH-specific biochemical and molecular mechanisms involved in MBH GC-

mediated regulation of hepatic glucose production  

 In order to begin revealing the underlying biochemical and molecular mechanisms 

that are responsible for some of the glucoregulatory effects of MBH GC in healthy and pre-

obese states, western blotting was done on MBH wedges from different MBH treatment 

groups. In RC-fed animals, it was investigated whether acute MBH GC action following an 

infusion of MBH DEX during euglycemic clamp experimentation locally altered MBH GR, 

Hsp90 and Hsp70 protein levels. As aforementioned, in the cytosol GCs bind to a GR 

complex which includes chaperon proteins such as Hsp90 and Hsp70. While Hsp90 is 

required for GR activation and migration to the nucleus, Hsp70 is known to inactivate the 

GR through partial unfolding48. Quantification by densitometry of western blots 

demonstrated that following acute MBH DEX infusion, changes in MBH GR (P=0.24) and 

Hsp90 (P=0.44) protein levels are not significant while MBH Hsp70 protein abundance is 

modestly upregulated (figure 3.8.1). In HFD-fed animals, MBH GR protein levels were 

upregulated compared to healthy RC-fed rats but MBH Hsp90 (P=0.29) and MBH Hsp70 

(P=0.73) protein levels were unaffected by 3-day HFD feeding (figure 3.8.2).  

  

 
  



 
 

82 

 
  

b 
 

 
Hs

p9
0α

/β
:T

ub
   

 

 
Hs

p7
0:

Tu
b 

c 
 

a 
 

 
GR

:T
ub

 
 

MBH saline 

MBH DEX 

   
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8.1 – Representative western blots and protein levels in MBH wedges 

normalized to tubulin (Tub) in RC-fed rats. a) GR, b) Hsp90α/β and c) Hsp70. MBH 

infusion saline (n=6, white bars) and DEX (n=6, black bars). *P<0.05.   
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Figure 3.8.2 – Representative western blots and protein levels in MBH wedges 

normalized to tubulin (Tub) in 3-day HFD-fed compared to RC-fed rats. a) GR, b) 

Hsp90α/β and c) Hsp70. RC group (n=6, white bars) and HFD (n=6, black bars). 
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3.9 – Liver-specific biochemical and molecular mechanisms involved in MBH GC-

mediated regulation of hepatic glucose production 

Western blotting and qRT-PCR were done on liver tissue from rats that underwent 

different MBH treatment groups and diets in order to start to understand the mechanisms 

underlying how brain GC signalling regulates peripheral tissues to elicit changes in glucose 

metabolism in healthy and pre-obese conditions. We first investigated whether MBH GC 

action following an acute infusion of MBH DEX or from 3-day HFD feeding induced any 

changes in protein levels of hepatic glucoregulatory enzymes (pPDH-E1α, PDH-E1α, 

PDK1, PDPc, HXK II, PEPCK) given that MBH DEX and HFD stimulates hepatic GP 

during euglycemic clamp experimentation. Whereas PEPCK is an enzyme involved in the 

gluconeogenesis pathway, HXK and PDH are involved in glycolysis. PDK inhibits PDH 

through phosphorylation (pPDH) and PDP reverses the effects of PDK on PDH by 

dephosphorylating pPDH (see figure 1.2.3 schematic of enzyme activities of glucose 

metabolism pathway).  

 

Quantification by densitometry of western blots demonstrated that neither acute 

MBH DEX infusion, nor MBH MIF and MBH MIF+DEX infusions affected the protein 

levels of any of the glucoregulatory enzymes examined in the liver compared to MBH 

saline controls after being normalized to tubulin (figure 3.9.1 and 3.9.2). In HFD-fed 

animals, the same series of hepatic glucoregulatory enzymes were investigated. Although 

an acute infusion of MBH MIF improved glucose homeostasis in 3-day HFD-fed rats, this 

improvement in glucoregulation occurred independently of any significant changes in 

protein levels of the hepatic glucoregulatory enzymes examined (figure 3.9.3). 
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 Gluconeogenic enzyme gene expression was next investigated as hypothalamic 

signalling following nutrient and hormone sensing has shown to regulate peripheral glucose 

through the modulation of hepatic expression of G6Pase and PEPCK. After being 

normalized to cyclophilin, qRT-PCR analysis demonstrated that in RC-fed rats acute MBH 

DEX infusion upregulated G6pc mRNA compared to MBH saline controls and this effect 

was blunted with a co-infusion of MBH MIF+DEX (figure 3.9.4a). In contrast, Pck1 

expression was unaffected by any of the MBH treatments (figure 3.9.4b). In addition, MBH 

MIF had no effect on either G6pc or Pck1 gene expression in 3-day HFD-fed rats compared 

to MBH saline controls (figure 3.9.5). 

 

 Hepatic glycogen content was also measured in livers that were immediately 

feezed-clamped following euglycemic clamp experimentation. Acute MBH DEX infusion 

had no effect on glycogen content in the liver when compared to RC MBH saline controls 

(figure 3.9.6a). However, it should be noted that following a 5h fast plus 5h food 

deprivation during clamp experimentation glycogen content in rat livers would be expected 

to be low. In addition, MBH MIF did not significantly affect hepatic glycogen levels in 3-

day HFD-fed rats compared to MBH saline controls (figure 3.9.6b), but it is important to 

note that sample sizes for this assay were small. Because glycogen breakdown contributes 

to hepatic GP and MBH MIF decreased GP compared to MBH saline, it could be expected 

that hepatic glycogen content would be greater in MBH MIF HFD-fed rats. 

 
  



 
 

86 

 
  

 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

b 
 

 
PD

H-
E1

α:
Tu

b 
   

 

 
PD

Pc
:T

ub
 

c 
 

a 
 

 
pP

DH
-E

1α
:T

ub
 

 

MBH MIF 
MBH MIF+DEX 

MBH saline    
MBH DEX    

0.0

0.4

0.8

1.2

1.6

0.0

0.2

0.4

0.6

0.0

0.2

0.4

0.6

d 
 

 
PE

PC
K:

Tu
b 

 

e 
 

 
HX

K 
II:

Tu
b 

   
 

 
PD

K1
:T

ub
 

f 
 

0.0

0.4

0.8

1.2

0.0

0.2

0.4

0.6

0.8

0.0

0.3

0.6

0.9

Figure 3.9.1 – Protein levels of glucoregulatory enzymes in liver tissue normalized 

to tubulin (Tub) in RC-fed rats. a) pPHD-E1α, b) PHD-E1α, c) PDPc, d) PEPCK, e) 

HXK II and f) PDK1. MBH infusion of saline (n=8), DEX (n=8), MIF (n=4) and 

MIF+DEX (n=5). Associated western blots are represented in figure 3.9.2. 
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Figure 3.9.2 – Representative western blots for glucoregulatory enzymes in liver 

tissue normalized to tubulin (Tub) in RC-fed rats.  Gel 1: pPHD-E1α, PHD-E1α, 

PDPc and PEPCK. Gel 2: HXK II and PDK1. MBH infusion of saline (n=8), DEX 

(n=8), MIF (n=4) and MIF+DEX (n=5). Associated with figure 3.9.1. 
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Figure 3.9.3 – Representative western blots and protein levels of glucoregulatory 

enzymes in liver tissue normalized to tubulin (Tub) in 3-day HFD-fed rats. Gel 1: a) 

pPHD-E1α, b) PHD-E1α, c) PDPc and d) PEPCK. Gel 2: e) HXK II and f) PDK1. MBH 

infusion of saline (n=5) and MIF (n=5). 
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Figure 3.9.4 – Relative gene expression of gluconeogenic enzymes in liver tissue in 

RC-fed rats. a) G6pc gene (G6Pase), b) Pck1 gene (PEPCK). MBH infusion of saline 

(n=7/n=8), DEX (n=7/n=8), MIF (n=3/n=6) and MIF+DEX (n=5/n=8) [G6pc/Pck1]. 

MBH saline control normalized to 1.0. *P<0.05 for MBH DEX versus MBH saline and 

MBH MIF+DEX.  
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Figure 3.9.5 – Relative gene expression of gluconeogenic enzymes in liver tissue in 

3-day HFD-fed rats. a) G6pc gene (G6Pase), b) Pck1 gene (PEPCK). MBH infusion of 

saline (n=5) and MIF (n=5). MBH saline control normalized to 1.0.  
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Figure 3.9.6 – Hepatic glycogen content in liver tissue in RC and 3-day HFD-fed 

rats. a) RC; MBH infusion of saline (n=5) and DEX (n=6), b) HFD; MBH infusion of 

saline (n=4) and MIF (n=5). Glycogen is expressed in µg/µg of protein. 
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Chapter 4: DISCUSSION, LIMITATIONS & 
CONCLUSION 
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4.1 – Overview of Significance 

 As discussed in the introduction of this thesis, hypothalamic regions of the brain can 

sense fluctuations in hormones and nutrients such as glucose139–141, amino acids142, fatty 

acids143,145, insulin146–148,151–154 and glucagon157,158 to control metabolic homeostasis137. This 

list is not exhaustive, and in fact, the brain can sense other hormones such as leptin184, 

GLP-1185 and resistin186 to regulate glucose metabolism, and impairments in hypothalamic 

sensing has been demonstrated to disrupt metabolic homeostasis by promoting aberrant 

glucose regulation and the development of obesity160,161. Although fluctuations in 

extracellular glucose can be sensed by hypothalamic neurons, changes in brain interstitial 

fluid glucose levels are delayed compared to changes occurring in the systemic 

circulation187. Given that the brain cannot solely rely on local concentrations of glucose for 

adequate glucoregulation, the integration of numerous efferent signals plays an important 

part in the brain’s ability to effectively regulate whole-body glucose homeostasis187.  

 

Data presented in this thesis contributes to the knowledge of how the hypothalamus 

senses GCs to contribute to CNS-mediated whole-body glucoregulation. Elevated GC 

levels, signalling, and/or activity is commonly observed in diabetes and obesity and is 

associated with disrupted glucose homeostasis. Hypothalamic GC action has been 

previously shown to induce metabolic disturbances such as alter insulin sensitivity in 

peripheral tissues responsible for regulating glucose uptake as well as dampen the 

suppressive effect of insulin to inhibit endogenous GP during clamp experimentation165,166. 

Despite clear evidence linking MBH GC action to aberrant glucose regulation, intracellular 

mechanisms underlying the effects of brain GC signalling to elicit changes in glucose 

metabolism in healthy and pre-obese/obese states still remain largely unknown.  
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4.2 – Discussion of Results 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
4.2.1 – MBH GR signalling in RC-fed rats 

  Results obtained from this study highlight the role of the MBH in modulating whole 

body glucose metabolism in response to GC action. In RC-fed rats, acute MBH infusion of 

the synthetic GC DEX impaired glucose tolerance and elicited an increase in hepatic GP 

under both basal and mild hyperinsulinemic euglycemic clamp conditions without affecting 

 MBH treatment  
group  

Hepatic glucose 
production 

Hepatic insulin  
sensitivity 

RC MBH DEX ↑ ↓ 

 MBH MIF+DEX n.p. ↔ (blocked DEX) 

 MBH GR shRNA+DEX n.p. ↔ (blocked DEX) 

 MBH 17-AAG+DEX n.p. ↔ (blocked DEX) 

 MBH Hsp90 shRNA+DEX n.p. ↔ (blocked DEX) 

HFD MBH MIF n.p. ↑ 

 MBH GR shRNA n.p. ↑ 

 MBH 17-AAG n.p. ↔ (no improvement) 

 MBH Hsp90 shRNA n.p. ↔ (no improvement) 

Table 4.2.1 – Summary of experimental results. Arrows (↑,↓) represent changes or 

no change (↔) in hepatic glucose production and insulin sensitivity compared to MBH 

saline controls in the two diet groups. Hepatic glucose production and insulin sensitivity 

is based on clamp periods of basal insulin (0.8mU/min/kg) and mildly hyperinsulinemic 

(1.2mU/min/kg) euglycemic clamp experimentation respectively. n.p.= data not 

presented. 
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peripheral GU. These results are in harmony with previous work that has demonstrated that 

acute GC infusion delivered directly into the ARC by retrodialysis induces hepatic insulin 

resistance but does not affect GU166. In contrast to our results, hypothalamic GC action has 

been reported to induce muscle insulin resistance165. This difference can be explained by 

the fact that these studies infused DEX more chronically (2 days) into the brain165 and that 

the onset of hepatic insulin resistance occurs prior to impairments in peripheral insulin 

sensitivity179. 

 

With chemical and genetic loss-of-function approaches, we demonstrate that MBH 

GC glucoregulatory action requires MBH GRs and MBH Hsp90 as targeted inhibition of 

either of these structures negates the effects of MBH DEX. We observe an upregulation in 

MBH Hsp70 with MBH DEX, and this may be the result of a neuroprotective response 

because Hsp70 plays a role in the protection from oxidative stress188,189. In fact, DEX 

treatment on rat hippocampal slices and cortical neurons has been shown to induce 

neurotoxicity via GR activation189,190. In these experiments, DEX-mediated oxidative stress 

peaked after only 4 hours of initial exposure to DEX, and pre-treatment with MIF for 30 

minutes prevented reactive oxygen species formation190. The implication of Hsp90 and 

Hsp70 in regulating different aspects of metabolism has more recently emerged. Targeting 

the manipulation of the expression of these chaperones in different tissues has been 

considered a therapeutic prospective in the treatment of obesity and T2D191. For example, 

upregulating whole body Hsp70 through heat shock treatment reduces the expression of 

inflammatory markers in the pancreas, liver and skeletal muscles as well as improves 

hepatic and skeletal muscle insulin sensitivity in mouse models of insulin resistance and 

T2D192–195. In contrast, Hsp70 knockout mice are phenotypically insulin resistant and gain 
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more body weight than controls196. Furthermore, diet-induced obesity has shown to 

upregulate Hsp90 in skeletal muscle of mice while Hsp90 inhibition improves glucose 

tolerance and insulin sensitivity in obese and diabetic mouse models197,198. Taken together, 

Hsp70 seems to play a beneficial role in the maintenance of metabolic homeostasis, at least 

in peripheral tissues, in contrast to Hsp90 which seems to be associated with adverse 

metabolic outcomes.  

 

 In these RC-fed animals, MBH DEX modulation of hepatic GP associates with a 

upregulation of hepatic G6pc mRNA expression, which is in line with previous metabolic 

studies that link hypothalamic hormone and nutrient sensing and subsequent increases in 

hepatic GP with increased gluconeogenesis141,152,155,156. This occurred independently of any 

changes in hepatic Pck1 mRNA, any changes in protein expression of hepatic 

glucoregulatory enzymes pPDH-E1α, PDH-E1α, PDK1, PDPc, HXK II and PEPCK, as 

well as hepatic glycogen content. G6Pase is a rate limiting gluconeogenic enzyme that 

hydrolyzes glucose-6-phosphate to free glucose. Following this final step in the 

gluconeogenesis pathway, glucose is exported out from the liver and released into systemic 

circulation. Given that local GC action in the liver directly upregulates gluconeogenesis and 

that T2D and obesity are characterized by increased hepatic GP and insulin resistance11,12, 

we postulate that MBH GC action also contributes to the stimulation of hepatic GP through 

an upregulation of gluconeogenesis driven by CNS-liver neurocircuitry, which could 

involve innervation of the liver by the hepatic vagus nerve165 or hepatic sympathetic 

nerve166, which will be discussed in further detail below in section 4.3.3. 
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4.2.2 – MBH GR signalling in 3-day HFD feeding  

Since MBH GR and MBH Hsp90 inhibition restored glucose homeostasis in MBH 

DEX-treated RC-fed animals that had stimulated hepatic glucose production, we postulated 

that blocking MBH GC action in a model of diet-induced pre-obesity, which has elevated 

GC levels, would have therapeutic relevance for improving glucoregulation. Evidence 

supports the notion that the hypothalamus is an important site to regulate glucose 

metabolism, and that changes to the hypothalamus induces aberrant glucose regulation in 

animal models of HFD feeding and obesity160,161. Upon 3-days of HFD feeding, the rats 

exhibited altered metabolic profiles compared to heathy RC-fed counterparts. Consistent 

with previous reports, rats fed with a 10% HFD for 3 days were hyperinsulinemic, mildly 

hyperglycemic and hepatic insulin resistant158,168,179. We now show that 3-day HFD feeding 

also led to hypercorticosteronemia and impaired glucose tolerance without affecting insulin 

sensitivity in metabolically active tissues.  

 

Given that circulating levels of CORT is elevated in these animals, we proposed 

that elevated circulating GCs, which cross the blood-brain-barrier, contribute to increased 

MBH GC signalling to affect glucose metabolism in HFD-fed rats. Using both chemical 

and genetic loss-of-function approaches, we demonstrate that MBH GC glucoregulatory 

action in pre-obese rodents requires MBH GRs but surprisingly not MBH Hsp90 because 

inhibition of MBH GRs improves glucoregulatory control whereas blocking MBH Hsp90 

has no effect. It should be acknowledged that we did not have a positive control to directly 

assess if MBH 17-AAG and Hsp90 shRNA worked during these experiments. Nonetheless, 

the same batch of 17-AAG and Hsp90 shRNA was used in concurrent experiments in RC-

fed rats to show that it blocked the effects of MBH DEX. However, we cannot confirm if 
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the dose of 17-AAG, or extent of knockdown with Hsp90 shRNA, used for HFD 

experiments was sufficient to block the postulated higher level of GC action in the MBH of 

3-day HFD-fed rats. 

 

Although it was initially thought that acute HFD feeding would stimulate hepatic 

GP through an upregulation of gluconeogenic enzymes, amelioration of glucose 

homeostasis with MBH MIF occurred independently of any changes in hepatic G6pc and 

Pck1 mRNA, any changes in protein expression of hepatic glucoregulatory enzymes 

pPDH-E1α, PDH-E1α, PDK1, PDPc, HXK II and PEPCK, as well as glycogen content. 

Given this lack of change in hepatic enzymes following acute MBH GR inhibition, future 

analyses could investigate whether chronic MBH GR inhibition with GR shRNA yields the 

same enzymatic phenotype or whether more prolonged inhibition is needed to observe 

hepatic glucoregulatory enzyme modulation in our chronic 3-day HFD model. 

 

4.2.3 – MBH GC-mediated signalling in pre-obesity differs from RC-fed rodents 

Taken together, our results suggest that MBH GC-mediated signalling in HFD-fed 

rats differs from RC-fed rats and is possibly mediated through a non-classical GR 

signalling pathway occurring independently of MBH Hsp90. One such non-classical GR 

signalling pathway that does not require Hsp90 is that which is mediated via GRs that are 

found in the plasma membrane (mGRs). Importantly, evidence supports the existence of 

mGRs in neuronal membranes131. It should be noted that the GR loss-of-function 

techniques that we employed – pharmacologically with MIF and genetically with GR 

shRNA – inhibits both cytosolic and mGR in our experiments and as such, the type of GR 

that mediated the effects of GCs could not be confirmed. Furthermore, the physiological 
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presence of mGRs has been observed in immune cells, and it has been documented that 

their frequency is upregulated with immunostimulation130. In fact, patients with rheumatoid 

arthritis have an increased frequency of mGR positive monocytes, and this upregulation is 

positively correlated with disease severity130. Thus, mGRs mediate immune responses, and 

whether they do so in the brain also remains to be determined. 

 

Interestingly, hypothalamic inflammation, which involves immune cells of the brain 

(e.g. microglia and macrophages199), rapidly occurs following the overconsumption of 

calorie dense food in humans and in rodents200. Significant increases in markers of 

hypothalamic inflammation can be detected within a few days of the commencement of 

HFD feeding in rodents prior to any weight gain200. Using MRI techniques, gliosis has been 

demonstrated to be upregulated in the MBH of obese humans which indicates the presence 

of hypothalamic inflammation and neuronal injury200,201. In addition, prolonging a fat-rich 

diet has shown to lead to the activation of cellular stress mechanisms in the MBH 

demonstrated by an upregulation in inflammatory cytokines such as TNFα and IL-1β and 

increased gliosis137,188,202. Other studies have also demonstrated that ICV administration of 

TNFα stimulates neuronal cell death through hypothalamic apoptotic signalling203. Most 

importantly, it has been demonstrated that inhibiting the NF-ĸB pathway in the 

hypothalamus restores hypothalamic control of metabolism in diet induced obesity204.  

 

Given the relationship between inflammation and mGRs130, the fact that neural cells 

express mGRs131, and that mGRs mediate GC signalling128,129, investigating whether 3-day 

HFD feeding increases mGR abundance within the MBH may help explain the discrepancy 

between MBH GC-mediated signalling in HFD feeding and RC-fed rats. HFD for 3 days 
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increased total MBH GR protein abundance compared to RC-fed controls, and it is 

therefore possible that the observed increase results from an upregulation in mGR. Future 

analyses by our lab will quantify MBH GR protein levels in the cytoplasm versus plasma 

membrane in both RC- and HFD-fed rats to determine if HFD selectively upregulates 

mGRs. In addition, to determine a potential role of mGRs to mediate the glucostimulatory 

actions of MBH GCs, future experiments could investigate the involvement of MBH mGRs 

on hepatic GP following MBH DEX infusion and 3-day HFD feeding by specifically 

inhibiting mGR signalling or with the use of membrane-limited GCs such as DEX-BSA205, 

although the infusion of BSA into the brain in vivo may warrant caution206. Findings from 

these experiments may help explain why MBH GR inhibition, but not MBH Hsp90 

inhibition, improves hepatic insulin sensitivity in HFD-fed rats. 
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4.3 – Future Directions: Further delineating the mechanisms underlying the effects of 

brain GC signalling on glucose metabolism 

 

4.3.1 – FFA contribution to hepatic GP 

Another mechanism that may be contributing to the increase in hepatic GP 

following MBH GC action, especially with short-term HFD feeding, may be through an 

increase in circulating levels of FFAs. Hypercorticosteronemia promotes lipolysis in WAT 

and consequently leads to the release of FFAs into the systemic circulation83. It would 

therefore be important to investigate in the future if plasma FFA concentrations in our 

animals were modulated following MBH DEX infusion or 3-day HFD feeding given that 

FFAs can stimulate gluconeogenesis through an increased pyruvate flux107. Despite this 

possible mechanism involving the contribution of FFAs in increased hepatic GP, others 

have reported that 3-day HFD feeding does not elicit any changes in plasma FFA levels169. 

 

4.3.2 – Hypothalamic neural populations 

In the brain, neural expression of GRs is ubiquitous and all glial cells express GRs 

as well207. However, biochemical and immunohistochemical studies have demonstrated that 

Hsp90 is present in almost all neurons of the brain, including the hypothalamus, but Hsp90 

expression is undetected in glial cells208,209. In addition to neurons, glial cells have recently 

been given a role in being important modulators in CNS-mediated regulation of energy 

homeostasis210. Similarly to neurons, glia are equipped with hormone and nutrient sensing 

mechanisms. For example, hypothalamic astrocytes can sense extracellular glucose and 

insulin to help assist with CNS-mediated regulation of glucose metabolism211,212. Thus, the 
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relative contribution of neurons versus glia in sensing GCs to regulate glucose metabolism 

warrants future investigation.  

 

Although the findings from this study clearly demonstrate that hypothalamic GR 

signalling stimulates the MBH to modulate glucose metabolism, the specific hypothalamic 

neuronal population(s) involved in mediating the glucoregulatory action of MBH GC-

action remains unknown. GR loss-of-function with genetic approaches targeted to specific 

neural populations such as POMC and NPY/AgRP neurons would allow further delineation 

of molecular mechanisms of GC action in the brain that modulate glucose homeostasis in 

normal and pre-obese/obese rodents. Given that orexigenic AgRP neurons are necessary for 

the maintenance of whole body glucose homeostasis152,153, it can be postulated that MBH 

DEX or HFD feeding disrupts glucose homeostasis through NPY release following MBH 

GC action on GRs colocalized in AgRP neurons. In fact, it has been previously 

demonstrated that hepatic insulin resistance following GR activation in the ARC results 

from GC-stimulated hypothalamic release of NPY166; however, whether HFD-induced 

increases in GC action in the MBH follows this signalling mechanism remains to be 

investigated. Downregulation of hypothalamic anorexigenic POMC neuron activity may 

also contribute to the mechanism involved in mediating the glucoregulatory action of MBH 

GC-action. In fact, POMC neuron activity has shown to be reduced in diet-induced obese 

mice fed a HFD213. Furthermore, it has been demonstrated that hypothalamic inflammation 

and apoptotic activity following HFD feeding selectively reduces hypothalamic POMC 

expression in comparison to NPY214. Given the differential roles of AgRP/NPY and POMC 

neuronal activity on glucose regulation, future studies directed at identifying a role for GCs 

to stimulate these neuronal populations are warranted.  
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4.3.3 – CNS-liver neurocircuitry  

Following MBH GC action, it still remains unclear how the brain mechanistically 

stimulates hepatic GP. Neural signals from the MBH can be relayed to other neurons in 

integrative brain regions, including within nuclei in the brainstem, which can subsequently 

communicate to the liver through either efferent sympathetic or parasympathetic 

projections and modulate metabolism167–169. The literature presents conflicting evidence 

regarding whether the metabolic effects following MBH GC action are driven through 

sympathetic or parasympathetic signals to the liver165,166. Whereas one group of researchers 

demonstrated that the metabolic effects of ICV DEX infusion were inhibited in 

vagotomized rats165, another group didn’t find any evidence supporting the involvement of 

the hepatic vagus nerve166. In contrast, the latter group demonstrated that ARC DEX 

infusion affected metabolism through sympathetic nerves to the liver166.  

 

Hypercorticosteronemia may stimulate afferent vagal signals carried out from the 

liver to the brain which may in turn also play a role in contributing to hepatic insulin 

resistance215. For example, elevated levels of GCs have been demonstrated to activate 

PPARα signalling in the liver, which in turns drives an afferent signal to the brain via the 

hepatic vagus nerve. The brain then integrates the signal and subsequently stimulates 

hepatic GP215. Therefore, performing hepatic sympathetic and parasympathetic denervation 

surgeries on our animals undergoing euglycemic clamp experimentation would allow us to 

further understand the CNS-liver neurocircuitry that drives the stimulation of hepatic GP 

following MBH GC action. 
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4.4 – Limitations 

 

4.4.1 – HFD feeding studies 

The in vivo experiments performed in this study allowed delineation of molecular 

and physiological mechanisms of GC action in the brain that modulate glucose homeostasis 

in RC-fed and hypercorticosteronemic pre-obese rodents, but MBH GR signalling should 

also be investigated in animal models of obesity and diabetes, which are more chronic 

states of metabolic disease, to further emphasize physiological relevance. The same in vivo 

experiments that were initially performed in 3-day HFD-fed rats should be recapitulated in 

for example, rats with diet-induced obesity and in rats with low-dose streptozotocin- 

nicotinamide-induced T2D (nicotinamide helps protect β-cells against total STZ-induced 

destruction168), and examine whether MBH GR antagonism can also improve glucose 

homeostasis in a more established diseased state168,216.  

 

4.4.2 – Pharmaceuticals used for MBH treatments 

 Although the results following in vivo experimentation clearly demonstrate that 

MBH GCs act on MBH GRs to elicit changes in glucose metabolism, some limitations exist 

regarding the pharmaceuticals used to study the intracellular mechanisms underlying the 

effects of brain GC signalling. Although DEX is a widely used synthetic GC, its structure 

and affinity to GRs differs from biologically occurring CORT. Synthetic DEX is removed 

from the circulation at a slower rate and has a higher receptor binding affinity to GR and 

higher potency than endogenous CORT217,218. The structure of DEX differs from CORT at 

three positions where DEX has 1) an extra double bond between carbons C1-C2, 2) a C-16-

α-methylation and 3) a C-9-α-halogenation (figure 4.4.1)218. The C1-C2 double bond of 
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DEX allows for all the hydrophilic groups to form an extensive hydrogen bond network 

with the GR and thereby increase its binding affinity218,219. Although the use of DEX has its 

advantages over CORT for studying MBH GC signalling as DEX almost exclusively binds 

to GRs and has minimal effects on MR activity220, it would be important to also verify the 

effects of MBH CORT infusion on glucose metabolism as well as MBH MR inhibition.  

 

 

 

The use of MIF as a GR antagonist is also a limitation in this study. The competitive 

receptor antagonist MIF is historically known as an abortion drug that acts through the 

Figure 4.4.1 – Chemical structures of corticosterone (CORT) and dexamethasone 

(DEX). The structure of DEX (right) differs from CORT (left) at three positions 

indicated by red arrows: 1) an extra double bond between carbons C1-C2, 2) a C-16-α-

methylation and 3) a C-9-α-halogenation. 

CORT DEX 

1 

2  
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inhibition of progesterone receptors (PR)221. In addition to inhibiting PRs, MIF also 

antagonizes GRs and androgen receptors (IC50: PR<GR<AR)222,223, but has no effect on 

MRs or estrogen receptors224. In addition, PRs are found in hypothalamic regions of the 

brain such as the ARC and VMH225,226 and GCs have been reported to non-selectively bind 

to GRs by binding to PRs227. Since MIF and GCs have the ability to bind to various steroid 

receptors and less is known about how MBH PRs regulate peripheral glucose metabolism 

in male rats, future studies are warranted to rule out PR involvement in mediating GC 

signalling to elicit changes in glucose metabolism. However, we can demonstrate in our 

study MBH MIF acted on MBH GRs to inhibit the glucoregulatory actions of MBH GC as 

complementary genetic loss-of-function approaches with GR shRNA also negated the 

effects of MBH DEX on glucose metabolism, recapitulating the same results as MBH MIF.  

 

4.4.3 – Measurement of brain physiological concentrations of CORT 

Although GCs cross the blood-brain barrier and act on GRs in the brain, less is 

known about the extracellular levels of CORT within the MBH of rats in vivo. 

Microdialysis assessment in RC-fed and 3-day HFD-fed rats would allow us to quantify the 

local physiological increase in GCs in the MBH following HFD-induced systemic 

hypercortisolemia.  

 

4.4.4 – Euglycemic clamp experimentation 

 Although pancreatic euglycemic clamp experimentation with tracer dilution 

methodology is the gold standard technique for studying glucose turnover, the pancreas 

cannot respond physiologically in this setting. During clamp conditions, insulin is infused 

into the animal at a pre-determined continuous dose matched to the animal's body weight 



 
 

107 

and subsequently allows measurement of hepatic GP and insulin sensitivity. Insulin 

replacement values are then assessed by measuring plasma insulin levels during basal and 

clamp periods. In a glucose clamp setting, somatostatin is infused to “clamp” the pancreas 

such that hepatic GP can be quantified independent of changes to circulating insulin and 

glucagon levels. Despite this limiting factor, in vivo experimentation was complimented 

with ivGTT experiments and demonstrated that under physiological conditions MBH GC 

signalling decreases glucose tolerance.  
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4.5 – Conclusion  

 In summary, we reveal novel insight on intracellular mechanisms underlying the 

effects of brain GC signalling to elicit changes in glucose metabolism in both healthy and 

pre-obese hypercorticosteronemic animal models (figure 4.5.1). In humans, excessive 

levels and/or action of GCs is associated with T2D, obesity, insulin resistance, and 

hyperglycemia24,25. Clear evidence linking MBH GC action to aberrant glucose regulation 

has been previously reported and results from this study newly demonstrates that MBH 

GC-mediated signalling is mediated via MBH GRs in both RC-fed and 3-day HFD-fed rats. 

Blocking excessive MBH GC action with either acute or chronic MBH GR inhibition 

attenuates MBH DEX and HFD-stimulated hepatic GP leading to an improvement in 

glucose homeostasis. Furthermore, we demonstrate that MBH Hsp90 is also involved in 

MBH GC-mediated signalling in RC-fed rats, but not in 3-day HFD feeding. In our model 

of pre-obesity, MBH GC-mediated signalling is most likely mediated through a non-

classical GR signalling pathway occurring independently of MBH Hsp90 such as mGRs 

given the relationship between HFD feeding and inflammation, and the latter with 

mGRs130,137,188,200,202.  

 

The CNS has emerged as a potential target for clinical intervention and elucidating 

MBH GC action and signalling that modulates glucose metabolism in disease states could 

help identify prospective therapies that would restore metabolic balance in obesity-related 

metabolic diseases such as diabetes. In fact, a growing body of evidence in animal studies 

supports that brain pathways also play an imperative role in glucose homeostasis in 

humans228–230. Pharmaceuticals have already been implicated in ameliorating metabolism in 

humans by triggering brain pathways. For example, lorcaserin was FDA approved in 2012 
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as an anti-obesity drug and acts to reduce food intake by activating 5-HT2C serotonin 

receptors in the hypothalamus231. In addition, the anti-diabetic drug liraglutide which acts 

to reduce blood glucose levels through glucagon-like-peptide 1 receptor agonism in the 

pancreas also induces anorectic effects and decreases body weight by stimulating POMC 

neuron activity in the ARC232–234. Not only is brain GC action research beneficial for 

restoring disturbances in nutrient and energy homeostasis in obesity and T2D, but may 

offer additional health applications. Given that hypercortisolemia is also implicated in 

depression, neurodegeneration, and age-related disorders, the development of therapies 

targeting MBH GC-mediated signalling could have a wide spread of clinical 

applications29,235,236. 
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Figure 4.5.1 – Summary of thesis results and proposed intracellular mechanisms 

underlying the effects of brain GC signalling to elicit changes in glucose 

metabolisms in both healthy and pre-obese hypercorticosteronemic animal models. 

Inhibition of MBH GRs or MBH Hsp90 negates the effect of acute MBH GC infusion in 

healthy RC-fed rats. 3-day HFD feeding increases circulating GCs and increases MBH 

GC signalling. Glucose homeostasis in HFD feeding can be restored through MBH GR 

but not MBH Hsp90 inhibition.        
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