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Abstract 

Background: In metabolic disease statues, such as diabetes and obesity, dyslipidemia is 

characterized by a dysregulation of lipid homeostasis, due in part to elevated triglyceride (TG)-

rich very low-density lipoprotein (VLDL-TG) production and secretion by the liver. Further, 

these metabolic diseases are associated with excessive levels and/or actions of glucocorticoids 

(GCs), which may contribute to dyslipidemia. The dysregulation of VLDL-TG secretion, and 

particularly its hypersecretion in metabolic disease states, remains largely unknown. The brain, 

including the medial basal hypothalamus (MBH), senses circulating nutrients and hormones to 

regulate lipid metabolism and VLDL-TG secretion. Whereas the peripheral effects of GCs are 

well known, including the direct effect of GCs to stimulate hepatic VLDL-TG secretion, the 

central effects of GCs acting in the MBH to regulate lipid metabolism is unknown. Given the 

link between GCs and metabolic disease states, that GCs act in the periphery to effect lipid 

metabolism, and the fact that the brain is a hormone-responsive liporegulatory site, the aim of 

this study was to explore if GCs can act directly in the MBH to regulate liver VLDL-TG 

secretion to better understand mechanisms by which blood lipid levels may be lowered in those 

with dyslipidemia.  

Hypothesis: (1) GCs act via the glucocorticoid receptors (GRs) in the MBH to modulate liver 

lipid homeostasis by increasing plasma TG and hepatic VLDL-TG secretion; (2) inhibition of 

MBH GC action (by blocking MBH GRs or downstream mediators of GC-GR action specifically 

within the MBH), will improve liver lipid metabolism in diet-induced hyperlipidemic rats. 

Methods: Male Sprague Dawley rats underwent stereotaxic MBH bilateral cannulation and 

vascular catheterization to enable direct-continuous MBH infusion, intravenous infusion, and 

arterial blood sampling. Following MBH cannulation, a subset of rats received either a MBH 
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specific injection of a lentivirus containing a GRshRNA, to act as a GR knockdown, a heat shock 

protein 90 sh RNA (Hsp90 shRNA), to act as an Hsp90 knockdown, or a mismatch (MM) 

sequence to act as a control. A subset of rats were subjected to a 3-day high fat diet (HFD), as an 

acute model of diet-induced obesity. Following a 10-hour fast, free-moving, conscious rats were 

subjected to a direct, and continuous MBH infusion of a specific brain treatment (dexamethasone 

(DEX), as a synthetic GC, mifepristone, as a GR inhibitor, or a Hsp90 inhibitor) or saline paired 

with an intravenous poloxamer injection to inhibit lipoprotein lipase. Plasma samples were 

collected and TGs, glucose, and free fatty acids (FFAs) were quantified. Following 

experimentation rats were euthanized and brain and liver samples were collected for gene 

expression and protein level analysis.  

Results: Direct MBH GC infusion, in the form of DEX, increased plasma VLDL-TG secretion 

compared to MBH vehicle-infused controls, and this effect was negated via the inhibition of the 

MBH GR. These changes occurred independent of changes in plasma apolipoprotein B (apoB)- 

48, apoB-100, glucose, FFAs, hepatic expression of Srebf1c, Scd1, Dgat1/2, Fasn, Lpin2, Cideb, 

Nr1h3, Nr1h2, Arf1, Cpt1a, Ppara, or hepatic protein levels of MTP, P-ACC/ACC, DGAT1, 

Arf1, or FAS relative to controls. In HFD-fed rats, which are characterized by elevated basal 

plasma GC and TGs, the chronic (13-day) inhibition of the GR via GRshRNA or the inhibition 

of Hsp90, in the MBH, significantly decreased plasma TGs and TG-rich lipoprotein secretion. 

The chronic (13-day) inhibition of Hsp90 in the MBH, using Hsp90 shRNA, in the 3-day HFD 

fed rats was associated with lower basal plasma FFAs, and lower plasma TG:apoB-100 ratio 

following experimentation compared to HFD controls.  

Conclusion: The results of these studies provide evidence that MBH GC action alters fasting 

lipid metabolism, by increasing TG-rich lipoprotein secretion. Further, we show for the first time 
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that inhibition of GRs in the MBH negates diet-induced hypertriglyceridemia. The significance 

of this data is that it suggests that GC action in the hypothalamus may contribute to TG-rich 

lipoprotein overproduction and dysregulation of lipid homeostasis in diet-induced 

hypertriglyeridemia.  

 

 

  



v 

 

Preface 

 This thesis is an original work by Miguel Cardoso. The research project, of which this 

thesis is a part of, received research ethics approval from the University of Alberta Research 

Ethics Board, Project Name “CNS regulation of metabolic homeostasis”, number 1604. This 

project was funded by the Canadian Institute of Health Research (CIHR), the Natural Sciences 

Research Council of Canada (NSERC), and Diabetes Canada Scholar Award. Miguel Cardoso 

was funded the Faculty of Medicine & Dentistry (FOMD) 75th anniversary award for the final 

year of this project, as well as by the Graduate Students’ Association (GSA) and the Department 

of Physiology from the University of Alberta for conference travel funding.  

 In Chapter 1 of this thesis, in section ‘1.5. Central/ brain metabolic effects of 

glucocorticoid action’, Miguel Cardoso is a co-author of two articles published by Emilie 

Beaulieu-Bayne (EBB), who was a previous Master of Science student at the Yue laboratory. 

Miguel Cardoso assisted with general animal maintenance and care, as well as harvest plasma 

samples and tissue collection.  Additionally, Miguel Cardoso has published an abstract from 

work from this project, which was not referenced in this thesis.  

 Lastly, in Chapter 1 of this thesis, in section ‘2.9. Liver mRNA expression’, the protocol 

and practices (lab equipment use and assistance with interpretation of data) of the quantitative 

real time polymerase chain reaction (qRT-PCR) was provided by Mr. Randal Nelson, a lab 

technician from the Dr. Richard Lehner laboratory at the university, as part of a collaboration 

with the Dr. Lehner and Dr. Yue laboratories.   

  



vi 

 

Acknowledgements  

 I would firstly like the thank my supervisor, Dr. Jessica Yue, for taking me on for this 

project, her continuous patience, the opportunities she provided me with, and guidance during 

my graduate studies. To Bryan Lum, our lab manager, thank you for performing all the MBH 

cannulation surgeries and vascular catheterization surgeries (with the help of Dr. Yue). 

Additionally to Carrie-Lynn Soltys, our lab technician for the first two years of my studies, thank 

you for teaching all the molecular work you performed as well as all the molecular work you had 

taught me. To all the current and past undergraduate Yue lab members, thank you for all your 

help, teaching experience, and for creating a friendly working environment. A special thank you 

to Mark Wang, Eyram Asem, Emily J. Ling, and Hongju (Jennifer) Lee for being directly 

involved in this thesis project. Additionally, to the past and present graduate students, especially 

to Emilie Beaulieu-Bayne (EBB) and Hellen Veida da Silva, for not only putting up with me at 

the lab, but being my friend. Furthermore, a special thank you to EBB for also being directly 

involved in this project. Thank you to Dr. Robin Clugston, for welcoming me into your 

laboratory to use some of your lab equipment. I’d also like to thank my committee members, Dr. 

Donna Vine and Dr. Richard Lehner, for their contributions and time spent being part of this 

process. A special thank you to Dr. Lehner and his laboratory, especially Randal Nelson, for 

helping with my qRT-PCR work, I greatly appreciate it. To my friends, especially Samantha 

Cima, thank you for your support, understanding, countless long nights, and all the adventures 

we have been through during this experience. To my biggest supporters, my family, especially 

my parents, for helping me through this experience, endless love and support, and always being a 

phone call away. I cannot thank you enough. I could not have done any of this without the love 

and support of my friends and family. Lastly, I’d like to thank the rats, without them, none of this 

would be possible.   



vii 

 

Table of contents 
 

Chapter 1: Introduction ............................................................................................................... 1 

1.1. Obesity, Diabetes, and Insulin Resistance .................................................................... 2 

1.1.1. Metabolic Characteristics of Obesity and Insulin Resistance............................. 2 

1.2. Lipids ............................................................................................................................... 3 

1.2.1. Digestion of dietary lipids in the intestine............................................................. 3 

1.2.2. De novo lipogenesis ................................................................................................. 4 

1.2.3. Triglyceride biosynthesis ........................................................................................ 6 

1.2.3.1. The monoglyceride pathway ........................................................................... 6 

1.2.3.2. The glycerol-3-phosphate pathway ................................................................ 7 

1.2.4. Triglyceride-rich lipoproteins: Chylomicrons and very-low density 

lipoproteins ............................................................................................................................. 7 

1.2.4.1. Triglyceride-rich very-low density lipoprotein formation and secretion ... 8 

1.2.5. Hepatic fatty acid β oxidation ................................................................................ 9 

1.2.6. Lipid storage and lipolysis ..................................................................................... 9 

1.3. Glucocorticoids ............................................................................................................. 11 

1.3.1. Glucocorticoid synthesis and secretion ............................................................... 12 

1.3.1.1. Glucocorticoid receptor and intracellular action ....................................... 12 

1.3.2. Glucocorticoid regulation: The hypothalamic-pituitary-adrenal axis ............. 14 

1.3.3. Non-metabolic peripheral actions of glucocorticoids ........................................ 16 

1.3.4. Metabolic actions of peripheral glucocorticoids ................................................ 17 

1.4. Hypothalamic sensing of peripheral nutrients and hormones and regulation of 

lipid metabolism ...................................................................................................................... 18 

1.4.1. Nutrient sensing in the hypothalamus ................................................................ 19 

1.4.2. Hormone sensing in the hypothalamus ............................................................... 20 



viii 

 

1.5. Central/ brain metabolic effects of glucocorticoid action ......................................... 21 

1.6. Aim, hypothesis, and objectives .................................................................................. 22 

1.6.1. Objective 1: To assess GC action and delineate GR requirements in the MBH 

in regulating hepatic VLDL-TG secretion in healthy rats ............................................... 23 

1.6.2. Objective 2: To assess blocking GC action and delineate GR requirements in 

the MBH in regulating VLDL-TG secretion in diet-induced hyperlipidemic rats ........ 24 

Chapter 2: Methods .................................................................................................................... 27 

2.1. Animal care, maintenance, and surgical procedures ................................................ 28 

2.1.1. MBH stereotaxic bilateral cannulation surgery ................................................. 28 

2.1.2. Vascular catheterization ....................................................................................... 29 

2.2. In vivo VLDL-TG secretion studies ............................................................................ 29 

2.3. Plasma TG assay........................................................................................................... 31 

2.4. Hepatic TG content ...................................................................................................... 33 

2.5. Plasma FFA assay......................................................................................................... 34 

2.6. Western blotting ........................................................................................................... 35 

2.6.1. Tissue western blotting ......................................................................................... 35 

2.6.2. Plasma apoB western blotting.............................................................................. 36 

2.7. Liver mRNA expression analysis ................................................................................ 38 

2.7.1. RNA extraction .......................................................................................................... 38 

2.7.2. cDNA synthesis ...................................................................................................... 39 

2.7.3. qRT-PCR ............................................................................................................... 39 

2.8. Statistical analysis ........................................................................................................ 41 

Chapter 3: Results....................................................................................................................... 42 

3.1. Acute glucocorticoids act on glucocorticoid receptors in the medial basal 

hypothalamus to stimulate hepatic triglyceride secretion in regular chow-fed rats. ........ 43 



ix 

 

3.1.1. Investigation of hepatic mechanisms involved in the medial basal 

hypothalamic glucocorticoid mediated increase in hepatic triglyceride-rich very-low 

density lipoprotein secretion. .............................................................................................. 47 

3.2. Medial basal hypothalamus-targeted glucocorticoid receptor knockdown negates 

the effects of medial basal hypothalamic glucocorticoid-stimulated hepatic triglyceride 

secretion in regular chow-fed rats ......................................................................................... 53 

3.3. Medial basal hypothalamic heat shock protein 90 is required for medial basal 

hypothalamic glucocorticoid stimulation of triglyceride secretion in regular chow-fed 

rats 55 

3.4. Three-day high fat diet feeding alters the metabolic profile independent of changes 

in body weight .......................................................................................................................... 57 

3.5. Three-day high fat diet feeding elevates plasma triglycerides to a similar extent of 

glucocorticoids acting in the medial basal hypothalamus alone ......................................... 60 

3.6. Chronic inhibition of the medial basal hypothalamic glucocorticoid receptor 

lowers hepatic triglyceride-rich very low-density lipoprotein secretion in 3-day high fat 

diet fed rats .............................................................................................................................. 62 

3.7. Both acute and pharmacological inhibition of heat shock protein 90 in the medial 

basal hypothalamus negates the hyperlipidemic effects of a 3-day high fat diet .............. 68 

Chapter 4: Discussion ................................................................................................................. 73 

4.1. Significance of results................................................................................................... 74 

4.2. Discussion of results ..................................................................................................... 75 

4.2.1.  Glucocorticoids can act on glucocorticoid receptors in the medial basal 

hypothalamus to modulate liver lipid homeostasis in regular-chow fed rats. ............... 75 

4.2.2. Comparison of the physiological effects of a 3-day high fat diet feeding 

regimen to regular chow feeding with acute hypothalamic glucocorticoid infusions. .. 78 

4.2.3. Inhibition of the glucocorticoid receptor, specifically within the medial basal 

hypothalamus, lowers plasma triglycerides in diet induced hyperlipidemic rodents. .. 81 

4.3. Future directions .......................................................................................................... 84 



x 

 

4.3.1. Further delineating mechanisms that underlie the lipostimulatory effects of 

glucocorticoid action in the medial basal hypothalamus. ................................................ 84 

4.3.2. Neural populations in hypothalamus that may be modulated by 

glucocorticoids ..................................................................................................................... 85 

4.3.3. Brain-liver neurocircuitry. ................................................................................... 86 

4.4. Limitations of the study. .............................................................................................. 86 

4.4.1. Medial basal hypothalamic glucocorticoid action was only investigated under 

fasted conditions .................................................................................................................. 86 

4.4.2. Limitations of pharmaceuticals used for medial basal hypothalamic 

treatments ............................................................................................................................. 87 

4.4.3. High fat diet feeding studies ................................................................................. 88 

4.4.4. Apolipoprotein B assessments .............................................................................. 89 

4.4.5. Measurements of brain physiological concentrations of corticosterone .......... 89 

4.5. Conclusion ..................................................................................................................... 90 

References .................................................................................................................................... 92 

 

 

  



xi 

 

List of figures  

Figure 1.1- Overview of hepatic lipid metabolism.. ................................................................. 10 

Figure 1.2- The glucocorticoid- glucocorticoid receptor complex.. ........................................ 13 

Figure 1.3- The hypothalamic-pituitary-adrenal axis.. ........................................................... 15 

Figure 1.4- Schematic representation of overall working hypothesis. ................................... 26 

Figure 2.1- Animal protocol and VLDL-TG secretion experiment. ....................................... 31 

Figure 3.1- Acute glucocorticoid action in the medial basal hypothalamus stimulates 

hepatic plasma triglycerides and very-low density lipoprotein secretion in regular-chow fed 

rats. ............................................................................................................................................... 44 

Figure 3.2- Acute glucocorticoid action in the medial basal hypothalamus does not alter 

hepatic triglyceride content in regular-chow fed rats. ............................................................ 45 

Figure 3.3- Medial basal hypothalamic glucocorticoid induced triglyceride-rich, very-low 

density lipoprotein secretion occurs independent of changes in plasma free fatty acids and 

plasma glucose. ............................................................................................................................ 46 

Figure 3.4- Increased very-low density lipoprotein secretion was not due to changes in 

hepatic protein levels. ................................................................................................................. 48 

Figure 3.5- Medial basal hypothalamic glucocorticoid receptor activation does not alter 

hepatic Srebf1c, Nr1h3, or Nr1h2 mRNA expression.. ............................................................ 49 

Figure 3.6- Changes in triglyceride-rich very-low density lipoprotein secretion associated 

with medial basal hypothalamic glucocorticoid action occurs independently of changes in 

hepatic lipogenic gene expression. ............................................................................................. 50 

Figure 3.7- Medial basal hypothalamic glucocorticoid induced increase of triglyceride-rich 

very-low density lipoprotein occurs independently from changes in liver mRNA expression 

of genes involved in fatty acid-oxidation. .................................................................................. 51 

Figure 3.8- Plasma apolipoprotein B remained unchanged after medial basal hypothalamic 

glucocorticoid receptor activation relative to vehicle. ............................................................. 52 

Figure 3.9- Representative western blot confirming knockdown of glucocorticoid receptor 

in the medial basal hypothalamus. ............................................................................................ 53 

Figure 3.10- Medial basal hypothalamic targeted glucocorticoid receptor knockdown 

negates the effects of medial basal hypothalamic stimulation in regular-chow fed rats. ..... 54 



xii 

 

Figure 3.11- Acute heat shock protein 90 inhibition in the medial basal hypothalamus 

negates the effects of medial basal hypothalamic glucocorticoid stimulation in regular-chow 

fed rats.......................................................................................................................................... 55 

Figure 3.12- Genetic knockdown of heat shock protein 90 in the medial basal hypothalamus 

lowers the lipostimulatory effect of dexamethasone in regular-chow fed rats. ..................... 57 

Figure 3.13- Physiological effects of a 3-day high fat diet compared to regular chow. ........ 58 

Figure 3.14- Three-day high fat feeding elevates plasma triglycerides and triglyceride-rich 

very-low density lipoprotein secretion. ..................................................................................... 59 

Figure 3.15- Three-day high fat diet fed rats have elevated basal plasma apolipoprotein B 

levels ............................................................................................................................................. 60 

Figure 3.16- Three-day high fat feeding elevates plasma triglycerides and triglyceride rich 

very-low density lipoprotein secretion to a similar extent as a direct medial basal 

hypothalamic infusion of dexamethasone rats fed a regular-chow diet................................. 61 

Figure 3.17- Three-day high fat feeding does not alter hepatic FAS, P-ACC:ACC, MTP, or 

DGAT1. ........................................................................................................................................ 62 

Figure 3.18- Chronic medial basal hypothalamus targeted glucocorticoid receptor 

knockdown lowers hepatic triglyceride-rich very-low density lipoprotein production and 

secretion in 3-day high fat diet fed rats. .................................................................................... 63 

Figure 3.19- Chronic medial basal hypothalamus targeted glucocorticoid receptor 

knockdown lowers hepatic triglyceride content in 3-day high fat diet fed rats. ................... 64 

Figure 3.20- Decreased plasma triglycerides as a result of chronic medial basal 

hypothalamic glucocorticoid receptor inhibition in high fat diet fed rats occurred 

independently of changes in plasma substrates. ...................................................................... 65 

Figure 3.21- Medial basal hypothalamic targeted glucocorticoid knockdown did not change 

plasma apolipoprotein B in high fat diet fed rats. ................................................................... 66 

Figure 3.22- Medial basal hypothalamic glucocorticoid receptor knockdown does not 

change hepatic FAS, MTP, or P-ACC: ACC protein levels. ................................................... 67 

Figure 3.23- Acute inhibition of heat shock protein 90 in the medial basal hypothalamus 

lowers triglyceride-rich very-low density lipoprotein secretion in diet-induced 

hyperlipidemic rats. .................................................................................................................... 68 



xiii 

 

Figure 3.24- Chronic knockdown of heat shock protein 90 in the medial basal 

hypothalamus lowers triglyceride-rich, very-low density lipoprotein secretion in rats fed a 

3-day high fat diet. ...................................................................................................................... 69 

Figure 3.25- The decrease in triglyceride-rich very-low density lipoprotein secretion in diet-

induced hyperlipidemic rats subjected to acute inhibition of heat shock protein 90 in the 

medial basal occurs independently of changes in plasma free fatty acids and plasma 

glucose. ......................................................................................................................................... 70 

Figure 3.26- Chronic inhibition of medial basal hypothalamic heat shock protein 90 is 

associated with significantly lower plasma free fatty acids but not plasma glucose in rats 

fed a 3-day high fat diet. ............................................................................................................. 71 

Figure 3.27- Chronic inhibition of heat shock protein 90 in the medial basal hypothalamus 

does not alter hepatic MTP, FAS, or P-ACC: ACC protein levels in rats fed a 3-day high 

fat diet. ......................................................................................................................................... 72 

 

 

 

 

 

 

 

  



xiv 

 

List of tables  

Table 2.1- Primary antibodies used for western blotting ........................................................ 37 

Table 2.2- Secondary antibodies used for western blotting .................................................... 38 

Table 2.3-TaqManTM gene and probes used for gene expression analysis............................. 40 

Table 2.4-Custom primer sequences for gene expression analysis ......................................... 40 

 

  



xv 

 

List of abbreviations  

11β-HSD 1/2- 11β-hydroxysteroid dehydrongenase 1/2  

2-MG- 2-monoglyceride  

ACC- Acetyl-CoA carboxylase  

ACL- ATP-citrate lyase  

ACTH- Adrenocorticotrophic hormone  

AGPAT- Acylglycerol-phosphate acyltransferase  

AgRP- Agouti-related protein  

AMPK- AMP-activated protein kinase  

ApoB-48/100- Apolipoprotein B-48/100 

ARC- Arcuate nucleus  

Arf1- ADP-ribosylation factor 1  

ChREBP- Carbohydrate responsive element binding protein  

CideB- Cell death-inducing DFF4-like effector B  

CORT- Corticosterone 

CPT-1α- Carnitine palmitoyltransferase 1α  

CRH- Corticotrophin-releasing hormone  

DEX- Dexamethasone  

DG- Diglyceride 

DGAT 1/2- Diacylglycerol acyltransferase ½ 

DHAP- Dihydroxyacetone- 3-phosphate  

Elovls- Elongases 



xvi 

 

FAS- Fatty acid synthase  

FFA- Free fatty acids 

GC- Glucocorticoid  

GR- Glucocorticoid receptor  

GRshRNA- Glucocorticoid receptor short hairpin RNA (GR knockdown) 

GLUT4- Glucose transporter 4 

GPAT- Glycerol-3-phosphate acyltransferase  

GSK4- Glycogen synthase kinase 3 

HFD- High-fat diet  

HPA- Hypothalamic-pituitary-adrenal  

Hsp90- Heat-shock protein 90 

Hsp90i- Heat-shock protein 90 inhibitor (17-AAG) 

Hsp90 shRNA- Heat-shock protein 90 short hairpin RNA (Hsp90 knockdown) 

ICV- Intracerebroventricular 

i.v.- Intravenous   

LPA- Lysophosphatidate  

Lpin2- Lipin-2  

LPL- Lipoprotein lipase 

LV- Lentivirus  

LXRα/β- Liver x receptor α/β (gene names Nr1h3 and Nr1h2 respectively) 

MBH- Medial basal hypothalamus  

MGAT- Monoglyceride acyltransferase  

MIF- Mifepristone  



xvii 

 

MM- Mismatch  

MR- Mineralocorticoid receptor  

MTP- Microsomal triglyceride transfer protein  

NPY- Neuropeptide Y 

PA- Phosphatidic acid  

P-ACC- Phosphorylated acetyl-CoA carboxylase 

PAP- Phosphatidic acid phosphatase  

PKA- Protein Kinase A  

Poloxamer- Poloxamer 407 

POMC- Pro-opiomelanocortin 

PPARα- Peroxisome proliferator-activated receptor α 

PVN- Paraventricular nucleus  

R1/2- Reagent 1/2 

RC- Regular chow  

RIA- Radioimmunoassay  

SCD1- Stearoyl-CoA desaturase 1 

SREBP-1C- sterol regulatory element-binding protein 1C 

TG- Triglyceride 

TGH- Triglyceride hydrolase  

VLDL-TG- Triglyceride-rich very-low density lipoprotein  

WAT- White adipose tissue



1 

 

 

Chapter 1: Introduction  

 

  



2 

 

1.1. Obesity, Diabetes, and Insulin Resistance  

The metabolic syndrome, and metabolic disease states such as obesity and diabetes, are 

characterized by hyperlipidemia, due in part to elevated hepatic triglyceride (TG)-rich very-low-

density lipoprotein (VLDL-TG) 1–5. Furthermore, excessive levels and/or actions of 

glucocorticoids (GCs) are associated with obesity, diabetes, insulin resistance, hyperglycemia, 

and dyslipidemia6–13. The WHO defines obesity as excessive fat accumulation that might impair 

health and is clinically diagnosed when one’s body mass index exceeds 30 kg/m2 14. Worldwide 

obesity has tripled since 1975, and as of 2016, 1.9 billion adults (39% global population) were 

overweight, and of these over 650 million were obese (13% global population)14. Furthermore, as 

of 2020, 39 million children under the age of 5 were considered overweight or obese14. In 

Canada alone, 36.3% of adults are considered overweight and 26.8% of adults are considered 

obese as of 201815. Obesity is known to increase the risk of other metabolic diseases, such as 

type 2 diabetes and fatty liver disease, cardiovascular diseases, and musculoskeletal disease16,17. 

Strikingly, most of the world’s population live in countries where overweight and obesity kills 

more people than underweight14.  

Similarly, the global prevalence of diabetes has been steadily increasing, as 422 million 

people had diabetes in 2014 (8.5% of global population) versus 108 million in 198018. In Canada, 

7.3% of individuals aged 12 and older were diagnosed with diabetes in 201719. Importantly, 

individuals who were overweight or obese were more likely to be diagnosed with diabetes 

compared to normal weight individuals19,20. Furthermore, diabetes is also associated with various 

comorbities such as heart disease, stroke, and kidney disease19–21. Both diabetes and obesity 

carry a significant economic burden on the health-care system; thus, elucidating mechanisms to 

better understand, control, and regulate these metabolic diseases remains a priority.     

1.1.1. Metabolic Characteristics of Obesity and Insulin Resistance  

Dyslipidemia and insulin resistance play a key part in development of obesity and type 2 

diabetes. Briefly, obesity is characterized by chronic and low grade inflammation which starts in 

the adipose tissue and liver due to lipid accumulation leading to the release of pro-inflammatory 

cytokines which cause systemic inflammation22–26. Chronic inflammation has been shown to 

induce insulin resistance in adipocytes and hepatocytes by inhibiting insulin signaling22–26. As 

insulin can no longer suppress lipolysis in the adipose tissue, there is an increased flux of free 
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fatty acids (FFAs) to the liver to stimulate VLDL-TG secretion and hepatic TG accumulation22–

26. Further, hyperinsulinemia is associated with increased de novo lipogenesis, in part mediated 

by the activation of sterol regulatory element-binding protein 1C (SREBP-1C) (gene name: 

Srebf1c), which is considered the master regulator or lipogenic genes, which further stimulates 

TG production and subsequent VLDL-TG production and secretion23,25,27,28.  

Additionally, insulin resistance leads to a decrease in glucose uptake in muscle, as well as 

decreased FFA and glucose uptake in adipose tissue28–31. Further, hepatic gluconeogenesis and 

glycogenolysis are not inhibited resulting in hyperglycemia28–30. The pancreas attempts to 

compensate by secreting more insulin, leading to a vicious cycle of insulin secretion in response 

to insulin resistance, which leads to hyperinsulinemia28,29,32. The sustained stimulus for insulin 

secretion and, consequently, hyperinsulinemia, leads to pancreatic β-cell failure, characterizing 

type 2 diabetes28,29,32. It should be noted however, that not all obese individuals develop 

dysregulated glucose homeostasis. Taken together, the physiological and economic costs of 

dyslipidemia, insulin resistance, and obesity are unquestionably high, and thus, delineating some 

of the mechanisms that may contribute to these metabolic disease states remains a priority.  

1.2. Lipids 

1.2.1. Digestion of dietary lipids in the intestine   

Dietary fats, which consists mainly of TGs and cholesteryl esters, are digested in both the 

stomach and the intestine33,34. The food is chewed in the mouth, which stimulates the release of 

lingual lipase from the von Ebner’s glands on the tongue, and the food and lingual lipase are 

transported to the stomach35–38. In the stomach, lingual and gastric lipases, which is released 

from the gastric mucosa, hydrolyze TGs to form diglycerides (DGs) and fatty acids33–35,38. Note 

however, rodents predominantly utilize high levels of lingual lipases, while humans and 

primates predominantly utilize gastric lipase for initial digestion of lipids35. Gastric lipase 

activity is particularly important for infants, due to its specificity for fatty acids present in milk 

fat, and the lack of pancreatic lipase production and activity34,39,40. The food bolus is then 

transported to the lumen of the small intestine, where the majority of the digestion occurs33,34. 

Once food enters the intestine, gastrin and cholecystokinin are released from mucosal G cells 

and upper small intestinal I cells respectively33,34,41. Cholecystokinin acts on the gallbladder to 

stimulate gallbladder emptying and acts on the pancreas to release pancreatic lipases33,34,41,42. 



4 

 

Gallbladder emptying leads to the release of bile acids which emulsifies the dietary fats to 

enhance lipolysis via pancreatic lipases33,34,41,42. Pancreatic lipases hydrolyze TGs to form 2-

monoglyceride (2-MG), and eventually fatty acids and glycerol34,43. Further, cholesterol esters 

are hydrolyzed by cholesterol esterase to form free cholesterol and fatty acids34,44. The products 

of hydrolysis are incorporated into bile salt micelles, which are then transported from the 

intestinal lumen into the brush border of the enterocyte, where the cholesterol, 2-MG, and fatty 

acids are absorbed34,43.Fatty acids and 2-MGs can either diffuse passively into the apical 

membrane when luminal concentrations are high, or, be transported into enterocyte by a variety 

of proteins, namely by CD3634,45–51. Cholesterol uptake is mediated mainly by the Niemann- 

Pick C1- Like 1 protein34.  

Once absorbed, the fatty acids are then transported intracellularly, a mechanism mediated 

by the fatty acids binding onto various transport proteins, such as fatty acid binding protein 1 

(FABP1) and FABP234,52, to either the mitochondria for fatty acid oxidation, or, to the 

endoplasmic reticulum to be synthesized into TGs, either via the MG pathway or via the 

glycerol-3- phosphate pathway34. Similarly, the 2-MGs and other long chain fatty acids are sent 

to the endoplasmic reticulum where they are re-esterified to TGs via the MG pathway53. The 

TGs, as well as cholesterol and phospholipids, are either packaged into chylomicrons in the 

jejunum and secreted from the enterocyte into circulation via the lymphatic system, or stored as 

lipid droplets in the cytosol34,54–56. Briefly, secreted chylomicrons interact with lipoprotein 

lipase (LPL) that is secreted from muscle and adipose tissues and is found on the luminal 

surface of capillaries57,58. This interaction leads to the hydrolysis of TGs stored in the 

chylomicrons, resulting in the formation of FFAs, which are then taken up by adjacent muscle 

cells and adipocytes for either storage or energy production57,58. The remaining chylomicron 

remnant is cleared from the circulation by liver via receptor-mediated endocytosis57. It should 

be noted that medium and short chain fatty acids are able to be absorbed directly into the portal 

circulation for transport to the liver for fatty acid oxidation or formation of VLDL-TGs34,59,60.  

1.2.2. De novo lipogenesis  

The body is also capable of producing fatty acids de novo from dietary carbohydrates, a 

process known as de novo lipogenesis (Figure 1.1, pathway 1)29,61. This process occurs 

predominantly in the liver, but can also occur in the adipose tissue62. In the fed state, glucose is 
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metabolized via the glycolytic pathway to produce citrate in the mitochondria, which is then 

converted to acetyl-CoA via ATP-citrate lyase (ACL) (gene name: Acly) in the cytosol29,63. 

Subsequently, acetyl-CoA carboxylase (ACC) (gene names: Acaca and Acacb) converts acetyl-

CoA to malonyl-CoA29,63–65.  In response to low intracellular energy stores, lipogenesis is 

inhibited by the inactivation of ACC via phosphorylation at various serine residues catalyzed by 

AMP-activated protein kinase (AMPK) and cAMP-dependent protein kinase (PKA) in response 

to low intracellular energy stores64,66. Malonyl-CoA is used as a precursor for the synthesis of 

the fatty acids, mainly palmitic acid, via fatty acid synthase (FAS) (gene name: Fasn), which is 

the rate limiting step of de novo lipogenesis29,63. Palmitic acid can then undergo elongation to 

form long chain fatty acids via various fatty acyl-CoA elongases (Elovls) to yield stearate29,63,67. 

The long chain fatty acids are then desaturated by stearoyl-CoA desaturase (SCD), of particular 

interest SCD1 which is the predominant isoform in the liver and adipose tissue, to form 

monounsaturated long chain fatty acids, namely oleate, which is the major fatty acid found in 

membrane phospholipids, TGs, and cholesterol esters29,63,67–70. The resulting long chain fatty 

acids from de novo lipogenesis can then be converted to their acyl-CoA esters via various long 

chain acyl-CoA synthetases which can then be used for TG synthesis29,63.  

De novo lipogenesis is mediated by nutritional and hormonal regulation. Glucose not 

only provides the carbon source for fatty acid synthesis, but it also mediates various enzymes 

involved in the lipogenic pathway, mainly via the activation of carbohydrate responsive element 

binding protein (ChREBP)29,61,71,72. ChREBP, found in liver, adipose tissue, and small intestine, 

stimulates the expression of Acly, Acaca, Fasn, Scd1, and Elovls in response to glucose and is 

subsequently inhibited in states of low glucose where ChREBP is phosphorylated by PKA and 

AMPK71,73–75. Further, glucose stimulates the release of insulin, which also stimulates de novo 

lipogenesis via activation of SREBP-1C, which is considered a master regulator of lipid 

metabolism76. Of particular interest, SREBP-1C is abundantly found in the liver and adipose 

tissue and regulates expression of Acly, Acaca, Acacb, Fasn, and Scd176–79. Similar to ChREBP, 

SREBP-1C is inhibited via phosphorylation mediated by AMPK80. The SREBP-1C promoter is 

directly targeted to increase Srebf1c expression by nuclear receptor liver x receptor (LXR)81. 

There are two LXR isotypes, LXRα (gene name: Nr1h3) and LXRβ (gene name: Nr1h2), where 

LXRα is primarily expressed in metabolically active tissues, with the highest levels in the liver, 

while LXRβ is expressed ubiquitously, and are activated by oxysterols or synthetic ligands82,83. 
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Not only does LXR increase transcription of Srebf1c, but it also directly increases transcription 

of Chrebp, Fasn, and Scd184–86. Obesity is linked to increased hepatic lipogenesis, due in part to 

insulin resistance leading to the dysregulation of SREBP-1C and ChREBP61,87.  

1.2.3. Triglyceride biosynthesis  

TG synthesis is an acyl-CoA dependent mechanism, of which there are two main 

pathways aptly named based on the initial acyl acceptor; the MG pathway or the glycerol-3-

phosphate pathway88–91. Both pathways use fatty acyl-CoA thioesters as donors of acyl groups 

and they both converge on the final acylation step, which is mediated by diacylglycerol 

acyltransferase (DGAT), leading to the esterification of a DG to a TG63,92,93. As this final step 

using DGATs is the only step committed to producing TGs, the DGAT enzymes is of particular 

importance.   

DGATs are expressed in two isoforms that are part of two distinct gene families, Dgat1 

and Dgat294–96. DGAT1 and 2 are expressed in many tissues in mammals, mostly in tissues that 

make large amounts of TG95,96. In humans DGAT1 mRNA levels are highest in the small 

intestine, and DGAT2 mRNA is most abundant in the liver95,96. In rodents, hepatic Dgat1 

mRNA levels are relatively low and Dgat2 mRNA expression is in a broader range of tissues, 

with the highest levels being found in the adipose tissue followed by the liver95,96. Further, 

DGAT2 has been found to be the dominant DGAT enzyme involved in de novo TG synthesis 

and DGAT1 is more involved in recycling hydrolyzed fatty acids68,97,98. Oleic acid, the 

monounsaturated long chain fatty acid derived from the desaturation of fatty acids via SCD1, is 

the preferred substrate for DGAT1, while DGAT2 did not exhibit a preference of oleic acid 

compared to palmitoyl-CoA67,96. DGAT activity is also mediated by carbohydrates and insulin, 

with glucose preferentially increasing Dgat1 mRNA expression, and insulin increased Dgat2 

mRNA expression in adipocytes99. Genetic- and diet-induced obesity models are associated 

with increased Dgat2 and decreased Dgat1 mRNA expression and protein levels in white 

adipose tissue (WAT) and liver100,101. In the fasted state, Dgat2 mRNA levels in WAT and in 

the liver are decreased, while Dgat1 mRNA levels are increased63,94,99,102.  

1.2.3.1.The monoglyceride pathway 

In brief, the MG pathway is the predominant pathway used to resynthesize TGs in the 

intestine in the fed state53.  The MG is initiated by the esterification of MGs with fatty acyl- 
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CoAs in the smooth endoplasmic reticulum of the enterocyte to form DGs, a reaction catalyzed 

by MG acyltransferase (MGAT)34,103. The final step of TG synthesis using the MG pathway is 

mediated by DGAT, which catalyzed the esterification of DGs to TGs63,92.  

1.2.3.2.The glycerol-3-phosphate pathway  

The glycerol-3-phosphate pathway is the main de novo TG synthesizing pathway that is 

conserved in all organisms104,105. De novo lipogenesis occurs predominantly in the liver and 

adipose tissue90. Similar to the MG pathway, the glycerol-3-phophate pathway is characterized 

by a series of esterification steps in an acyl-CoA dependent manner within the endoplasmic 

reticulum88,89. In the fed state, the initial substrate, glycerol-3-phophate is initially synthesized 

via glucose via glycolysis63,92. Glucose is converted to dihydroxyacetone-3P (DHAP), which is 

then further converted to glycerol-3-phosphate via glycerophosphate dehydrogenase63,92. 

However, glycerol-3-phosphate can also be synthesized via non-carbohydrate substrates in the 

fasted state via glyceroneogenesis, in which DHAP is produced and converted to glycerol-3-

phosphate29,89. Alternatively, and preferentially, glycerol, can be phosphorylated via glycerol 

kinase in the liver (Figure 1.1, pathway 2)29,89. In the liver, acylation of glycerol-3-phosphate 

occurs via glycerol-3-phosphate acyltransferase (GPAT), which catalyzes the synthesis of 

lysophosphatidate (LPA), which is again undergoes acylation via acylglycerol-P acyltransferase 

(AGPAT) to form phosphatidic acid (PA)89,90. Phosphatidic acid can then be dephosphorylated 

to produce DGs via enzymes that have phosphatidic acid phosphatase (PAP) activity, such as 

the lipin protein family, with lipin-2 (gene name: Lpin2)  being the most abundant in the 

liver89,90,106,107. The DGs can then be esterified by DGAT to form TGs (Figure 1.1, pathway 

3)63,92,93.  

1.2.4. Triglyceride-rich lipoproteins: Chylomicrons and very-low density lipoproteins  

TGs, as well as other lipids, need to be packaged into proteins known as lipoproteins to 

be transported in the circulation. Chylomicrons and VLDLs are TG- rich lipoproteins which are 

secreted from the intestine in the post-prandial state, and from the liver in the fasted state 

respectively34,54,108. They are composed of a hydrophilic monolayer membrane that consists of 

phospholipids, free cholesterol, and apolipoproteins, surrounding a hydrophobic core of neutral 

lipids, primarily TGs34,54,92,108. Apolipoproteins not only play a role in the structure of the 

membrane of the lipoprotein, but they also play an important role the formation of lipoproteins, 
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the metabolism of lipoproteins, and they act as ligands for lipoprotein receptors109,110. The 

primary apolipoproteins of both chylomicrons and VLDLs are apolipoproteins B (apoBs), with 

apoB-48 being the predominant apolipoprotein for chylomicrons and apoB-100 being the 

predominant apolipoprotein for VLDLs in humans, while apoB-48 is the predominant 

apolipoprotein for VLDLs in rats92,108,111–113. Both apolipoproteins are derived from the same 

gene, and apoB-48 is the result of posttranscriptional mRNA editing of Apob-100 by Apobec-1 

in the intestine111. Importantly, there is a single apoB molecule per VLDL or chylomicron 

particle. In humans, apoB-48 is produced exclusively in the small intestine, while apoB-100 is 

produced in the liver111. Interestingly, in the rat, hepatocytes produce both apoB-100 and apoB-

48113,114.   

1.2.4.1. Triglyceride-rich very-low density lipoprotein formation and secretion  

Once the TGs have been synthesized in the liver, they can be packaged into VLDL-TGs. 

Hepatic VLDL-TG assembly, which occurs in the endoplasmic reticulum, is believed to occur 

in a two-step process (Figure 1.1, pathway 4)115,116. In the first step, known as the co-

translational step, Apob mRNA translation begins in the ribosome of the hepatocyte, and TGs 

are recruited and transferred to the apoB particle via microsomal triglyceride transfer protein 

(MTP), which yields a primordial TG-poor particle within the lumen of the endoplasmic 

reticulum known as a pre-VLDL115,117–121.  Further, an apoB-free luminal lipid droplet is formed 

containing other exchangeable apolipoproteins, which are also lipidated by MTP115,119,121,122.  

The second step of VLDL assembly, known as the post-translational step, a VLDL-TG is 

assembled by the transfer of core lipids from the primordial TG-poor, apoB-containing particle 

and the lipid droplet, leading to the bulk lipidation of the VLDL-TG particle115,119–121. This 

second step is dependent on the activity of ADP-ribosylation factor 1 (Arf1), which activates 

phospholipase D, producing PA, which is required for the assembly of VLDLs123,124.  There is 

debate as to whether the second step of VLDL assembly occurs entirely in the endoplasmic 

reticulum115,125,126 or in a post-endoplasmic reticulum or Golgi apparatus compartment115,123,126–

128. Further, the lipidation of the pre-VLDL particle is mediated by cell death-inducing DFF4-

like effector B (CideB), an endoplasmic reticulum and lipid droplet-localized protein, as it 

facilitates the transport of TGs synthesized in the ER or in cytosolic lipid droplets to pre-VLDL 

particles126,129. The VLDL-TG particle is then transported to the Golgi apparatus via the 
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budding of transport vesicles from the endoplasmic reticulum to the Golgi apparatus, where the 

VLDL-TG can be secreted out into the periphery115. Arf1 participates in the formation of 

coatomer I secretory vesicles, which are important for the transport vesicles between the 

endoplasmic reticulum and Golgi apparatus123,130.  

1.2.5. Hepatic fatty acid β oxidation 

In the fasted state, when energy levels are low, and AMPK levels are high, intracellular 

fatty acyl-CoAs are redirected towards fatty acid β-oxidation and away from glycerolipid 

biosynthesis (Figure 1.1, pathway 5)63. In the liver, the fatty acids are targeted mainly towards 

ketogenesis, as ketone bodies can then be sent out from the liver to other tissues to be used for 

energy63,131. The first, and rate-limiting step in fatty acid β oxidation is the translocation of fatty 

acyl-CoAs to the mitochondria via carnitine palmitoyltransferase 1a (CPT-1a), which catalyzes 

the production of acyl-carnitine63,131,132. Acyl-carnitine is then transported to the mitochondrial 

matrix via a translocase enzyme, where acyl-CoA is regenerated via CPT-II63,131,132. The acyl-

CoA can then enter the β oxidation pathway63,131. Fatty acid β oxidation is regulated at various 

steps, however notably, CPT-1a is inhibited by malonyl-CoA63,131,133. Additionally, peroxisome 

proliferator-activated receptor α (PPARα), which activated under conditions of energy 

deprivation, is required for the activation genes needed for fatty acid β oxidation, including 

CPT-1a63,134,135.  

1.2.6. Lipid storage and lipolysis 

TGs that are not packaged into VLDL-TGs can be stored into lipid droplets. Lipid droplets 

are considered to be dynamic storage organelles with various function, but the main function is 

to store excess TGs136. Once substrate is required, the TGs can undergo lipolysis to form fatty 

acids137. Intestinal lipolysis has previously been outlined. Notably, in the liver, lipolysis of 

endoplasmic reticulum-localized luminal lipid droplets is regulated by triglyceride hydrolase 

(TGH), which has been shown to be integral for VLDL-TG secretion (Figure 1.1)122,138,139. 

Hepatic VLDL-TG secretion has been shown to be regulated by FFA flux to the liver140,141. In 

insulin-resistant states an increase in plasma FFA is observed due to the diminished inhibition of 

adipose tissue lipolysis142,143. This is can lead to increased lipid accumulation in hepatic lipid 

droplets, which contributes to the development hepatic steatosis and non-alcoholic fatty liver 

disease137,144–146. Obesity and type 2 diabetes are major risk factors for the development of non-
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alcoholic fatty liver disease, which is associated with numerous comorbidities, including 

cardiovascular disease, but additionally, non-alcoholic fatty liver disease is also a risk factor for 

the development of dyslipidemia and type 2 diabetes137,144,147–153. Together, this highlights the 

tight association of lipid homeostasis (storage, secretion, and break-down of lipids) and the 

pathology of metabolic disease states.  

 

Figure 1.1- Overview of hepatic lipid metabolism. (1) De novo lipogenesis: In the fed 

state glucose is converted to citrate which can then be converted to acetyl-CoA via ATP-

citrate lyase (ACL). Acetyl-CoA is converted to malonyl-CoA via acetyl-CoA carboxylase 

(ACC), which is subsequently converted to fatty acid (FA)-CoA (mainly palmitate) via 

fatty acid synthase (FAS). Palmitate can undergo elongation, then subsequently 

desaturation via stearoyl-CoA desaturase (SCD1) to yield monounsaturated fatty acids 

(MUFA), particularly oleic acid, which is preferentially used by diacylglycerol 

acyltransferase (DGAT) 1 when synthesizing triglycerides (TGs). (2) Glyceroneogenesis: 

In the fasted state, glycerol is preferentially used as a substrate for lipogenesis. Glycerol 

can be synthesized from glucose via glycolysis, or alternatively, from non-carbon 

substrates via glyceroneogenesis, which yields dihydroxyacetone-3P, which is converted to 
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glycerol-3P. Additionally, glycerol can be phosphorylated via glycerol kinase (GK). Many 

of the lipogenic genes are regulated by sterol regulatory element-binding protein 1C 

(SREBP-1C), carbohydrate responsive element binding protein (ChREBP), and liver X 

receptor (LXR) α and β. (3) TG synthesis. Glycerol-3P is acylated via glycerol-3-phosphate 

acyltransferase (GPAT) to synthesize of lysophosphatidate (LPA), which is undergoes 

acylation via acylglycerol-P acyltransferase (AGPAT) to form phosphatidic acid (PA). PA 

is dephosphorylated to form diglycerides (DGs) via enzymes that have phosphatidic acid 

phosphatase (PAP) activity, such as the lipin protein family. The DGs are then esterified to 

produce TGs via DGAT1 or DGAT2. Each of these steps are characterized by esterification 

in an acyl-CoA dependent manner. The acyl-CoA pool comes from de novo lipogenesis, 

incoming free fatty acids (FFA), and the lipolysis of stored hepatic lipids in lipid droplets 

(LD), which is in part mediated TG hydrolase (TGH) to drive TGs in luminal lipid droplets 

to pre-very-low density lipoproteins (VLDLs). (4) VLDL synthesis. TGs are packaged into 

TG rich very-low density lipoprotein (VLDL-TG) to be secreted out of the liver into the 

periphery. This occurs in a two-step process. The first step is the co-translation of an 

apolipoprotein B (apoB) containing molecule, yielding a pre-VLDL molecule, and a 

luminal lipid droplet, a process mediated by microsomal TG transfer protein (MTP). The 

second step, known as the post-translational step, requires the fusion of these two 

molecules, leading to bulk lipidation, which is facilitated by ADP-ribosylation factor 1 

(Arf1) and cell death-inducing DFF4-like effector B (CideB). (5) FA-Oxidation. In the 

fasted state, intracellular FAs are directed to FA-oxidation to produce energy. This process 

is facilitated in part by carnitine palmitoyltransferase 1a (CPT-1a), which is subsequently 

mediated by peroxisome proliferator-activated receptor α (PPARα). Imaged adapted from 

Saponaro et al., Nutrients154.    

1.3. Glucocorticoids 

Glucocorticoids (GCs), are steroid hormones that play a fundamental role in whole body 

homeostasis and metabolism155,156. Further, GCs are often using in clinical settings due to the 

anti-inflammatory and immunosuppressive effects155,156. However, long-term GC-therapy and 

chronically elevated GCs, as observed in Cushings disease, is associated with the development 

of osteoporosis, hyperglycemia, cardiovascular disease, dyslipidemia, and insulin resistance155–
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158. Additionally, excessive plasma concentrations and/ or actions of GCs are associated with 

obesity and diabetes6–10,12,159.  

1.3.1. Glucocorticoid synthesis and secretion  

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

hormones released from the adrenal glands upon stressor induced activation of the 

hypothalamic-pituitary-adrenal (HPA) axis, which is mediated via circadian and ultradian 

rhythms, to mobilize fuels (e.g., glucose and FFAs)160,161. GCs are synthesized from cholesterol 

via steroidogenesis within the zona fasciculata of the adrenal glands. Cholesterol is transported 

from the outer mitochondrial membrane to the inner mitochondrial membrane via steroidogenic 

acute regulatory protein, a transport protein162–164. The rate limiting step in steroid hormone 

synthesis is the conversion of cholesterol to pregnenolone, a steroid precursor, via P450 side 

chain cleave enzyme162–164. CORT is then synthesized following a series of chemical reactions 

catalyzed by mitochondrial cytochrome P450 enzymes165,166. Once GCs are secreted from the 

adrenal complex into peripheral circulation, GCs can passively diffuse into the plasma 

membrane of cells167. However, the bioavailability of GCs depends not on the bioavailability of 

circulating levels, but also on cellular specific levels/ and or activity of one of two 11β-

hydroxysteroid dehydrogenases (11β-HSDs)168–171. 11β-HSD1, which is highly expressed in the 

liver, adipose tissue, kidney, and brain, converts the inactive 11-dehydrocorticosterone to active 

CORT, while 11β-HSD2, which is most abundant in the kidneys and salivary glands, performs 

the opposite reaction, such that CORT, but not synthetic GCs, is oxidized into its inactive form, 

11-dehydrocorticosterone167–169,172. GCs can act on two types of receptors- the 

mineralocorticoid receptor (MR) or the glucocorticoid receptor (GR)160,173,174. GCs bind to MRs 

with a higher affinity, which means the MRs are occupied during basal levels, keeping plasma 

GC levels low during the normal daily circadian and ultradian rhythms160,174–176. Only when GC 

levels are high, such as in response to stress or increases in the frequency or amplitude of GC 

secretory bursts from the circadian rhythm, do GCs bind to GRs160,174,177,178.    

1.3.1.1. Glucocorticoid receptor and intracellular action 

When GCs enter the cell, typically, GCs can bind onto the cytosolic GR (Figure 1.2). 

GRs are found in the majority of the cells of the body, implicating their role in a variety of 

physiological processes167,179. Specifically in the brain, GRs are highly expressed in the 
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paraventricular nucleus and the arcuate nucleus (ARC) of the hypothalamus180–183. Unbound 

GRs are found in the cytosol as part of a large multi-protein complex, which importantly 

includes heat-shock protein 90 (Hsp90), as well as other accessory proteins155,179,184. Hsp90 is 

essential for the stability and biological function of the GR, as it is necessary for ligand binding 

and GR activation185–187. It has previously been reported that the absence or inhibition of Hsp90 

resulted in the degradation of the GR185,188,189. Upon GC-GR binding, GRs undergo a 

conformational change such that Hsp90, as well as the other accessory proteins, dissociate from 

the GR, allowing the GC-GR complex to translocate into the nucleus, where it is able to exert 

its effects in a genomic-fashion by binding onto GC response elements within the regulatory 

regions of target genes155,179,184.  

 

Figure 1.2- The glucocorticoid- glucocorticoid receptor complex. Typically, 

glucocorticoids (GCs) bind to the cytosolic glucocorticoid receptor (GR). Upon binding, 

heat shock protein 90 (Hsp90) as well as other accessory proteins dissociate from the GR 

complex. The GC-GR complex can then translocate into the nucleus were it exerts its 

effects in a genomic fashion.  
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1.3.2. Glucocorticoid regulation: The hypothalamic-pituitary-adrenal axis 

GCs are secreted in response to stress-induced activation of the HPA axis to mobilize 

fuels (Figure 1.3)160,161,174. The HPA axis is initiated upon the detection of a physiological 

stressor, in which neurons from the hypothalamic paraventricular nucleus (PVN) release 

corticotrophin-releasing hormone (CRH) into the median eminence, where it then travels via the 

hypophyseal portal circulation to the anterior pituitary gland and stimulates the production of 

adrenocorticotrophic hormone (ACTH)160,161,174.  ACTH is then released from the pituitary 

gland into the circulation and acts on the adrenal glands160,161,174. ACTH acts on melanocortin 2 

receptors in the zona fasciculata of the adrenal cortex, which leads to an increase in intracellular 

cAMP levels in a adenylate cyclase-dependent fashion, stimulating an increase cholesterol 

biosynthesis, which acts as the precursor for GC synthesis174,190,191. Typically, negative 

feedback terminates the HPA stress response, where GCs act on the GRs at the level of the PVN 

and pituitary to inhibit further HPA activity160,161,192. Importantly, in metabolic disease states, 

including diabetes and obesity, this negative feedback loop is attenuated and causes an elevation 

in plasma GCs6,9,10,12,13,159.  
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Figure 1.3- The hypothalamic-pituitary-adrenal axis. The hypothalamic-pituitary-

adrenal axis is initiated upon detection of a stressor by the hypothalamic paraventricular 

nucleus, which leads to the release of corticotrophin-releasing hormone, which then acts 

on the anterior pituitary gland to release adrenocorticotrophic hormone, which 

subsequently acts on the adrenal glands to release glucocorticoids into the circulation. 

Typically, this is mediated by a negative feedback loop where glucocorticoids can act on 

the level of the hypothalamus and pituitary gland to inhibit further hypothalamic-

pituitary-adrenal axis activity.  

Further, GC secretion and release is regulated by circadian and ultradian 

rhythms160,161,193. Typically, the diurnal GC secretion pattern is highest in the active state (upon 

awaking) and lowest during the inactive state (during rest), which is mirrored by plasma GC 

levels, and secretion continues with the ultradian rhythm, which is characterized by burst-like 

pulses within 1-2 hours193–197. It has been shown that chronic stress, long-term high-fat diet 

(HFD) feeding, and in metabolic disease states, such as obesity and diabetes, that are associated 
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with disrupted GC homeostasis, are also associated with disruptions in the circadian rhythm of 

GC regulation, such that the diurnal fluctuations of GC concentration are flattened, leading to 

elevated basal GCs compared to healthy conditions158,193,198–202. Thus, with the association of 

metabolic disease states and GC-excess/dysregulation, GCs may play an important role in the 

progression of these disease states.  

1.3.3. Non-metabolic peripheral actions of glucocorticoids 

Due to the GRs being expressed in nearly all tissues types in the body, GCs action is 

involved in various physiological processes, including mediating the immune, respiratory, 

cardiovascular, musculoskeletal, and reproductive systems155,203. Notably, synthetic GCs have 

been widely used in clinical settings due to their anti-inflammatory and immunosuppressive 

properties155,203.  

GCs can act on almost all immune cell types to mediate the immune response155,204. 

Because of this, GCs can act on the GRs of these immune cells to alter the transcription of 

genes involved in the immune response155,157,204. GC-GR action can lead to the transrepression 

of pro-inflammatory transcription factors, notably, nuclear factor κB and activator protein-1205–

208. This leads to the repression of production and secretion of pro-inflammatory cytokines, 

chemokines, and cell adhesion molecules155,157,204. Further, GCs can lead to the transactivation 

of various anti-inflammatory genes, such as interleukine 10, CD25, lipocortin 1, and inhibitory 

kinase B204. Thus, with the anti-inflammatory effects of GC-GR action, GCs have been used to 

treat inflammatory disorders such as asthma, arthritis, skin rashes, and chronic obstructive 

pulmonary disorder155–157,204.  

GC-GR action is essential for normal cardiac function and survival209,210. In 

cardiomyocytes specifically, GC-GR action has been shown to have both antiapoptotic and anti-

inflammatory effects155,211,212. Additionally, GCs can help maintain blood pressure homeostasis 

via inhibiting the production of vasodilators155,211,212. However, it should be noted that increased 

concentrations of GCs, due to either endogenous production of exogenous administration, is 

associated with a greater risk of developing cardiovascular disease155,211–213.  

Though therapeutic GC therapy is considered the gold standard for treating 

musculoskeletal disorders due to the anti-inflammatory effects of GCs in the joints of 

surrounding tissues, long-term GC treatment is also associated with the development of 
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osteoporosis155,214. This is due in part to GCs inducing apoptosis of osteoblasts and osteocytes, 

inhibition of osteoblast function, and induction of osteoclastogenesis155,215. These effects may 

be also be due to GCs increasing renal calcium elimination, decreasing intestinal calcium 

absorption, increases in parathyroid hormone synthesis and secretion, and decreases in the 

synthesis and secretion of sex hormones214.  

1.3.4. Metabolic actions of peripheral glucocorticoids  

As mentioned, during situations of stress, GCs are required to mobilize fuels throughout 

the body to provide substrate to tissues for utilization to cope with increased metabolic 

demands. Thus, GCs have been shown to effect substrate output and utilization in muscle, 

adipose tissue, and liver.  

 In the muscles, GCs metabolic effects mostly occur via the antagonism of the insulin 

signaling cascade, leading to a decrease in glucose uptake, utilization, and glycogen 

synthesis216,217. GCs have been shown to inhibit AKT phosphorylation, decrease insulin receptor 

tyrosine phosphorylation, and reduce PI3 kinase activity218–221. GCs decrease insulin-stimulated 

glucose uptake and utilization by inhibiting translocation of glucose transporter 4 (GLUT4) into 

the cellmembrane222–226. Further, GCs decrease the phosphorylation of glycogen synthase kinase 

3 (GSK3), which is needed to activate glycogen synthase, resulting in a decrease in glycogen 

synthesis226–229. With regard to lipid homeostasis, GC treatment has been associated with 

increased intramuscular DG and TG accumulation, which may also contribute to insulin 

resistance230,231. AMPK activity in skeletal muscle is decreased as a result of GC exposure, 

which is associated with an increase in malonyl-CoA231–233. Interestingly, treating mice with 11β-

HSD1 inhibitors reduces lipogeneic gene expression (ACC, FAS, and DGAT) and increased 

FFA utilization226.   

 Similar to muscle, GC action in adipose tissue inhibits insulin-stimulated glucose uptake 

via decreasing translocation of GLUT4, reducing insulin receptor expression, and decreasing 

insulin receptor affinity234–236. Further, GCs directly stimulate lipolysis by increasing 

transcription and expression of lipase proteins ATGL and HSL, as well as impair the ability of 

insulin to suppress lipolysis, which contribute to hyperlipidemia237–240. This also leads to a 

significant rise in plasma FFAs, which can contribute to insulin resistance in adipocytes241,242. 

However, paradoxically, GCs also stimulate lipogenesis and visceral adipogenesis in the fed 
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state238. This effect to induce both breakdown and synthesis of lipids may be due to localized GC 

excess and increased activity due to 11βHSD1 in adipocytes238,243. Additionally, GCs have been 

shown to alter the activity and expression of adipokines, such as adiponectin and leptin244–248.   

 Importantly in the liver, GCs directly increase gluconeogenesis, lipogenesis, and VLDL-

TG secretion249–251. Notably, it has been observed that GR ligand binding directly activates the 

transcription of phosphoenolpyruvate carboxykinase and glucose-6-phosphatase, which are 

required for gluconeogenesis216. Similar to muscle and adipose tissue, hepatic GC action 

antagonizes the actions of insulin by indirectly inhibiting AKT phosphorylation, which 

contributes to hyperglycemia and insulin resistance252. In regards to lipid homeostasis, GCs 

directly stimulates hepatic Acaca, Acacb, Fasn, Dgat1, and Dgat2 gene expression, which 

contribute to increased TG synthesis232,251,253,254. Further, GCs have also been shown to increase 

PAP activity of lipin-1, which may also contribute to hepatic TG synthesis255–257. Additionally 

TGH, which is a lipase required for the hydrolysis of intracellular TGs, decreases as a result of 

GC treatment, suggesting that GCs decrease hepatic lipolysis and increases de novo lipogenesis, 

which may contribute to increased hepatic TG content251. Further, hepatic GC-GR action 

increases plasma TGs, cholesterol, and VLDL-TG secretion249,250,258. This may be due in part to 

increased synthesis and decreased degradation of hepatic apoB-48 and apoB-100, as observed in 

cultured rat hepatocytes treated with dexamethasone (DEX), a synthetic GC259.  

 Taken together, GC excess greatly alters the metabolic profile, namely by contributing to 

hyperglycemia, hyperlipidemia, and insulin resistance. With the association of metabolic disease 

states, such as diabetes and obesity, having excessive levels and/or actions of GCs, GC excess 

may contribute to the aberrant lipid homeostasis as observed in these disease states.    

1.4. Hypothalamic sensing of peripheral nutrients and hormones and regulation of lipid 

metabolism 

The hypothalamus, specifically the medial basal hypothalamus (MBH), has been shown to 

detect and respond to peripheral nutrients and hormones to modulate lipid and glucose 

metabolism112,260–268. The MBH, which includes the ARC and minor medial aspects of the 

ventromedial hypothalamus, is a key region of the brain that is involved in various 

neuroendocrine and physiological functions265–267,269–271. Neurons in the MBH are able to sense 

circulating hormones and nutrients in the blood due in part to being near the median eminence, 
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the third ventricle, and a leaky region of the blood-brain barrier265–267,269–271. In response to 

changes in the peripheral nutrient and hormone status, the hypothalamus can modulate food 

intake, energy expenditure, and glucose and lipid metabolism265–267,271.  

1.4.1. Nutrient sensing in the hypothalamus 

The concept that the brain can sense and respond to peripheral nutrients has been studied 

since the 19th century, with Claude Bernard’s work involving lesioning the fourth ventricle of 

rabbits, which lead to altered glucose homeostasis, ultimately resulting in hyperglycemia272. It is 

now generally accepted that the brain is integral to maintaining whole body homeostasis via the 

detection of changes in nutrients and mediating a physiological response112,265–269,271,273–275. 

Glucose detection in the brain has been shown in various regions of the brain, and can lead to 

peripheral changes in glucose production and food intake268,269,274–280. Notably, direct infusions 

of glucose into the hypothalamus of rats via a intracerebroventricular (ICV) infusion targeting 

the third ventricle of the brain, is associated with a decrease body weight, food intake, hepatic 

gluconeogenesis and glycogenolysis, and this decrease in glucose output was associated with the 

inhibition of hepatic glucose-6-phosphatase flux and mRNA expression, resulting in a decrease 

in hepatic glucose production278,281. Additionally, the ICV infusion of glucose and/or lactate into 

the third ventricle of rats also lead to a reduction in hepatic VLDL-TG secretion, increase in 

hepatic TG content, and a decrease in peripheral TGs, an effect mediated by decreased hepatic 

SCD1 activity, which in turn decreased hepatic oleic acid content261. Interestingly, the infusion 

of a lactate dehydrogenase inhibitor specifically into the MBH negated the lipo-inhibitory effects 

lactate, implicating the role of the MBH in whole body metabolism261. However, in HFD 

conditions, the ability of brain glucose to lower hepatic VLDL-TG secretion was abolished, 

indicating a potential defect in brain-glucose sensing261. Thus, a defect in the ability of the brain 

to detect and respond to glucose, which mediates food intake, hepatic glucose production, and 

hepatic VLDL-TG secretion, contributes to multiple facets of the metabolic syndrome, including 

obesity, insulin resistance, and dyslipidemia261,278,281.  

Further, FFA acids can be detected by the brain and lead to changes in peripheral 

metabolism. MBH target oleic acid infusion, ICV infusion of oleic acid targeting the third 

ventricle in conscious rats, or inhibiting hypothalamic β-oxidation via inhibiting hypothalamic 

CPT1α, thus increasing hypothalamic fatty acid availability, inhibited glucose production and 
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food intake282–285. The decrease in food intake was associated with a decrease in hypothalamic 

expression of neuropeptide Y (NPY), a orexigenic neuropeptide, as well as hepatic glucose-6-

phosphatase expression in the liver282,283,286. However, the central infusion of oleic acid is unable 

to decrease food intake, NPY, and glucose production in 3-day HFD induced, hyperlipdemic 

rats, though the inhibition of hypothalamic CPT1a, specifically in the MBH, was able to 

normalize food intake, NPY expression, glucose homeostasis in hyperlipidemic rats285,286. 

Subsequently, chronic degradation of hypothalamic malonyl-CoA, which inhibits CPT1α, via the 

overexpression of malonyl-CoA decarboxylase induces hyperphagia obesity287,288. In terms of 

lipid homeostasis, similarly, central actions of fatty acids inhibit VLDL-TG secretion. It was 

observed that an infusion of oleic acid directly into the MBH of fasted rats led a decrease in 

hepatic VLDL-TG secretion, an effect mediated by decreased hepatic Scd1 mRNA expression112. 

Similar to the aforementioned results in reference to glucose metabolism, the negative-feed 

effect of elevated FFAs acting in the MBH to lower peripheral VLDL-TG secretion was negated 

in diet induced hyperlipidemic rats112.  

1.4.2. Hormone sensing in the hypothalamus  

The hypothalamus indeed detects various hormones to regulate glucose production and 

lipid homeostasis. Insulin, which has been implicated in the regulation of both glucose and lipid 

homeostasis, has been shown to also be involved in these processes via action in the brain alone. 

ICV administration of insulin targeting the third ventricle, or the MBH directly, led to decreases 

feeding, body weight, Npy expression, and hepatic glucose production in animal models289–295.  

Insulin action in the brain has been shown to promote both WAT and hepatic lipogenesis, due to 

increased fat mass, adipocyte size, adipose tissue lipoprotein lipase (LPL) expression, hepatic 

VLDL-TG secretion and decrease hepatic lipid levels260,296. Administration of glucagon, 

glucagon-like peptide-1 (gut- derived incretin hormone) or glucagon-like peptide-1 receptor 

agonists to the hypothalamus have been shown to lower hepatic glucose production and VLDL-

TG secretion297–302.  

It is well known that leptin, an adipokine secreted from adipocytes, helps regulate energy 

balance via inhibiting hunger, thus inhibiting NPY neurons, and upregulating energy expenditure 

by acting in various brain regions, including the MBH303–306.  Briefly, ICV infusion of leptin 

stimulates hepatic gluconeogenesis but does not alter glucose production due to the 
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compensatory decrease in glycogenolysis307–309. Importantly, ICV infusion of leptin normalizes 

blood glucose levels in diabetic rodents and reverses insulin resistance in HFD –fed 

rodents307,310–313. Direct leptin infusion into the MBH of rats inhibits WAT de novo 

lipogenesis314. Similarly, ICV delivery of leptin targeting the third ventricle of rats, leads to an 

increase in hepatic VLDL-TG secretion and a decrease in hepatic de novo lipogenesis315. Leptin 

action in the brain is associated with a changes in liporegulatory genes and proteins, namely, 

decreases in hepatic FAS and SCD1 protein and mRNA expression315–317.   

In parallel to the previously stated effects of nutrients and hormones in the brain 

suppressing the activity of hypothalamic NPY, direct hypothalamic infusions of NPY also 

mediates glucose and lipid metabolism. An ICV infusion of NPY targeting the third ventricle of 

rats stimulates hepatic VLDL-TG secretion, due in part to an increase in hepatic SCD1, ARF-1, 

and lipin-1 mRNA expression and protein levels263,318–320. Chronic ICV administration of NPY 

leads to alters whole body homeostasis, characterized by dyslipidemia, hyperinsulinemia, and 

hypercorticosteronemia321. Furthermore, central NPY signaling is able to negate the inhibitory 

effect of insulin on VLDL-TG secretion322. 

Taken together, the hypothalamus, specifically the MBH, can detect and respond to 

peripheral nutrients and hormones that are involved in glucose and lipid metabolism. However in 

metabolic disease states, as observed in diet-induced hyperlipidemic models and obesity, the 

sensing of the nutrients and hormones can be defective, which can contribute to a disruption of 

metabolic homeostasis265,267,287.    

1.5. Central/ brain metabolic effects of glucocorticoid action  

Although the peripheral effects of GCs are well known, and the hypothalamus has been 

shown to be a hormone-responsive site, less is known about the brain mechanisms of GC action 

to modulate homeostasis. Previous literature has shown that a single ICV injection of DEX, a 

synthetic GC, into adrenalectomized genetically obese mice leads to a significant increase in 

plasma insulin, decreased brown adipose tissue thermogenesis, increased hypothalamic NPY 

secretion, and food intake 24h post-GC injection323–325. Furthermore, a 2-3 day chronic ICV GC 

infusion into healthy rodents induced obesity, marked by weight gain, hyperphagia, 

hypertriglyceridemia, hyperinsulinemia, hyperleptinemia, increased glucose uptake but no 

change in glucose production, and increased NPY levels326–328. Additionally, 2-3 day ICV GC 
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infusions has adipose-tissue specific effects, namely an increase in adipose 11β-HSD1, increased 

expression of key lipogeneic enzymes (ACC and FAS), and decreased Hsl and Cpt1 mRNA 

expression328. Moreover, GC infusion directly into the MBH decreased hepatic insulin 

sensitivity, and this effect was negated via the inhibition of NPY, implicating MBH-GC action in 

regulating whole body energy homeostasis329. Recent evidence has confirmed that chronic 

CORT treatment via CORT delivery in drinking water of rodents, increased peripheral CORT, 

which can act on GRs in the MBH to contribute to hyperphagia, hyperinsulinemia, and 

obesity330–332. The Yue laboratory has already provided evidence that acute GC action, 

specifically in the MBH, increases hepatic glucose production in healthy and pre-obese rats with 

elevated plasma GCs, and this effect can be negated via the inhibition of MBH GRs, illustrating 

that GC-GR action in the MBH modulates hepatic glucose metabolism, and that the inhibition of 

GRs can normalize peripheral metabolisms in models with elevated GCs to maintain 

euglycemia333,334.  With evidence to demonstrate that hypothalamic GC action contributes to 

metabolic disturbances, there remains a gap in the literature with reference to if hypothalamic 

GCs alter hepatic lipid metabolism in healthy and pre/obese states.  

1.6. Aim, hypothesis, and objectives  

The aim of this project is to explore if GCs directly act in the MBH to regulate liver 

VLDL-TG secretion to better understand mechanisms by which blood lipid levels may be 

lowered in diet-induced hyperlipidemia. With the association between GCs and dyslipidemia, 

and evidence illustrating the MBH being a hormone-responsive liporegulatory site, I hypothesize 

that (1) GCs act via GRs in the MBH to modulate liver lipid homeostasis by increasing plasma 

TGs and hepatic VLDL-TG secretion, and (2) inhibition of MBH GC action (by blocking MBH 

GRs or downstream mediators of GC-GR action specifically within the MBH) would improve 

liver lipid metabolism in diet-induced hypertriglyceridemic rats (Figure 1.4).  

Thus, the objectives of this project were broken into two parts, which are associated with 

the two parts of the hypothesis. The conducted in vivo experiments delineate molecular and 

physiological mechanisms of MBH GC action that modulate lipid homeostasis in normal and 

diet-induced hyperlipidemic rats. Further, protein and gene expression analysis of various 

hepatic liporegulatory enzymes would provide understanding on how brain GC action may affect 

the liver to modulate hepatic lipid homeostasis.  
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1.6.1. Objective 1: To assess GC action and delineate GR requirements in the MBH in 

regulating hepatic VLDL-TG secretion in healthy rats 

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

plasma TG secretion and test the requirements of MBH GRs in mediating the MBH GC 

liporegulatory effect in healthy 10-hour fasted rats fed a regular-chow (RC) diet. It was assumed 

that the TG-rich lipoproteins that appear in circulation are liver derived VLDL-TG particles, as 

previous literature has shown that rats fasted for as little as 4-hours resulted in nearly 

undetectable levels of chylomicrons compared to fed controls, suggesting that chylomicrons do 

not contribute to the observed changes in VLDL-TG secretion in the current study112,263. Thus, 

hepatic VLDL-TG secretion was assessed based on the rate of appearance of plasma TGs over 

time. It was anticipated that GCs, in the form of synthetic GC, DEX, (widely used synthetic GC 

to study GC-mediated GR signaling157,335), can act on MBH GRs to lead to an increase in VLDL-

TG secretion and plasma TGs. However, if the MBH GRs were antagonized either 

pharmacologically via mifepristone (MIF) (a known GR antagonist336), genetically via MBH 

specific injections of a lentivirus (LV) to deliver GR shRNA, or by targeting Hsp90 (acutely via 

pharmacological inhibition with known Hsp90 inhibitor, 17-AAG (Hsp90i)337–339, or chronic loss 

of function via MBH-specific injections of a LV expressing Hsp90 shRNA), the lipostimulatory 

effects of MBH DEX should be blocked (Figure 1.4, pathway 1).  

The chemical and genetic loss-of-function approaches targeting the GR in MBH were 

used to evaluate the requirement of the GR in the MBH to mediate MBH GC mediated 

liporegulatory action. Pharmacological inhibition of MBH GRs via MIF was co-administered 

with and without DEX to assess the requirement of MBH GRs to mediate the lipostimulatory 

effects of MBH GC. To alternatively test the requirement of GRs to mediate MBH GCs, genetic 

loss-of-function techniques was used to evaluate whether MBH GRs are necessary for MBH GC 

liporegulatory action. Evaluation of GRs was be achieved via MBH targeted injections of LVs to 

deliver GR shRNA, or a mismatch sequence (MM) as a control and rats were be treated with and 

without DEX infusions into the MBH.  

To further implicate the necessity of GRs, Hsp90 was be investigated. Hsp90 is required 

for the biological function and stability of the GR complex and biological function, thus the 

inhibition of the Hsp90 in the MBH would negate the effect of MBH GCs acting on GRs to 
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stimulate hepatic VLDL-TG secretion185–189. Thus, pharmacological and genetic loss-of-function 

of MBH Hsp90 via Hsp90i and LV Hsp90shRNA respectively, with and without DEX infusions 

into the MBH on the day of the experiment, was used to assess the requirement of functional 

MBH GRs in regulating the MBH GC-mediated effects on lipid homeostasis.  

To begin revealing some of the underlying hepatic mechanisms to explain the 

lipostimulatory effects of MBH DEX, plasma and livers of the RC-fed rats were obtained 

following experimentation and was assessed for hepatic regulators of lipid metabolism. Proteins 

and genes involved in lipogenesis, VLDL secretion, and fatty acid oxidation were assessed via 

western blotting and/or quantitative real time polymerase chain reaction (qRT-PCR). Plasma 

concentrations of apoB-48 and apoB-100 were also be assessed via western blotting. It is 

anticipated that as plasma TG levels increase, plasma apoB-48 and apoB-100 similarly increase 

regardless of treatment group. Plasma was be analyzed for TG and FFA content. Plasma TGs 

will increase over the duration of the experiment due to an intravenous injection of poloxamer, a 

lipoprotein lipase inhibitor at the beginning of the experiment. It is anticipated that the increase 

in plasma TGs is independent of changes in plasma FFAs.    

1.6.2. Objective 2: To assess blocking GC action and delineate GR requirements in the 

MBH in regulating VLDL-TG secretion in diet-induced hyperlipidemic rats 

Previous literature has clearly shown that 3-day HFD feeding leads to a pre-obese model 

that shows signs of early onset metabolic disease via various changes in the metabolic profile, 

including disrupted hypothalamic nutrient sensing, hyperinsulinemia, hyperglycemia, 

hypertriglyceridemia, and increased VLDL-TG secretion independent of changes in body 

weight112,264,297,340,341. Moreover, long-term (12 weeks) HFD-feeding is associated with altered 

HPA activity and increased basal plasma GCs198. Further, Yue et al., has previously 

demonstrated that in this 3-day HFD feeding model, there is a significant increase in basal 

plasma GCs333,334. Thus, it was hypothesized that the increase in plasma GCs, as a result of HFD 

feeding, could act in the MBH on the GRs and contribute to the dyslipidemia observed in these 

models. Further, it was anticipated that the antagonism of the GRs within the MBH should lower 

VLDL-TG secretion in 3-day HFD fed hypertriglyceridemic rats (Figure 1.4, pathway 2).  

Genetic knockdown of the GR in the MBH to assess whether blocking MBH GRs would 

lead to improved lipid profiles in diet-induced hyperlipidemic rats was achieved via MBH 
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specific GR shRNA in pre-obese rats. These experiments tested whether MBH GC action 

contributes to the aberrant lipid metabolism observed in HFD-feeding. Further, once increased 

GC action in the MBH has been implicated in the dysregulation of lipid metabolism in the 3-day 

HFD rodents, Hsp90 was investigated. Again, this was to further implicate the necessity of GRs 

as Hsp90 is necessary for the biological function and stability of the GR185–189. The effects of 

chemical and genetic knockdown of Hsp90 in pre-obese on lipid metabolism was assessed.  

Comparison of hepatic proteins and genes involved in hepatic lipid homeostasis will be 

assessed in different HFD treatment groups and compared to RC-fed rats via western blotting 

and/or qRT-PCR. This will help delineate some of the underlying hepatic mechanisms 

responsible for the changes observed in hepatic lipid homeostasis. Again, it is anticipated that the 

changes in plasma TGs are specifically from liver derived VLDL-TGs and not chylomicrons due 

to previous literature demonstrating nearly undetectable amounts of chylomicrons in 4-hour 

fasted rats112,263. Plasma analysis for TGs, apoB-48, apoB-100, and FFAs will also be assessed. It 

is anticipated that as plasma TG levels increase following an intravenous injection of poloxamer, 

plasma apoB-48 and apoB-100 would similarly increase regardless of treatment group. It is 

anticipated that the increase in plasma TGs over time is independent of changes in plasma FFAs.     
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Figure 1.4- Schematic representation of overall working hypothesis. (1) 

Glucocorticoids (GC) act via glucocorticoid receptors (GRs) in the medial basal 

hypothalamus (MBH) MBH to modulate liver lipid homeostasis by increasing plasma 

triglycerides (TGs) and hepatic TG rich very-low density lipoprotein (VLDL-TG) 

secretion. GCs, in the form of synthetic GC dexamethasone (DEX) can act on MBH GRs 

to lead to increased VLDL-TG secretion and plasma TGs. However if the GRs are 

antagonized, either pharmaceutically via mifepristone (MIF), genetically via GR shRNA, 

or by targeting downstream targets such as heat shock protein 90 (Hsp90) 

(pharmacologically with Hsp90 inhibitor (Hsp90i) or genetically with Hsp90shRNA), we 

should block the lipostimulatory effects of DEX. (2) The inhibition of MBH GC action 

(by blocking MBH GRs or downstream mediators of GC-GR action specifically within the 

MBH) will improve liver lipid metabolism in diet-induced hyperlipidemic rats. High fat 

diet (HFD) feeding- induced hyperlipidemia has been shown to increase peripheral GCs, 

which could act in the MBH to contribute to hyperlipidemia. It is expected that 

antagonizing GRs, either, genetically via GR shRNA, or by targeting downstream targets 

such as Hsp90 should lower VLDL-TG secretion in HFD fed rats.   
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Chapter 2: Methods 
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2.1. Animal care, maintenance, and surgical procedures  

All procedures and protocols for animal care and experiments were approved by the 

University of Alberta Animal Care and Use Committee (protocol No1604) in accordance with 

regulations set forth by the Canadian Council for Animal Care. Male Sprague Dawley (SD) 

(Charles River Laboratories, Montreal, QC) rats were used for in vivo experimentation. Male rats 

SD were used as previous literature has shown that male SD rats fed a 10% lard-oil enriched diet 

for as little as 3 days develop a pre-obese phenotype (hypertriglyceridemia, hyperinsulinemia, 

hyperglycemia, insulin resistance, and increased hepatic triglyceride (TG)-rich very-low density 

lipoprotein (VLDL-TG) secretion) with brain hormone sensing defects that dysregulate lipid and 

glucose metabolism112,264,297,340,341.  Eight-week-old rats arrived weighing 190-200g and were 

individually housed in individual cages on a standard 12-12h light-dark cycle and given ad 

libitum access to water and standard regular chow (RC) (LabDiet PicoLab® Laboratory Rodent 

Diet, 5LOD; 60% cal. from carbohydrate, 28% cal. from protein, and 12% cal. from fat; 3.0 

kcal/g of total metabolized energy). A subset of rats were subjected to a 3-day 10% lard oil 

enriched high fat diet (HFD) (HFD is comprised of 90% RC combined with 10% saturated fat 

(lard oil)) (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 metabolized 

energy) following vascular catheterization surgery (described below).  

2.1.1. MBH stereotaxic bilateral cannulation surgery  

 Rats were acclimated for one-week following delivery, followed by being subjected to 

bilateral stereotaxic cannulation under anesthesia (intraperitoneal administration of 60mg/kg 

ketamine (Ketalean, Bimeda-MTC), 8mg/kg xylazine (Rompun, Bayer)). Medial basal 

hypothalamic (MBH) bilateral cannulation enabled direct MBH infusions of various brain 

treatments on experimentation day, such as dexamethasone (DEX) (Sigma, D1756; 100ng/µl) a 

synthetic glucocorticoid (GC), mifepristone (MIF) (Tocris #1479; 25nM) a GC receptor (GR) 

antagonist, heat-shock protein 90 inhibitor (Hsp90i) (Tocris #1515; 0.606nmol/µl) an acute 

inhibitor of Hsp90, which is required for GR function and stability, or 0.9% saline vehicle (Veh). 

Stereotaxic implantation of 26-gauge, stainless steel bilateral guide cannula (C235G, Plastics 

One Inc.) into the MBH occurred in rats following the coordinates 3.1mm posterior to bregma, 

0.4mm lateral to midline, 9.6mm below the cranial surface112,297,333,334. Immediately after 

cannulation, a subset of rats received a 3µl injection in each cannula of a lentivirus (LV) that 
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expressed GR shRNA (Santa Cruz Biotechnology, sc-35506-V), Hsp90 shRNA (Santa Cruz 

Biotechnology, sc-156099-V), or a control mismatch (MM) sequence (Santa Cruz 

Biotechnology, sc-108080). MBH cannulation placement confirmation, and to confirm the 

localization of brain infusions to the MBH, 3µl of bromophenol blue dye was injected into the 

bilateral cannula at the end of the in vivo experimentation.   

2.1.2. Vascular catheterization 

Eight days following brain cannula implantation, rats were subjected to vascular 

catheterization surgery to enable for intravenous (i.v.) infusions and repeated arterial blood 

sampling without stressing the rat during experimentation. The left carotid artery and right 

jugular vein were catheterized while the rats anaesthetized (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) 

112,297,333,334. Catheters were filled with 10% heparinized saline following surgery to maintain 

patency and were sealed with a metal pin. Additionally, rats were treated with analgesic (2mg/kg 

Metcam) for 2 days postoperatively. Again, a subset of rats were subjected to 3-day HFD feeding 

following vascular catheterization. Body weight and food intake was assessed daily following 

surgery to ensure animal welfare and recovery of all rats. Only rats that attained a minimum of 

90% of their pre-vascular body weight were used for the in vivo studies. 

2.2. In vivo VLDL-TG secretion studies  

Approximately 13 days post-MBH cannulation, 10-hour fasted, freely moving, conscious 

rats were subjected to a pre-infusion of continuous MBH infusions of specific brain treatments 

(saline, DEX, MIF, MIF+DEX, Hsp90i, or Hsp90i+DEX) (0.0055µL/min infusion) followed by 

a i.v. injection of poloxamer (Poloxamer 407) (Sigma, #16758, 600 mg/kg, dissolved in 

saline)112,264. Poloxamer inhibits endogenous lipoprotein lipase (LPL), and thus blocks the 

clearance of TG-rich lipoprotein particles, therefore, the rate of appearance of plasma TGs as a 

function of time will yield the rate of TG-rich lipoprotein secretion112,261,264,342. Due to the rats 

being fasted for 10-hours, TG-rich lipoprotein secretion will most likely be derived from liver 

derived VLDL-TGs, and not from gut derived chylomicrons. Previous literature has shown that 

following a 4 hour fast in a similar rat model, chylomicron-TGs were barely detectable compared 
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to ad-libitum fed controls, suggesting that chylomicrons do not contribute to the observed 

changes in TG-rich lipoprotein secretion in the current study112,263. Thus, all reports of VLDL-

TG secretion in this thesis are based on the assumption that in this particular 10-hour fasted 

model chylomicrons do not play a significant role in TG-rich lipoprotein secretion. However, we 

cannot definitively say that chylomicrons did not play a role in this study as lipid fractions were 

not assessed. Following the pre-infusion and i.v. injection of poloxamer, which is considered 

time (t) 0 of the experiment, or the beginning of the experiment, intra-arterial plasma samples 

(~350µl) were collected over 300 minutes at half hour increments. Plasma was separated via 

centrifugation and immediately analyzed for glucose concentration via the glucose oxidase 

method (Glucose Analyzer GM9, Analox Instruments). Briefly, the reagent solution used in the 

apparatus contains glucose oxidase, which catalyzes the oxidation of glucose in the plasma 

sample to gluconic acid and hydrogen peroxide, and the rate of oxygen consumption by the 

sample is directly related to glucose concentration. The Clark-type amperometric oxygen 

electrode within the analyzer measures oxygen concentration in the plasma. Plasma was then 

treated with heparin or protease inhibitor (Roche, #11836170001) and stored at -20°C for 

analysis of TGs, FFAs, apoB-48, and apoB-100. The packed red blood cells were resuspended in 

0.2% heparinized saline and reinfused into the rat to prevent hypovolemia and anemia. 

Following experimentation (t=300min) rats were anesthetized with a 50µl i.v. injection of 

ketamine and euthanized via decapitation. Brain (MBH wedges) and liver samples were 

collected immediately, flash frozen in liquid nitrogen, and stored at -80°C for future analysis of 

gene or protein expression (Figure 2.1).  



31 

 

 

Figure 2.1- Animal protocol and VLDL-TG secretion experiment. Male Sprague 

Dawley rats received stereotaxic medial basal hypothalamus (MBH) bilateral 

cannulation. During MBH cannulation, some rats were subjected to MBH specific 

lentivirus-either glucocorticoid receptor (GR) shRNA, which acted as a GR knockdown, 

heat shock protein 90 (Hsp90) shRNA which knocks down Hsp90, or a mismatch (MM) 

sequence to act as a control.  Following cannulation, vascular catheterization surgery was 

performed to enable intravenous (i.v.) injections, and blood sampling. Some rats were 

subjected to 3-day high fat diet (HFD) feeding on day 10. Following 13 days post MBH 

cannulation, rats were subjected to a 10-hour fast. On the day of experimentation, rats 

were subject to a pre-infusion of brain treatments, followed by an i.v. injection of 

poloxamer, a lipoprotein lipase inhibitor. Blood samples (~350µl) were collected every 

half hour for a total of 300 minutes. Rats were then euthanized via decapitation for tissue 

collection.  

2.3. Plasma TG assay 

Plasma TG levels were quantified via enzymatic colorimetric analysis using commercial 

assay kits that are specific for plasma TGs and not total lipids (Roche Diagnostics, 

#11877771216 (discontinued in 2020) and Fujifilm Wako Chemicals Lab, #994-02891, 990-

02991, 992-02892, 998-02992, and 464-01601). Both commercial assay kits follow the same 

principles and were compared to ensure comparable data. The principle of this two-step assay is 
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based on the elimination of free glycerol of a plasma sample, followed by the hydrolysis of TGs 

to glycerol which is then oxidized to generate a product that reacts with peroxidase and generates 

a colour that can then be measured on a microplate spectrophotometer reading the correct 

absorbance at different wavelengths (540nm for the Roche kit and 600nm and 700nm for the 

Wako kit). The TG concentration of each plasma sample is obtained by interpolating the 

absorbance of each sample to a standard curve of known concentration values.  

Though the two commercial assay kits use slightly different protocols, the individual 

steps remain the same. The individual protocol for each assay kit was used as follows. A glycerol 

standard curve (Sigma, G7793, for the Roche kit and Fujifilm Wako #464-01601 (reconstituted 

in distilled water) for the Wako kit) of known TG concentrations was loaded in duplicate onto 

sterile, non-treated polystyrene 96-well assay plate (Corning, 9017). Plasma samples were 

centrifuged at 2500rpm at 4°C for 30 seconds then placed on ice. Plasma samples collected from 

each time point were then added to individual wells (10µl of 5x diluted plasma sample for Roche 

kit, 4µl of undiluted plasma for Wako kit). The first reagent (R1) is then added to each well 

(100µl for Roche kit, note for Roche protocol R1 is added before plasma samples are loaded, or 

90µl for Wako kit). R1 decomposes free glycerol via glycerol kinase, glycerol-3-phosphate 

oxidase, and catalase to produce an oxidation product which does not contribute to the 

colorimetric reaction. The Wako kit requires an incubation step of the plate at 37°C for 5 

minutes. The 96-well plates were then placed in the microplate reader (Epoch, BioTek) for 

measurement of absorbance at wavelengths of 540nm for the Roche kit and 600nm and 700nm 

for the Wako kit. For the Wako kit, the difference of the 600nm and 700nm absorbances was 

then quantifying to obtain concentration values. Following the initial read, reagent 2 (R2) was 

added to each well (100µl for Roche kit, 30µl for Wako kit). R2, which contains LPL, glycerol 

kinase, and glycerol-3-phosphate oxidase, hydrolyses the TGs in the plasma sample to glycerol, 

which after a series of enzymatic reactions yields hydrogen peroxide, which contributes to the 

oxidative condensation of various enzymes, catalyzed by peroxidase, which produces colour 

change of each sample based on the availability of glycerol. Again, following this step, the Wako 

kit requires an incubation step at 37°C for 5 minutes, while the Roche kit requires a 1-hour 

incubation at room temperature. The plate is again placed into the microplate reader (Epoch, 

BioTek) for measurement of absorbance at wavelengths of 540nm for the Roche kit and 600nm 

and 700nm for the Wako kit. When quantifying the data, the sample background controls (first 
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read after R1) were subtracted from the sample reading, and the absorbance values of these 

corrected values were plotted against the reference curve from the known standard to determine 

the amount of TG per well (mM).  

2.4. Hepatic TG content  

 Hepatic TG content was quantified using a modified version of the Folch method343. The 

principle of this procedure is that the initial step, which is homogenized liver tissue samples in a 

2:1 mixture of chloroform (Fisher chemical, C298-1) and methanol (Sigma-Aldrich, 34860-4L-

R) results in non-extractable residue and one liquid phase which contains an array of small 

biomolecules344. When a buffer is added to the mixture a new aqueous phase is formed344. The 

upper phase is predominantly methanol, water, hydrophilic components, and salts344. The lower 

phase is mostly chloroform, which retains lipids. The lower phase is washed with water or buffer 

to minimize the amount of non-lipid components344. 

The protocol is as follows. Approximately 50mg of frozen liver samples were obtained 

and placed in a 12x75mm glass tube (Fisher Scientific, 14-961-26). Actual weights of liver 

samples were recorded so that TG concentration could be accurately assessed following the TG 

assay (µg of TGs per mg of liver). The liver was homogenized in 5ml of a 2:1 chloroform: 

methanol solution. The tubes were wrapped in parafilm and left overnight. The following day the 

parafilm was removed from the glass tubes, and the solution was filtered through #1 Whatman® 

paper (4.25cm, #1001 042) into 13x100mm glass tubes (Fisher Scientific, 14-961-27). 2ml of 2:1 

chloroform: methanol solution was added to the initial 12x75mm glass tube and then poured 

through the Whatman paper to extract all TG from the solution. An acidified saline solution was 

prepared with 100ml of 0.9% saline solution and 1ml of 1N HCl (Fisher Scientific, SA48B-1). 

1.25ml of acidified saline solution was added to the filtrate, which was then vortexed. The 

vortexed solution sat at room temperature for 5 minutes and was then centrifuged at 1000rpm for 

15 minutes. The upper phase of the solution was removed via Pasteur pipette (Fisher Scientific, 

13-678-20C) and disposed. The above process of adding acidified saline, centrifuging the 

sample, and removing the top layer was then repeated. Additionally, a ‘upper phase solution’ 

was prepared, which consists of methanol (480ml/L), water (470ml/L), chloroform (30ml/L) and 

calcium chloride dihydrate (400ml/L) (Fisher Scientific, BP5100500). Similar to previous steps, 

1.25ml of this upper phase solution was added to the precipitate, which was vortexed, 
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centrifuged, and the top layer was removed. This step was also repeated. Following these steps 

the samples were then dried down using nitrogen gas. The remaining pellet was then 

resuspended and dissolved with 100µl of 100% ethanol (Commercial Alcohols, Greenfield 

Global, P016EAAN). The sample was diluted at a 1:5 ratio and was then used in the previously 

mentioned ‘Plasma TG assay’ protocol. The Roche Diagnostics Kit (see above for details) was 

used when quantified hepatic TG content, which is again specific to TGs.  

2.5. Plasma FFA assay 

 Plasma free fatty acids (FFAs) was quantified were measured via enzymatic colorimetric 

analysis using a commercial assay kit (Fujifilm Wako Chemicals Lab #999-34691, 995-34791, 

991-34891, 993-35191, and 276-76491). The principle of this two-step assay is that plasma FFAs 

can form acyl-CoAs when treated with acyl-CoA synthetase, which can then be oxidized to 

produce hydrogen peroxide which in the presence of peroxidase allows for various oxidative 

condensation reactions to form a colour which can then be measured on a microplate 

spectrophotometer at optimal density. The FFA concentration of each plasma sample is obtained 

by comparing the absorbance of each sample to a standard curve of known concentration values. 

 The protocol provided by the manufacturer with the assay kit was used as follows, and 

the samples were assayed in duplicate. The standard curve, using the nonesterified fatty acid C 

standard (1.0mM oleic acid) (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1.0 mM) was prepared with double 

distilled water. Additionally reagent 1 (R1) and reagent 2 (R2) were prepared by reconstituting 

the applicable solvent to the applicable solute and stored on ice. Plasma samples from t=0 mins 

(beginning of experiment) and t=300 mins (end of experiment) were centrifuged at 2500rpm at 

4°C for 30 seconds then placed on ice. In a sterile non-treated polystyrene 96 well assay plate 

(Corning, 9017), 5µl of each standard and sample in duplicate was added to the appropriate well, 

followed by 200µl of R1. The plate then sat in an incubation over at 37°C for 5 minutes. R1 is 

required as it contains acyl-CoA synthetases and adenosine triphosphate and CoA, which reacts 

with the FFA in the serum to produce acyl-CoA. Following this step, 100µl of R2 was added to 

all the wells, and the plate was incubated at 37°C for 5 minutes. R2, which contains acyl-CoA 

oxidase and peroxidase, catalyzes the enzymatic colorimetric reaction, leading to a coloured end 

product with an absorption maximum at 550nm. Therefore, the concentration of FFAs in the 
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sample can be determined from the optical density measured at 550nm relative to known 

concentrations from the standard curve.  

2.6. Western blotting 

Both tissue samples (liver and MBH) and plasma (for plasma apoB) were used for protein 

analysis via western blotting. Both tissue and plasma follow similar core procedures for western 

blotting, with slight variations, as described below.  

2.6.1. Tissue western blotting 

 Proteins of interest from frozen liver tissue and MBH wedges that were obtained after 

experimentation were analyzed via western blotting. Liver tissue (~20mg) and MBH wedges 

(~10mg) were homogenized with a Dounce homogenizer at a dilution factor of 1:10 in 1% NP-

40 lysis buffer (20mM Tris-HCl (pH 7.4), 5mM EDTA, 1% (w/v) Nonidet P-40, 2mM sodium 

orthovanadate, 5mM sodium pyrophosphate tetrabasic, 100mM sodium fluoride, phosphatase, 

and protease inhibitor). Homogenized samples sat on ice for 30 minutes, followed by 

centrifugation at 1200xg for 30 minutes at 4°C. The supernatant was collected and transferred 

into a new tube on ice. Protein concentration of the lysate, as well as the concentration of sample 

to be used to prepare a loading sample for loading onto a gel for western blotting was determined 

using the PierceTM BCA Protein Assay Kit (Thermo Scientific, 23225). Lysate samples were 

diluted with double distilled water at a 1:20 ratio for liver and 1:10 ratio for MBH and the 

microplate protocol provided with the assay kit was used.  

 Liver and MBH loading samples with a final concentration of 1.67µg/µl (25µg of protein/ 

lane and 15µl of volume of load sample per lane), were loaded onto a polyacrylamide gel (5%, 

8%, 12%, 15%, depending on the molecular weight (MW) of the protein of interest) and were 

subjected to gel electrophoresis (Mini-PROTEAN® Tetra Vertical Electrophoresis Cell, Bio-Rad) 

and were transferred (90V for 2 hours and 30 minutes at 4°C) to nitrocellulose membranes (0.45 

µm, Bio-Rad, #1620115). To confirm the efficiency of protein transfer, Membranes were stained 

and destained (MemCodeTM Reversible Protein Stain Kit, Thermo Scientific; #24580, or 

Ponceau S Solution, Abcam, ab270042 (destained blocking buffer)). Membranes were then 

incubated in blocking buffer (5% milk in Tris-buffered saline containing 0.2% Tween-20 

(TBST) (Sigma, P1379)) for 1 hour at room temperature on a rotary platform and rinsed with 

1xTBST. Membranes were then incubated overnight at 4°C in primary antibody solutions diluted 
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as shown in table 2.1 for liver samples (FAS, MTP, DGAT1, P-ACC, ACC, Arf1), and for MBH 

tissue (GR). Tubulin, β-actin, and GAPDH were used as loading controls (table 1.1). Membranes 

were then washed three times with 1x TBST for 5 minutes following primary antibody dilution, 

then incubated in horseradish peroxidase-linked secondary antibody (table 1.2) solution diluted 

1:1000 in blocking buffer for 1 hour at room temperature on a rotating platform. Following 

incubation, the membranes were washed three times with 1x TBST for 10 minutes and protein 

expression was enhanced using a chemoluminescence reagent (Western Lighting® Plus-ECL, 

PerkinElmer; NEL105001EA, or, ClarityTM Western ECL Substrate, Bio-Rad, 170-5061, or, 

PierceTM ECL Western Blotting Substrate, thermo scientific, 32106). Immunoblots were detected 

via chemiluminescent imaging system (Bio-Rad ChemiDoc), quantified by densitometry with 

ImageJ image analysis software, and normalized for the total protein using loading controls.  

2.6.2. Plasma apoB western blotting 

Plasma that was treated with protease inhibitor was diluted by 1:50 via adding 2µl of 

plasma in 98µl of double distilled water, plus 100µl of 2x Laemmli Sample Buffer (Bio-Rad, 

1610737). The diluted samples were then boiled for 5 minutes. On a 4-15% gradient gel (4-15% 

Mini-PROTEAN® TGXTM Precast Protein Gels, Bio-Rad, #4561086), 10µl of diluted sample 

was added, and was subject to gel electrophoresis with a constant current for approximately 3 

hours to let the gradient run out. Following this step, the gel was transferred (90V for 2 hours and 

30 minutes) onto a nitrocellulose membrane (0.45 µm, Bio-Rad, #1620115). Again, membrane 

was stained and destained (MemCodeTM Reversible Protein Stain Kit, Thermo Scientific; 

#24580) to confirm efficacy of transfer. Membranes were then incubated in blocking buffer for 1 

hour at room temperature on a rotary platform and rinsed with 1x TBST. Membranes were then 

incubated overnight at 4°C in primary antibody solutions diluted as shown in Table 2.1 (apoB-

48, apoB-100). The membranes were then washed in 1x TBST and incubated in horseradish 

peroxidase-linked secondary antibody (Table 2.2) solution diluted 1:1000 in blocking buffer for 

1 hour at room temperature. Similar to westerns with tissues, the membrane was washed with 

1xTBST, protein expression was enhanced with using a chemiluminescene reagent (Western 

Lighting® Plus-ECL, PerkinElmer; NEL105001EA), imaged using a chemiluminescent imaging 

system, and quantified by densitometry via ImageJ image analysis software. 



37 

 

Table 2.1- Primary antibodies used for western blotting 

Antibody and molecular 

weight  

Company name 

and catalog 

number 

Dilution Secondary 

antibody 

Anti- Fatty acid synthase 

(A-5) 

(FAS)- 270kDa 

Santa Cruz 

#sc-55580 

1:1000 GAM 

Anti-MTP 

(MTP)- 97kDa 

BD Transduction 

Laboratories  

#612022 

1:1000 GAM 

Anti-DGAT1 

(DGAT1)-55kDa 

Novus Biologicals 

#NB110-41487SS 

1:500 GAR 

Anti-P-ACC (Ser79) 

(P-ACC)-265, 280kDa 

Cell Signaling 

#3661 

1:1000 GAR 

Anti-ACC 

(ACC)-265, 280kDa 

Cell Signaling 

#3662 

1:1000 GAR 

Anti-Arf1 (Arfs 1A9/5) 

(Arf1)-~20kDa 

Santa Cruz 

#sc-53168 

1:1000 GAM 

Anti-apoB (A-6) 

(apoB-48)-250kDa, 

(apoB-100)-500kDa 

Santa Cruz 

#sc-393636 

1:500 GAM 

Anti-Glucocorticoid 

Receptor (D8H2) 

(GR)-94kDa 

Cell signaling 

#3660 

1:1000 GAR 

Anti-β-actin (C4) 

(β-actin)- 43kDa 

Santa Cruz 

#sc-47778 

1:1000 GAM 

Anti-GAPDH (A-3) 

(GAPDH)-37kDa 

Santa Cruz 

#sc-137179 

1:1000 GAM 

Anti-α-Tubulin 

(Tubulin)-52kDa 

Cell Signaling 

#2144 

1:1000 GAR 
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Table 2.2- Secondary antibodies used for western blotting 

Secondary antibody  Company name 

and 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 

 

2.7. Liver mRNA expression analysis  

The mRNA expression of liver liporegulatory genes involved in de novo lipogenesis 

(Srebf1c, Fasn, Nr1h3, Nr1h2), VLDL-TG production and secretion (Scd1, Cideb, Lpin2, Dgat1, 

Dgat2, Arf1) and fatty acid oxidation (Cpt1α, Pparα, Ampk) were analyzed using two-step qRT-

PCR.  

2.7.1. RNA extraction  

First, RNA was extracted from homogenized liver using Trizol (Ambion®, 15596026) 

and quantified using a Nanodrop spectrophotometer (260/280nm). In sterol microtubes, ~35-

50mg of liver tissue was homogenized in 1ml of ice cold Trizol. This sample was centrifuged at 

8700 rpm for 10 minutes at 4°C. The supernatant was transferred to a new sterile tube and 200µl 

of chloroform was added to the solution, which will lead to a phase separation where protein is 

extracted to the organic phase and RNA remains in the aqueous phase. The solution sat at room 

temperature for 2-3 minutes followed by centrifugation at 8700 rpm for 15 minutes at 4°C. The 

upper phase was then transferred to a new sterile microtube, where 500µl of isopropanol (Sigma-

Aldrich, 439207) was added. The samples were mixed via inverted samples several times, and 

then incubated overnight at -20°C.  

The following day the samples were centrifuged at 12,000xg for 10 minutes at 4°C. 

Following this step, the supernatant was removed and discarded. 1ml of 75% ethanol was added 

to the solution, which was then centrifuged at 7500xg for 5 minutes. Following centrifugation, 

the supernatant was removed. This step of adding ethanol, centrifuging, and discarding the 

supernatant was repeated 2-3 times in attempt to remove any remaining Trizol contamination. 
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The samples then air dried at room temperature for 30 minutes. Pellets were resuspended in 

100µl of RNase free water.  

Quantification of RNA content was performed by measuring the optical density at 260 

and 280nm using 1.5µl of sample with a NanoDrop 1000 spectrophotometer (Thermo Fisher). As 

a quality control strep for RNA, the ratio of 260/280 should be between 1.8 and 2. Any samples 

not within this threshold were not used.  

2.7.2. cDNA synthesis  

After RNA extraction, first-strand complementary DNA (cDNA) was synthesized using 

Superscript IITM IV VILO Master Mix kit (Invitrogen, #11756050). Using the concentration of 

RNA determined by the NanoDrop, the volume of sample needed to make a sample with exactly 

2µg of total RNA in 9µl of RNase free water (Invitrogen, #10977-015) was determined. 

Following this step, the samples were primed by adding 2µl of Random Hexamer Primers 

(1µg/µl) (Invitrogen, #48190011) to each sample and ran through a PCR program (Eppendorf, 

Mastercycler gradient) to be denatured (70°C for 10 minutes). A master mix was prepared using 

Superscript IITM IV VILO Master Mix kit (Invitrogen, #11756050), and 9µl was added to each 

sample, yielding a final volume of 20µl per sample. The sample was then ran through a PCR 

program for cDNA transcription at 40°C for 1 hour to yield cDNA at a concentration of 

100ng/µl. cDNA was then diluted to a ratio of 1:100 using RNase-free water for a final 

concertation of 1.0ng/µl, except for cDNA used for srebf1c, which was diluted to a ratio of 1:10 

for a final concentration of 10.0ng/µl.  

2.7.3. qRT-PCR 

Quantification of qRT-PCR was performed in a StepOneTM Real-Time PCR Systems 

(Applied BiosystemsTM) in duplicates. Initial qRT-PCR work, which assessed mRNA expression 

of Srebf1c, 18s, and Scd1, was performed on MicroAmpTM 48-Well Reaction Plates (Applied 

BiosystemsTM, #4375816) using TaqManTM Gene Expression Assays (Table 2.3) and TaqManTM 

Universal PCR Master Mix (Applied BiosystemsTM, #4304437) per the manufacturer’s 

instructions. 

 In collaboration with the Dr. Richard Lehner laboratory, the rest of the genes of interest 

were analyzed on MicroAmpTM 96-Well Reaction Plate with Barcode (Applied Biosystems, 

#4346906) using POWER SYBR Master Mix (Applied Biosystems, #4367659) and custom 
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designed primers (Table 2.4), developed by Integrated DNA Technologies. Expression values 

were normalized to the internal control gene, Cyclophilin (gene name: Ppia) or 18s for the 

efficiency of amplification and quantified via the 2-∆∆Ct method345. The expression values of Ppia 

or 18s did not vary between experimental groups, thus, they are considered suitable controls.  

Table 2.3-TaqManTM gene and probes used for gene expression analysis 

Gene name  Company name and 

catalog number 

Sterol regulatory element binding transcription factor 1 

(Srebf1c) 

Applied Biosystems 

#Rn01495769_m1 

Stearoyl-Coenzyme A desaturase 1 

(Scd1) 

Applied Biosystems 

Rn00594894_g1 

Ribosomal protein s18-like 

(18s) 

Applied Biosystems 

Rn01428915_g1 

 

Table 2.4-Custom primer sequences for gene expression analysis 

Gene 

name  

Forward primer sequence Reverse primer sequence  

Cideb GAG CTG GAG CCC AAA GAG T GGC GAT GTC CTT GCT ATG 

TT 

Nr1h3  GCA GTG CCT GAT GTT TCT CC CAG TTG ATT GGG GCA TCC T 

Nr1h2 TCC AGC TCT GCC TAC ATC GT GGA CCC TTC TTC CGC TTG 

Ampk CCG TCT GAT ATT TTC ATG GTC 

A 

ACT CTC CTT TTC GTC CAA 

CCT  

Arf1 TGG CGC CAC TAC TTC CAG TCG TTC ACA CGC TCT CTG 

TC 

Dgat1 TAC GGC GGG TTC TTG AGA T CGT GAA TAG TCC ATG TCC 

TTG A 

Dgat2 GTG TGG CGC TAT TTT CGA G GGT CAG CAG GTT GTG TGT 

CTT 
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Fasn GTG GAC ATG GTC ACA GAC GA CGC TTA GGC AAC CCA TAG 

AG 

Lpin2 AAG ATG CCG AAG AAA TCT GG CTT GGT CTC CGG CAA CTG 

Cpt1a ACA ATG GGA CAT TCC AGG AG AAA GAC TGG CGC TGC TCA 

Ppara TGC GGA CTA CCA GTA CTT AGG 

G 

GGA AGC TGG AGA GAG GGT 

GT 

Ppia TCC AAA GAC AGC AGA AAA CTT 

TCG 

TCT TCT TGC TGG TCT TGC 

CAT TCC 

18s TTC GAA CGT CTG CCC TAT CAA 

C 

GAA CCC TGA TTC CCC CGT 

CAC 

 

2.8. Statistical analysis  

Statistical analyses were calculated with GraphPad Prism software. In statistical analysis 

of two groups, unpaired Student’s t-tests were performed. For comparisons of more than two 

groups, analysis of variance (ANOVA) was performed assuming unequal standard deviation, and 

if significant, was followed by Dunnett’s or Tukey’s post-hoc tests when appropriate. Repeated 

measures ANOVA will compare measurements taken repeatedly over time, assuming unequal 

standard deviation. If the time and treatment interaction between groups was found to be 

significant, multiple t-tests were used to determine the statistical significance at specific time 

points between groups. The P value lower than 0.05 was considered statistically significant.  

  



42 

 

Chapter 3: Results 
 

 

All surgeries performed on rats prior to experimentation were performed by Bryan Lum and Dr. 

Jessica Yue. Some VLDL-TG secretion studies were performed by undergraduate students Mark 

Wang, Emily Ling, Hongju (Jennifer) Lee, Bethany Chan, and Eyram Asem. Plasma and 

hypothalamic western blotting was performed by Carrie-Lynn Soltys. Plasma corticosterone and 

plasma insulin radioimmunoassays were performed by Emilie Beaulieu-Bayne.     
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3.1. Acute glucocorticoids act on glucocorticoid receptors in the medial basal 

hypothalamus to stimulate hepatic triglyceride secretion in regular chow-fed rats. 

To assess whether glucocorticoid (GC) action in the medial basal hypothalamus (MBH) 

regulates triglyceride (TG)-rich very-low density lipoprotein (VLDL-TG) secretion in vivo, we 

first tested the effect of direct MBH GC infusion on 10-h fasted, conscious, freely moving 

Sprague Dawley (SD) rats on a regular chow (RC)-diet. Note that VLDL-TG secretion rate is 

based on the rate of appearance of TGs in the plasma over the duration of the experiment. It is 

assumed that the TG-rich lipoproteins are liver derived VLDL-TGs based on the assumption that 

chylomicrons do not significantly contribute to TG-rich lipoprotein secretion in 4-hour fasted rat 

models112,263. However, lipid fraction assessment is required to confirm the contribution of gut-

derived chylomicrons. 

The MBH infusion of dexamethasone (DEX), a synthetic GC, significantly increased 

plasma TG (Figure 3.1a), and VLDL-TG secretion (Figure 3.1b), compared to vehicle (Veh). 

The MBH infusion of mifepristone (MIF), a GC receptor (GR) antagonist, had no effect on 

plasma TGs, similar to that of the Veh group, suggesting that the inhibition of GRs in the MBH 

does not have an effect on plasma TGs. Importantly, the co-infusion of MIF+DEX into the MBH 

saw the lipostimulatory effects of DEX diminished (Figure 3.1a-b), suggesting that DEX can act 

on GRs in the MBH to increase plasma TGs and VLDL-TG secretion and this effect can be 

negated via the co-infusion of MIF+DEX. However, there was no significant change in hepatic 

TG content between the four groups (Figure 3.2). Though, MBH DEX and MBH MIF+DEX 

both decreased hepatic TG content relative to controls, however this may be due to the sample-

size variability (Figure 3.2). As plasma glucose and FFAs can be used as substrates for TG 

synthesis, plasma glucose and FFAs were assessed29,63,140,141. There was no change in basal 

(time=0 min) or end of experiment (t=300 min) plasma free fatty acids (FFAs) (Figure 3.3a) or 

plasma glucose (Figure 3.3b), suggesting that the increase in VLDL-TG secretion induced by 

DEX in the MBH was independent of changes in plasma FFAs and glucose. Thus, DEX was able 

to stimulate VLDL-TG production by acting on GRs within the MBH, and this hyperlipidemic 

effect can be negated by blocking GRs with MIF within the MBH, an effect independent of 

changes in hepatic TG storage and levels of FFAs and glucose.  
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Figure 3.1- Acute glucocorticoid action in the medial basal hypothalamus stimulates 

hepatic plasma triglycerides and very-low density lipoprotein secretion in regular-

chow fed rats. (a) Plasma triglycerides (TG) and (b) TG-rich, very-low density 

lipoprotein (VLDL-TG) secretion rates of poloxamer-injected rats on a regular chow 

(RC) diet that were subjected to a continuous MBH infusion of either saline (RC Veh) 

(n=13, white circle or bar), dexamethasone (RC DEX) (n=29, black circle or bar), 

mifepristone (RC MIF) (n=20, light grey circle or bar), or a co-infusion of MIF and DEX 

(RC MIF+DEX) (n=10, dark grey circle or bar).*P<0.05 for RC DEX versus all groups.  
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Figure 3.2- Acute glucocorticoid action in the medial basal hypothalamus does not 

alter hepatic triglyceride content in regular-chow fed rats. Hepatic triglyceride 

content was assessed in rats fed a regular-chow (RC) diet following continuous medial 

basal hypothalamic infusions of saline (RC Veh) (n=11, white bar), dexamethasone (RC 

DEX) (n=10, black bar), mifepristone (RC MIF) (n=7, light grey bar), or a co-infusion of 

MIF and DEX (RC MIF+DEX) (n=8, dark grey bar) Units are reported as mean µg of TG 

per mg of liver weight. 
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Figure 3.3- Medial basal hypothalamic glucocorticoid induced triglyceride-rich, 

very-low density lipoprotein secretion occurs independent of changes in plasma free 

fatty acids and plasma glucose. (a) Plasma free fatty acids (FFAs) from time (t)=0 and 

time=300 for rats fed a regular-chow diet (RC) treated with a continuous medial basal 

hypothalamic infusion of either saline (RC Veh) (n=6 at t=0 mins and t=300 mins, white 

bar), dexamethasone (RC DEX) (n=11 at t=0 mins and at t=300 mins, black bar), 

mifepristone (RC MIF) (n=9 at t=0 mins, n=8 at t=300 mins, light grey bar), and the co-

infusion of MIF and DEX (RC MIF+DEX) (n=7 at t=0 and 300, dark grey bar). (b) 

Plasma glucose from time (t)=0 mins and t=300 mins for rats fed a regular-chow diet 

(RC) treated with a continuous medial basal hypothalamic infusion of either saline (RC 

Veh) (n=10 at t=0 mins,  n=12 at t=300 mins, white bar), dexamethasone (RC DEX) 

(n=32 at t=0 mins, n=29 at t=300 mins, black bar), mifepristone (RC MIF) (n=24 at t=0 

mins and 300 mins, light grey bar), and the co-infusion of MIF and DEX (RC 

MIF+DEX) (n=13 at t=0 mins and t=300 mins, dark grey bar).  
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3.1.1. Investigation of hepatic mechanisms involved in the medial basal hypothalamic 

glucocorticoid mediated increase in hepatic triglyceride-rich very-low density lipoprotein 

secretion.   

 To begin revealing some of the underlying mechanisms related to hepatic contribution to 

increase plasma TGs following MBH GC treatment hepatic regulators of lipid metabolism were 

investigated. These proteins and genes of interest are related to hepatic lipogenesis, VLDL-TG 

secretion, and fatty acid oxidation.  

 RC DEX’s effect to increase plasma TGs and potentially VLDL-TG secretion was 

independent of changes in hepatic fatty acid synthase (FAS), phosphorylated-acetyl CoA 

carboxylase (P-ACC) to total acetyl-CoA carboxylase (ACC), microsomal triglyceride transfer 

protein (MTP), diacylglycerol acyltransferase 1 (DGAT1), or ADP-ribosylation factor 1 (Arf1) 

protein levels (Figure 3.4a-f) which are involved in hepatic TG production and VLDL-TG 

synthesis. Additionally, there was no significant change in hepatic sterol regulatory element-

binding protein 1c (Srebf1c), liver x receptor α (Nr1h3), or liver x receptor β (Nr1h2) mRNA 

expression between groups, which are considered master regulators of gene expression for genes 

involved in lipid homeostasis, in part by increasing hepatic TG synthesis (Figure 3.5a-c). This 

finding was associated with a lack of change in hepatic Dgat1, Dgat2, Fasn, stearoyl-CoA 

desaturase 1 (Scd1), lipin 2 (Lpin2), cell death-inducing DFF4-like effector B (Cideb), or ADP-

ribosylation factor 1 (Arf1) mRNA expression between the groups, which are genes involved in 

the regulation of TG synthesis and VLDL production and secretion (Figure 3.6a-g). There was 

also no significant change in hepatic mRNA expression in genes involved in fatty acid oxidation 

(carnitine palmitoyltransferase 1a (Cpt1a), peroxisome proliferator-activated receptor α (Ppara), 

and AMP-activated protein kinase (Ampk)) between treatment groups (Figure 3.7a-c). A change 

in fatty acid oxidation could suggest a change in hepatic fatty acid utilization, which in turn 

would could contribute to altered hepatic lipid storage, utilization, and/ or VLDL-TG 

assembly63,144. Together, this suggests that the change in plasma TGs and VLDL-TG secretion 

following MBH GC treatment was independent of changes in lipogenic genes involved in TG 

synthesis, VLDL-TG assembly, and fatty acid oxidation.  
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Figure 3.4- Increased very-low density lipoprotein secretion was not due to changes 

in hepatic protein levels. (a) Representative western blot images from liver samples 

obtain from rats on a regular-chow (RC) diet that received continuous medial basal 

hypothalamic infusions of saline (RC Veh) (white bars), dexamethasone (RC DEX) 

(black bars), mifepristone (RC MIF) (light grey bars), and the co-infusion of MIF and 

DEX (RC MIF+DEX) (dark grey bars). Protein molecular weight is indicated in 

kilodaltons (kDa). Western blots were quantified and expressed relative to a control. 

Shown are hepatic protein levels of (b) fatty acid synthase (FAS) relative to loading 

control tubulin (Tub), (c) phosphorylated-acetyl CoA carboxylase (P-ACC) to total 

acetyl-CoA carboxylase (ACC), (d) microsomal triglyceride transfer protein (MTP) to 

Tub, (e) diacylglycerol acyltransferase 1 (DGAT1) to Tub, and (f) ADP-ribosylation 

factor 1 (Arf1) to Tub. For all groups there is an n=6, except for an n=5 for RC DEX 

when assessing for protein levels of Arf1.   
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Figure 3.5- Medial basal hypothalamic glucocorticoid receptor activation does not 

alter hepatic Srebf1c, Nr1h3, or Nr1h2 mRNA expression. Liver samples were 

obtained from rats, that were fed a regular chow diet (RC), after medial basal 

hypothalamic infusions of saline (RC Veh, white bars), dexamethasone (RC DEX, black 

bars), mifepristone (RC MIF, light grey bars), or a co-infusion of MIF and DEX (RC 

MIF+DEX, dark grey bars). Samples were assessed for relative hepatic mRNA 

expression of (a) sterol regulatory element-binding protein 1c (Srebf1c) (RC Veh n=8, 

RC DEX n=5, RC MIF n=6, RC MIF+DEX n=4), and (b) liver x receptor α (Nr1h3) (RC 

Veh n=8, RC DEX n=8, RC MIF n=8, RC MIF+DEX n=7) and (c) β (Nr1h2) (RC Veh 

n=8, RC DEX n=7, RC MIF n=8, RC MIF+DEX n=7). RC Veh normalized to 1.0. 18s 

was used as a housekeeper gene for Srebf1c, and Ppia was used as a housekeeper gene 

for Nr1h3 and Nr1h2.  
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Figure 3.6- Changes in triglyceride-rich very-low density lipoprotein secretion 

associated with medial basal hypothalamic glucocorticoid action occurs 

independently of changes in hepatic lipogenic gene expression. Liver samples were 

obtained from rats, that were fed a regular chow diet (RC), after medial basal 

hypothalamic infusions of saline (RC Veh, white bars), dexamethasone (RC DEX, black 

bars), mifepristone (RC MIF, light grey bars), or a co-infusion of MIF and DEX (RC 

MIF+DEX, dark grey bars). Samples were assessed for relative hepatic mRNA 

expression of (a) diacylglycerol acyltransferase 1 (Dgat1) (RC Veh n=8, RC DEX n=7, 

RC MIF n=7, RC MIF+DEX n=7), (b) diacylglycerol acyltransferase 2 (Dgat2) (RC Veh 

n=8, RC DEX n=8, RC MIF n=8, RC MIF+DEX n=7), (c) fatty acid synthase (Fasn) (RC 

Veh n=6, RC DEX n=6, RC MIF n=8, RC MIF+DEX n=7), (d) stearoyl-CoA desaturase 

1 (Scd1) (RC Veh n=7, RC DEX n=5, RC MIF n=7, RC MIF+DEX n=4), (e) lipin-2 

(Lpin2) (RC Veh n=7, RC DEX n=8, RC MIF n=8, RC MIF+DEX n=7), (f) cell death-

inducing DFF4-like effector B (Cideb) (RC Veh n=8, RC DEX n=7, RC MIF n=8, RC 

MIF+DEX n=5), and (g) ADP-ribosylation factor 1 (Arf1) (RC Veh n=8, RC DEX n=7, 

RC MIF n=7, RC MIF+DEX n=7). RC Veh normalized to 1.0. Ppia was used as a 

housekeeper gene for all genes of interest except for Scd1, which used 18s.  
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Figure 3.7- Medial basal hypothalamic glucocorticoid induced increase of 

triglyceride-rich very-low density lipoprotein occurs independently from changes in 

liver mRNA expression of genes involved in fatty acid-oxidation. Liver samples were 

obtained from rats, that were fed a regular chow diet (RC), after medial basal 

hypothalamic infusions of saline (RC Veh, white bars), dexamethasone (RC DEX, black 

bars), mifepristone (RC MIF, light grey bars), or a co-infusion of MIF and DEX (RC 

MIF+DEX, dark grey bars). Samples were assessed for relative hepatic mRNA expression 

of (a) carnitine palmitoyltransferase 1a (Cpt1a) (RC Veh n=7, RC DEX n=8, RC MIF 

n=8, RC MIF+DEX n=6), (b) peroxisome proliferator-activated receptor α (Ppara) (RC 

Veh n=8, RC DEX n=8, RC MIF n=8, RC MIF+DEX n=7), and (c) AMP-activated 

protein kinase (Ampk) (RC Veh n=8, RC DEX n=6, RC MIF n=8, RC MIF+DEX n=7). 

RC Veh normalized to 1.0. Ppia was used as a housekeeper gene.   

 As each VLDL-TG particle has a single apoB attached111 and both apoB-48 and apoB-

100 are produced in rodent hepatocytes113,114, plasma apoB-48 and apoB-100 concentrations 

were determined between the RC Veh group and RC DEX group at t=0 mins (basal) and t=300 

mins (end of experimentation) (Figure 3.8a). RC MBH DEX treatment had no effect on basal 

apoB-48 relative to RC Veh (Figure 3.8b), but RC MBH DEX had significantly higher basal 

plasma apoB-100 (Figure 3.8c) relative to RC Veh. Additionally, there was an expected increase 
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in plasma apoB-48 and plasma apoB-100 following experimentation (at t=300 mins), however 

no effect of MBH DEX was observed compared to the Veh group. (Figure 3.8a-c). Further, there 

was no significant difference in the ratio of plasma TGs to plasma apoBs between the two 

groups, which may suggest that there are similar levels of TGs per apoB particle (Figure 3.8d-e).  

 

Figure 3.8- Plasma apoB remained unchanged after medial basal hypothalamic 

glucocorticoid receptor activation relative to vehicle. Plasma samples from the 

beginning of the experiment (t=0 mins) and after experiment (t=300 mins) were obtained 

from rats fed a regular-chow (RC) diet that were subject to continuous medial basal 

hypothalamic infusions of either saline (RC Veh) (n=6, white bars) or dexamethasone 

(RC DEX) (n=6, black bars) and were assessed for plasma apoB-48 or apoB-100. (a) A 

representative western blot of the plasma samples from t=0 mins and t=300 mins 

assessing protein levels of apoB-100 and apoB-48 via relative densitometry. (b) Plasma 

apoB-48 and (c) plasma apoB-100 were assessed. The average ratio of plasma 

triglycerides (TGs) to (d) apoB-48 or (e) apoB-100 for each sample for each time was 
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also assessed. ǂP<0.05 for RC DEX t=0 mins versus RC Veh t=0 mins. *P<0.05 for t=300 

mins versus t=0 mins within each treatment group. 

3.2. Medial basal hypothalamus-targeted glucocorticoid receptor knockdown negates 

the effects of medial basal hypothalamic glucocorticoid-stimulated hepatic triglyceride 

secretion in regular chow-fed rats 

 To alternatively test the requirement of MBH GRs to mediate MBH GCs, chronic 

inhibition of MBH GRs was investigated using rats that received a MBH specific LV containing 

GRshRNA compared to rats that received MBH MM as a control. These genetic loss-of-function 

techniques were used to evaluate whether MBH GRs are necessary for MBH GC liporegulatory 

action. A significant knockdown of MBH GR protein levels in RC GRshRNA rats compared to 

RC MM was confirmed via western blotting (Figure 3.9a-b). 

   

 

Figure 3.9- Representative western blot confirming knockdown of glucocorticoid 

receptor in the medial basal hypothalamus. (a) The medial basal hypothalamus (MBH) 

of rats fed a regular-chow (RC) diet that were subjected to either a lentivirus injection 

containing a glucocorticoid receptor (GR) knockdown, GRshRNA, or a mismatch 

sequence (MM) as a control, specifically in the MBH, were obtained after 

experimentation for analysis via western blotting. (b) Western blot analysis of MBH 

wedges from RC MM (n=5, dark grey) and RC GRshRNA (n=5, black) for protein levels 

of GR relative to tubulin (Tub). *P=0.001 for RC GRshRNA versus RC MM.    
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 RC MM rats had plasma TGs and VLDL-TG secretion rats similar to that of the RC Veh, 

suggesting that the MM sequence injected into the MBH did not alter hepatic lipid metabolism. 

RC MM rats treated with DEX (RC MM DEX) had significantly higher plasma TGs and VLDL-

TG secretion rates compared to RC MM rats, which is a similar effect observed in RC DEX vs 

RC Veh. Whereas MBH GRshRNA alone did not have an effect, suggesting that basal 

hypothalamic GCs do not have a role in the RC model in modulating hepatic lipid metabolism, 

MBH GR knockdown was able to negate the lipostimulatory effects of MBH DEX, as seen in 

RC GRshRNA DEX (Figure 3.10a-b). This data suggests that chronic knockdown of MBH GRs 

is capable of blocking MBH GC-stimulated hepatic TG secretion in RC rats, illustrating that 

MBH GCs require MBH GRs for the liporegulatory effects.  

 

Figure 3.10- Medial basal hypothalamic targeted glucocorticoid receptor 

knockdown negates the effects of medial basal hypothalamic stimulation in regular-

chow fed rats. (a) Plasma triglyceride (TG) and (b) TG-rich very low density lipoprotein 

(VLDL-TG) secretion rate was measured from rats on a regular-chow (RC) diet subjected 

that were subjected to a medial basal hypothalamic (MBH) injection containing a 

mismatch (MM) sequence, or a lentivirus containing a glucocorticoid receptor 

knockdown (GRshRNA) approximately 13 days prior to experimentation. The rats were 

subjected to an acute continuous MBH directed infusion of saline (RC MM, n=6, light 

black triangle or bar, and RC GRshRNA, n=6, black square or bar) or dexamethasone 
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(DEX) (RC MM DEX, n=10, light grey triangle or bar, and RC GRshRNA DEX, n=7, 

dark grey square or bar). RC MM (saline infusion) was used the control to RC MM DEX. 

*P<0.05 for RC MM DEX versus all groups.  

3.3. Medial basal hypothalamic heat shock protein 90 is required for medial basal 

hypothalamic glucocorticoid stimulation of triglyceride secretion in regular chow-fed rats 

 To further implicate the necessity of MBH GRs, heat shock protein 90 (Hsp90) was 

investigated. This is again due to the fact that Hsp90 is required for the stability of the GR 

complex and biological function185–187. Thus, it was postulated that the inhibition of Hsp90 in the 

MBH would negate the effect of MBH GCs acting on MBH GRs to stimulate hepatic VLDL-TG 

secretion.  

 The effects of acute Hsp90 inhibition were first tested on SD rats fed a RC-diet that 

received a continuous MBH infusion of Hsp90i, a pharmacological Hsp90 inhibitor, directly into 

the MBH. RC Hsp90i alone did not significantly change plasma TGs (Figure 3.11a) or VLDL-

TG secretion rate (Figure 3.11b) relative to RC Veh. However, we show that acute 

pharmacological inhibition of Hsp90 in the MBH, using Hsp90i co-infused with DEX (RC 

Hsp90i+DEX), lowers plasma TGs and VLDL-TG secretion rates compared to RC DEX (Figure 

3.11a-b).  

 

Figure 3.11- Acute heat shock protein 90 inhibition in the medial basal 

hypothalamus negates the effects of medial basal hypothalamic glucocorticoid 
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stimulation in regular-chow fed rats. (a) Plasma triglycerides (TG) and (b) TG-rich 

very low density lipoprotein (VLDL-TG) secretion rate were measured in rats fed a 

regular-chow (RC) that were subjected to direct medial basal hypothalamic infusions of 

either saline (RC Veh) (n=13, white circle or bar), dexamethasone (RC DEX) (n=29, 

black circle or bar), heat shock protein 90 inhibitor (RC Hsp90i) (n=13, light grey squares 

with white asterisk, or light grey hashed bars), or a co infusion of Hsp90i and DEX (RC 

Hsp90i+DEX) (n=12, dark grey squares with black asterisk, or dark grey hashed bars). 

*P<0.05 for RC DEX versus all groups.  

 Further, to implicate the necessity of Hsp90, the effects of Hsp90 knockdown was 

investigated in rats treated with a MBH specific LV which contained Hsp90 shRNA, compared 

to MM controls. SD rats that received MBH specific Hsp90shRNA (RC Hsp90 shRNA) had a 

lipid profile similar to that of RC MM (Figure 3.12 a-b), indicating that Hsp90 knockdown alone 

in the MBH in the RC-model does not alter lipid homeostasis relative to RC MM. Importantly, 

chronically knocking down Hsp90 in the MBH negated the lipostimulatory effects of DEX as 

observed with RC Hsp90 shRNA+DEX (Figure 3.12a-b). Furthermore, the culmination of data 

thus far illustrates that both pharmacological inhibition (using MIF and Hsp90i) and genetic 

knockdown (using GRshRNA and Hsp90 shRNA) of GRs are able to abate the lipostimulatory of 

MBH GR stimulation in a RC-model. This data supports the claim of that GC act directly on 

GRs within the MBH, and this GC-GR function is mediated by Hsp90, to regulate hepatic lipid 

metabolism in a RC model.  



57 

 

 

Figure 3.12- Genetic knockdown of heat shock protein 90 in the medial basal 

hypothalamus lowers the lipostimulatory effect of dexamethasone in regular-chow 

fed rats. (a) Plasma triglyceride (TG) and (b) TG-rich very low density lipoprotein 

(VLDL-TG) secretion rate was measured from rats on a regular-chow (RC) diet subjected 

that were subjected to a medial basal hypothalamic (MBH) injection containing a 

mismatch (MM) sequence, or a lentivirus containing a heat shock protein 90 knockdown 

(Hsp90 shRNA) approximately 13 days prior to experimentation. The rats were subjected 

to an acute continuous MBH directed infusion of saline (RC MM, n=6, light black 

triangle or bar, and RC Hsp90 shRNA, n=7, black square or bar) or dexamethasone 

(DEX) (RC MM DEX, n=10, light grey triangle or bar, and RC Hsp90 shRNA DEX, 

n=10, dark grey square or bar). RC MM (saline) was used as a control for RC MM DEX. 

*P<0.05 for RC MM DEX versus RC MM and RC Hsp90 shRNA+DEX.  

3.4. Three-day high fat diet feeding alters the metabolic profile independent of changes 

in body weight 

 As we have shown that MBH GC-GR action plays a role in TG metabolism in the RC 

model, we next addressed MBH GC action in a pre-obese 3-d high fat diet (HFD) model that 

shows signs of early onset metabolic disease. Previous literature has shown that a 3-d HFD is 

capable of changing the metabolic profile via inducing mild hyperglycemia, mild 

hyperinsulinemia, as well as increased basal plasma TG and hepatic VLDL-TG 

secretion112,264,297,340,341. Comparing the RC Veh to the HFD Veh group, indeed, HFD feeding led 
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to a significant increase in basal plasma glucose and TGs and significantly higher hepatic TG 

content, independent of changes in body weight (Figure 3.13a-d). This same model has 

previously been shown to increase plasma insulin levels333,334. Importantly, Yue et al., has shown 

that 3-d HFD feeding leads to elevated plasma CORT levels compared to RC fed rats333,334. 

Thus, it was hypothesized that the elevated GCs, that are associated with HFD feeding, can act in 

the MBH to contribute to the hypertriglyceridemic profile that is associated with HFD feeding.  

 

Figure 3.13- Physiological effects of a 3-day high fat diet compared to regular chow. 

A comparison of the metabolic effects a regular-chow (RC, white bars) diet has compared 

to a 3-day high fat diet (HFD, black and white hashed bars) on rats. (a) Basal plasma 

glucose, RC n= 11, HFD n=11, (b) basal plasma triglycerides RC n=13, HFD n=17, (c) 

liver triglyceride content RC n=11, HFD n=9 (liver TG content is reported as µg of TG 

per mg of liver weight), and (d) body weight, RC n=49, HFD n=32. *P<0.05 for HFD 

versus RC. Note, body weight data is pooled from multiple treatment groups.  

 The HFD Veh group had expectedly significantly higher plasma TGs and VLDL-TG 

secretion rats (Figure 3.14a-b). HFD-fed rats had significantly higher basal (t=0 mins) plasma 
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apoB-48 and apoB-100 levels, as well as a significant increase in both apoBs following 

experimentation (t=300 mins), but no significant difference in plasma apoB-48 or apoB-100 

between the RC Veh and HFD Veh groups at t=300 mins(Figure 3.15a-c). No change in the ratio 

of plasma TGs: plasma apoBs at t=300 between the RC Veh group and HFD group was 

observed, indicating there was no significant change in the amount of TGs per apoB particle 

following HFD feeding (Figure 3.15d-e). Notably, these results are similar to what was observed 

in the RC Veh and RC DEX model.   

 

Figure 3.14- Three-day high fat feeding elevates plasma triglycerides and 

triglyceride-rich very-low density lipoprotein secretion. (a) Plasma triglycerides (TG) 

and (b) TG-rich very low density lipoprotein (VLDL-TG) secretion rate was assessed 

from rats following an intravenous injection of poloxamer. Rats were subjected to either a 

regular-chow (RC Veh) (n=13, white circle or bar), or a 3-day high fat diet (HFD Veh) 

(n=17, white diamond or hashed bar). *P<0.05 for HFD Veh versus RC Veh.  
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Figure 3.15- Three-day high fat diet fed rats have elevated basal plasma apoB levels. 

Plasma samples from the beginning of the experiment (t=0 mins) and after experiment 

(t=300 mins) were obtained from rats fed either a regular-chow (RC) (n=6, white bar) 

diet or a 3-day high fat diet (HFD) (n=6, black and white hashed bar) and were assessed 

for plasma apoB-48 or apoB-100. (a) A representative western blot of the plasma samples 

from t=0 mins and t=300 mins assessing protein levels of apoB-100 and apoB-48 via 

relative densitometry. (b) Plasma apoB-48 and (c) plasma apoB-100 were assessed. The 

average ratio of plasma triglycerides (TGs) to (d) apoB-48 or (e) apoB-100 for each 

sample for each time was also assessed. *P<0.05 for t=300 mins versus t=0 mins within 

each treatment group. ǂP<0.05 for HFD t=0 mins versus RC t=0 mins.   

3.5. Three-day high fat diet feeding elevates plasma triglycerides to a similar extent as 

glucocorticoid treatment in the medial basal hypothalamus  

 Given there are similar effects between the HFD group and the RC Dex versus the RC 

Veh group, this led us back to the hypothesis that the elevated GCs that are associated with HFD 

feeding could act in the MBH to increase plasma TGs via increased VLDL-TG secretion. Thus, 
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some comparisons of the HFD Veh group, RC Veh and RC DEX group were made. RC MBH 

DEX treatment had a similar effect compared to the HFD group with an increase in plasma TGs 

and VLDL-TG secretion, compared to the RC Veh group (Figure 3.16a-b). These findings were 

not associated with changes in hepatic FAS, P-ACC:ACC, MTP, or DGAT1 protein levels 

between RC Veh, RC DEX, and HFD Veh groups (Figure 3.17a-e). This provides further support 

to the hypothesis that increased GC action in the MBH may be stimulating VLDL-TG secretion. 

However, the mechanism remains unclear as the lipostimulatory effects of GCs in the 

hypothalamus were not associated with changes in liporegulatory protein levels.   

 

Figure 3.16- Three-day high fat feeding elevates plasma triglycerides and 

triglyceride rich very-low density lipoprotein secretion to a similar extent as a direct 

medial basal hypothalamic infusion of dexamethasone rats fed a regular-chow diet. 

(a) Plasma triglycerides (TG) and (b) TG-rich very low density lipoprotein (VLDL-TG) 

secretion rate was assessed from rats following an intravenous injection of poloxamer. 

Rats were given either a regular-chow (RC) (white circle or bar), or a 3-day high fat diet 

(HFD Veh) (white diamond or hashed bar). Rats were subjected to a continuous infusion 

into their medial basal hypothalamus of either saline (RC Veh, n=13 and HFD Veh n=17) 

or dexamethasone (RC DEX) (n=29, black circle or bar) *P<0.05 for HFD Veh and RC 

DEX versus RC Veh.  
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Figure 3.17- Three-day high fat feeding does not alter hepatic FAS, P-ACC:ACC, 

MTP, or DGAT1. Liver samples were obtained following experimentation from rats that 

were either on a regular-chow (RC) diet or a 3-day high fat diet (HFD) and were 

subjected to an acute, continuous infusion of either saline (RC Veh, n=6, white bar, HFD 

Veh, n=6, hashed bar) or dexamethasone (RC DEX, n=6, black bar) into the medial basal 

hypothalamus. (a) Protein levels of assessed using a western blot technique, as shown 

with the representative western blot. Proteins of interest include: (b) fatty acid synthase 

(FAS) relative to tubulin (Tub), (c) phosphorylated-acetyl CoA carboxylase (P-ACC) to 

total acetyl-CoA carboxylase (ACC), (d) microsomal triglyceride transfer protein (MTP) 

relative to Tub, and (e) diacylglycerol acyltransferase 1 (DGAT1) relative to Tub. 

3.6. Chronic (13-day) inhibition of the medial basal hypothalamic glucocorticoid 

receptor lowers hepatic triglyceride-rich very low-density lipoprotein secretion in 3-day 

high fat diet fed rats 

 As GCs can act directly in the MBH to stimulate hepatic TG secretion in a similar fashion 

as a 3-d HFD, and that chronic (13-day) GR knockdown was able to negate the lipostimulatory 

effects of GC stimulation in the RC model, it was anticipated that chronic loss-of-function of 

MBH GRs would lead to improved lipid profiles in the 3-d HFD-fed SD rats. These experiments 
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would test whether MBH GC action contributes to increased plasma TGs observed in HFD-

feeding.  

 As assessed in the RC model, after MBH cannulation, a subset of SD rats were subjected 

to a MBH specific lentivirus containing GRshRNA, or a MM sequence as a control. HFD MM 

rats had a plasma TG and VLDL-TG secretion rate similar to that of the HFD Veh. Strikingly, 

HFD MBH GRshRNA had significantly lower plasma TGs (Figure 3.18a), VLDL-TG secretion 

rate (Figure 3.18b), and hepatic TG content (Figure 3.19) compared to HFD MM rats, indicating 

that chronic GR knockdown, selectively in the MBH, was able to lower hepatic VLDL-TG 

secretion that was elevated via HFD-feeding. This data supports the hypothesis that elevated 

GCs, as observed in metabolic disease states, act in the MBH to contribute to hyperlipidemia, 

and this lipid profile can be normalized via chronic MBH GR knockdown.   

 

Figure 3.18- Chronic medial basal hypothalamus targeted glucocorticoid receptor 

knockdown lowers hepatic triglyceride-rich very-low density lipoprotein production 

and secretion in 3-day high fat diet fed rats. Rats were subjected to a medial basal 

hypothalamic targeted injection containing a mismatch sequence (MM/control) or a 

lentivirus containing a glucocorticoid receptor knockdown (GRshRNA) approximately 13 

days prior to experimentation. The rats then underwent a vascular surgery, followed by a 

3-day high fat diet (HFD) feeding regimen. Following a poloxamer injection, (a) plasma 
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triglycerides (TG) and (b) TG-rich very-low density lipoprotein secretion (VLDL-TG) 

rate was assessed in HFD MM (n=6, light grey ‘x’ or hashed bar) and HFD GRshRNA 

(n=13, dark grey cross or hashed bar). *P<0.05 for HFD GRshRNA versus HFD MM.  

 

Figure 3.19- Chronic medial basal hypothalamus targeted glucocorticoid receptor 

knockdown lowers hepatic triglyceride content in 3-day high fat diet fed rats. Rats 

were subjected to a medial basal hypothalamic targeted injection containing a mismatch 

sequence (MM) or a lentivirus containing a glucocorticoid receptor knockdown 

(GRshRNA) approximately 13 days prior to experimentation. The rats then underwent a 

vascular surgery, followed by a 3-day high fat diet (HFD) feeding regimen. Following 

poloxamer experimentation, livers were harvested. Hepatic triglyceride (TG) content is 

reported between HFD MM (n=7, light grey hashed bars) and HFD GRshRNA (n=11, 

dark grey hashed bars). *P<0.05 for HFD GRshRNA versus HFD MM. Hepatic TG 

content is reported in ug of TG per mg of liver weight. 

 

The observed decrease in plasma TGs as a result of chronic MBH GR inhibition in HFD-

fed rats occurred independent of changes in plasma glucose and FFAs at t=0 mins (basal) and 

t=300 mins (end of experiment) (Figure 3.20a-b). Further, both HFD MM and HFD GRshRNA 

groups had a significant increase in plasma apoB-48 and apoB-100 compared to basal values 



65 

 

(Figure 3.21a-c), but there was no difference in plasma apoB levels between the HFD MM group 

and the HFD GRshRNA group (Figure 3.21a-c). Whereas there was no change between the HFD 

MM and HFD GRshRNA plasma TG to plasma apoB-48 ratio at t=300 mins, there was a trend 

(P=0.08) for a decrease in the plasma TG to apoB-100 ratio at t=300 mins for the HFD 

GRshRNA compared to the HFD MM group (Figure 3.21d-e). This may suggest that the HFD 

GRshRNA group have less TGs per apoB particle compared to the HFD MM group.  

 

Figure 3.20- Decreased plasma triglycerides as a result of chronic medial basal 

hypothalamic glucocorticoid receptor inhibition in high fat diet fed rats occurred 

independently of changes in plasma substrates. Plasma samples at time (t) =0 mins 

and t=300 mins were obtained from rats that were on a 3-day high fat diet (HFD) and 

received medial basal hypothalamic targeted injections of a mismatch sequence (MM, 

light grey hashed bar) or a lentivirus containing a glucocorticoid receptor knockdown 

(GRshRNA, dark grey hashed bar) during experimentation.(a) Plasma free fatty acids 

(FFAs) were assessed in HFD MM (n=5 at t=0 mins, n=6 at t=300 mins) and HFD 

GRshRNA (n=8 at t=0 mins and t=300 mins). (b) Plasma was also assessed for glucose 

concentration in HFD MM (n=9 at t=0 mins and t=300 mins) and HFD GRshRNA (n=13 

at t=0 mins and t=300 mins).    
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Figure 3.21- Medial basal hypothalamic targeted glucocorticoid knockdown did not 

change plasma apoB in high fat diet fed rats. Plasma samples from the beginning of 

the experiment (t=0 mins) and after experiment (t=300 mins) were obtained from rats fed 

a 3-day high fat diet (HFD) and were subjected to a medial basal hypothalamic targeted 

lentivirus containing a mismatch (MM, n=6, light grey hashed bar) or a glucocorticoid 

receptor knockdown (GRshRNA, n=6 dark grey hashed bar) approximately 13 days 

before experimentation. Following experimentation rats were assessed for plasma apoB-

48 or apoB-100. (a) A representative western blot of the plasma samples from t=0 mins 

and t=300 mins assessing protein levels of apoB-100 and apoB-48 via relative 

densitometry. (b) Plasma apoB-48 and (c) plasma apoB-100 were assessed. The average 

ratio of plasma triglycerides (TGs) to (d) apoB-48 or (e) apoB-100 for each sample for 

each time was also assessed. *P<0.05 for t=300 mins versus t=0 mins within each 

treatment group.  

To investigate some of the liporegulatory mechanisms that underlie the observed changes 

in HFD rats, the expression of some hepatic liporegulatory proteins were assessed. There was no 
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change in hepatic FAS, MTP, or P-ACC:ACC protein levels between HFD GRshRNA rats and 

HFD MM rats (Figure 3.22a-d). This effect is similar to that of the RC model.  

 

Figure 3.22- Medial basal hypothalamic glucocorticoid receptor knockdown does 

not change hepatic FAS, MTP, or P-ACC: ACC protein levels. Liver samples were 

obtained from rats that were on a 3-day high fat diet (HFD) and were subjected to medial 

basal hypothalamic targeted injection of a lentivirus containing a mismatch (MM, light 

grey hashed bar) sequence or a glucocorticoid receptor knockdown (GRshRNA, dark 

grey hashed bar). (a) Representative western blots from liver samples used to assess 

protein levels of proteins of interest. Proteins of interest include: (b) fatty acid synthase 

(FAS) relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (HFD MM n=6, 

HFD GRshRNA n=6), (c) microsomal triglyceride transfer protein (MTP) relative to β-

actin (HFD MM n=6, HFD GRshRNA n=6), and (d) phosphorylated-acetyl CoA 

carboxylase (P-ACC) to total acetyl-CoA carboxylase (ACC) (HFD MM n=5, HFD 

GRshRNA n=5).  
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3.7. Both acute and pharmacological inhibition of heat shock protein 90 in the medial 

basal hypothalamus negates the hyperlipidemic effects of a 3-day high fat diet 

 Given that Hsp90 inhibition in the MBH was able to lower the lipostimulatory effects of 

MBH DEX in a RC model, and that blocking the GR in the MBH was able to lower VLDL-TG 

secretion in the HFD model, it was anticipated that blocking MBH GR function with the 

inhibition of Hsp90 should also negate the effects of MBH GC action in 3-d HFD rats. 

Therefore, these experiments were conducted to further implicate the necessity of MBH GRs in 

HFD-induced hyperlipidemic rats, as Hsp90 is required for the biological function and stability 

of the GR. Accordingly, both pharmacological inhibition (using Hsp90i) (Figure 3.23a-b) and 

genetic Hsp90 inhibition (using Hsp90 shRNA) (Figure 3.24a-b) in the MBH was able to lower 

VLDL-TG in hyperlipidemic rats fed with a 3-d HFD. Thus, this data additionally provides 

evidence that inhibition of MBH GC action (via GRshRNA or inhibition of Hsp90) lowers 

VLDL-TG secretion in HFD-induced hyperlipidemic rats.  

 

Figure 3.23- Acute inhibition of heat shock protein 90 in the medial basal 

hypothalamus lowers triglyceride-rich very-low density lipoprotein secretion in diet-

induced hyperlipidemic rats. (a) Plasma triglycerides (TG) and (b) TG-rich very-low 

density lipoprotein secretion (VLDL-TG) secretion rate of rats fed a 3-day high fat diet 

(HFD) that were subjected to acute, continuous medial basal hypothalamic infusions of 
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saline (HFD Veh) (n=17, white diamond or black and white hashed bar) and heat shock 

protein 90 inhibitor (HFD Hsp90i) (n=11, grey triangle or grey hashed bar). *P<0.05 for 

HFD Hsp90i versus HFD Veh.    

 

Figure 3.24- Chronic knockdown of heat shock protein 90 in the medial basal 

hypothalamus lowers triglyceride-rich, very-low density lipoprotein secretion in rats 

fed a 3-day high fat diet. (a) Plasma triglycerides (TGs) and (b) TG-rich, very-low 

density lipoprotein (VLDL-TG) secretion rate of rats fed a 3-day high fat diet (HFD) that 

were subjected to medial basal hypothalamic targeted injects of either a mismatch (HFD 

MM) (n=6, light grey ‘x’ or hashed bar) sequence or a lentivirus containing a heat shock 

protein 90 knockdown (HFD Hsp90 shRNA) (n=7, dark grey square or checkered bar). 

*P<0.05 for HFD Hsp90 shRNA versus HFD MM.   

 Whereas there was no change in plasma FFAs and glucose between HFD Veh and HFD 

Hsp90i treated rats (Figure 3.25 a-b), the chronic inhibition of Hsp90 in the MBH of 3-d HFD 

rats led to a significant reduction in both basal (t=0 mins) and end of experiment (t=300 mins) 

plasma FFAs (Figure 3.26a), and no change in plasma glucose compared to HFD MM rats 

(Figure 3.26b). This may indicate that chronic Hsp90 inhibition could be reducing FFA secretion 

into the periphery, or increasing FFA utilization. Similar to other TG-lowering treatments, 
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chronic inhibition of Hsp90 in the MBH did not alter hepatic MTP, FAS, or P-ACC:ACC 

(Figure 3.27a-d).    

 

Figure 3.25- The decrease in triglyceride-rich very-low density lipoprotein secretion 

in diet-induced hyperlipidemic rats subjected to acute inhibition of heat shock 

protein 90 in the medial basal occurs independently of changes in plasma free fatty 

acids and plasma glucose. Plasma samples from the beginning of the experiment (t=0 

mins) and the end of the experiment (t=300 mins) were obtained from rats that were on a 

3-day high fat diet (HFD) that were subjected to an acute, continuous medial basal 

hypothalamic infusion of either saline (HFD Veh, black and white hashed bar) or a heat 

shock protein 90 inhibitor (HFD Hsp90i, dark grey hashed bar). (a) Plasma free fatty 

acids (FFA) (HFD Veh, n=7, HFD Hsp90i n=8) and (b) plasma glucose (HFD Veh, n=14, 

HFD Hsp90i, n=11) concentrations were assessed. 
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Figure 3.26- Chronic inhibition of medial basal hypothalamic heat shock protein 90 

is associated with significantly lower plasma free fatty acids but not plasma glucose 

in rats fed a 3-day high fat diet. Plasma samples obtained from rats that were on a 3- 

day high fat diet (HFD) that were subjected to medial basal hypothalamus specific 

injections of either a mismatch sequence (HFD MM, light grey hashed bars) or a 

lentivirus containing a heat shock protein 90 knockdown (HFD Hsp90 shRNA, dark grey 

checkered bars) at the beginning of experimentation (t=0 mins) and after experimentation 

(t=300 mins) were assessed for (a) plasma free fatty acids (FFA) (HFD MM n=5 at t=0 

mins, n=6 at t=300 mins, HFD Hsp90 shRNA n=7 for t=0 mins and t=300 mins) and (b) 

plasma glucose (HFD MM n=9 at t=0 mins and t=300 mins, HFD Hsp90 shRNA n=10 at 

t=0 mins and t=300 mins). *P<0.05 for HFD Hsp90 shRNA versus HFD MM.    
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Figure 57- Chronic inhibition of heat shock protein 90 in the medial basal 

hypothalamus does not alter hepatic MTP, FAS, or P-ACC: ACC protein levels in 

rats fed a 3-day high fat diet. Liver samples were obtained from rats that were on a 3-

day high fat diet (HFD) and were subjected to medial basal hypothalamic targeted 

injection of a lentivirus containing a mismatch (MM, light grey hashed bar) sequence or a 

heat shock protein 90 knockdown (Hsp90 shRNA, dark grey checkered bars). (a) 

Representative western blots from liver samples used to assess protein levels of proteins 

of interest. Proteins of interest include: (b) microsomal triglyceride transfer protein 

(MTP) relative to β-actin (HFD MM n=6, HFD Hsp90 shRNA n=6), (c) fatty acid 

synthase (FAS) relative to β-actin (HFD MM n=6, HFD Hsp90 shRNA n=6), and (d) 

phosphorylated-acetyl CoA carboxylase (P-ACC) to total acetyl-CoA carboxylase (ACC) 

(HFD MM n=6, HFD GRshRNA n=6).   
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Chapter 4: Discussion  
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4.1. Significance of results   

 The metabolic disease state is an enormous public health issue, and overproduction and 

secretion of hepatic triglyceride (TG) rich, very-low density lipoproteins (VLDL-TGs) is one of 

the main underlying problems for these individuals which contributes to the various 

physiological and economic issues1–5.  For example, approximately 2 billion adults are affected 

by overweight or obesity, and 80% of individuals with diabetes are also affected by excess body 

weight or obesity14,346. In Canada alone the estimated annual economic burden of obesity is 

between $4.6 billion to $7.1 billion347. The underlying mechanisms that contribute to 

dyslipidemia remain elusive. Here, we report for the first time to our knowledge, that GC action 

directly in the medial basal hypothalamus (MBH) on glucocorticoid (GC) receptors (GRs), 

promotes hepatic VLDL-TG secretion, and that the inhibition of the MBH GR in diet-induced 

hyperlipidemic rats lowers VLDL-TG secretion. These significance new findings suggest that 

excessive hypothalamic GC action may contribute to VLDL-TG overproduction and 

dysregulation of lipid homeostasis in diet-induced hyperlipidemia.  

 Not only does this research contribute to the understanding of some of the mechanisms 

involved in the dysregulation of lipid homeostasis, but it also further implicates the importance 

of the brain in not only sensing peripheral nutrients and hormones, but eliciting a peripheral 

response. Previous literature has shown that the brain, and in particular the hypothalamus, can 

sense and respond to fluctuations in glucose261,278,281, fatty acids112,282–285, insulin260,289–296, 

glucagon297,298, glucagon-like peptide-1299–302, leptin307–317,341, and neuropeptide-Y (NPY)263,318–

322 to lead to changes in metabolic homeostasis. Additionally, it has been shown that impairments 

in the sensing of these nutrients and hormones are associated with dysregulations in metabolic 

homeostasis, which has been suggested to contribute to the development of various metabolic 

disease states265,267,287. Thus, the ability of the brain to effectively detect and respond to these 

nutrients and hormones is essential in regulating whole-body homeostasis. Importantly, 

metabolic disease states, such as diabetes and obesity, which are often characterized by 

dyslipidemia, are also characterized by elevated levels and/or action of GCs6–13. Despite the vast 

knowledge of the peripheral effects of GCs on regulating various physiological systems, the 

central effects of GCs with reference to modulating metabolism remains largely unknown. Here, 

we demonstrate that GCs can act directly in hypothalamus, and importantly, provide evidence 

that excessive peripheral GCs, which are elevated due to diet-induced hyperlipidemia, can act in 
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the MBH, to contribute elevated VLDL-TG secretion. Therefore, this research contributes to the 

understanding of mechanisms that contribute to dyslipidemia, demonstrates the importance of the 

brain in regulating lipid homeostasis, as well as contributes to the understanding of the central 

effects of GCs with reference to modulating lipid metabolism.   

4.2. Discussion of results  

4.2.1.  Glucocorticoids can act on glucocorticoid receptors in the medial basal 

hypothalamus to modulate liver lipid homeostasis in regular chow-fed rats.   

 Here we show that a direct, acute infusion of GCs into the MBH in conscious, freely 

moving, SD rats on a RC diet stimulates hepatic VLDL-TG secretion. This data parallels 

previous findings that chronic (3-day) intracerebroventricular (ICV) dexamethasone (DEX) 

(5µg/day) infusions targeting the third ventricle increases plasma TGs, though it should be noted 

that VLDL-TG secretion was not assessed326. Importantly, we show that the lipostimulatory 

effect of hypothalamic GCs is negated via acute and chronic GR antagonism in the MBH. 

Additionally, inhibiting heat shock protein 90 (Hsp90), which is essential for the biological 

stability and function of the GR, in the MBH, both acutely and chronically, also negates the 

lipostimulatory effects of GCs. Together, this suggests that MBH GC action, which is mediated 

by MBH GRs, stimulates hepatic VLDL-TG secretion. Complimentary to this data, the Yue 

laboratory has demonstrated that acute MBH GC action impairs glucose tolerance and increases 

hepatic glucose production, and this effect can be negated via GR inhibition in healthy and pre-

obese rats333,334, demonstrating that MBH GC action contributes to both glucose and lipid 

homeostasis, and this effect is mediated by MBH GC-GR action.  

The increase in VLDL-TG secretion as a result of MBH GC-GR action occurred 

independently of changes in hepatic TG content. Further, there was no significant change in 

plasma glucose or free fatty acids (FFAs). Stored TGs in the liver can undergo hydrolysis and re-

esterification to TGs to contribute FAs for the synthesis of the VLDL-TG particle137. Glucose 

can be used as a substrate for de novo lipogenesis29, and FFAs can be taken up by the liver and 

re-esterified to contribute to the fatty acyl-CoA pool for TG synthesis and VLDL-TG production 

and secretion140,141,348. Thus, acute MBH DEX does not seem to affect the availability of 

substrates for VLDL-TG secretion in this model, therefore VLDL-TG secretion is increased 

without an increase in the mobilization of stored FFAs, which is consistent to acute ICV NPY 
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studies, which have similarly shown that direct administration of NPY into the hypothalamus 

stimulates hepatic VLDL-TG secretion263,320.  

Furthermore, hypothalamic GC-GR action in a regular chow (RC) model was not 

associated with any changes in hepatic liporegulatory protein levels (fatty acid synthase (FAS), 

microsomal triglyceride transfer protein (MTP), phosphorylated-acetyl CoA carboxylase to total 

acetyl CoA carboxylase (P-ACC: ACC), diacylglycerol acyltransferase 1 (DGAT1), and ADP-

ribosylation factor 1 (Arf1)) Previous findings of increased VLDL-TG secretion as a result of 

hypothalamic NPY action also reported no significant change in hepatic FAS, MTP, or P-ACC: 

ACC protein levels263,320. Additionally, no changes in hepatic sterol regulatory element binding 

protein 1c (Srebf1c), liver x receptor α (Nr1h3), liver x receptor β (Nr1h2), stearoyl-CoA 

desaturase 1 (Scd1), diacylglycerol acyltransferase 1 (Dgat1), Dgat2, fatty acid synthase (Fasn), 

lipin-2 (Lpin2), cell death-inducing DFF4-like effector B (Cideb), ADP-ribosylation factor 1 

(Arf1), carnitine palmitoyltransferase 1a (Cpt1a), peroxisome proliferator-activated receptor α 

(Ppara), or AMP-activated protein kinase (Ampk) mRNA expression were observed. In contrast 

to our results, previous ICV NPY studies, that have reported similar increases in VLDL-TG 

secretion263,318–320, also reported increased hepatic SCD1 and Arf1 protein levels and mRNA 

expression263,318–320. However, this does not suggest SCD1 and/or Arf1 are not implicated in the 

observed GC-induced VLDL-TG secretory changes. For example, although there was no 

significant change in Scd1 mRNA expression, this may not be indicative of SCD1 activity. 

Therefore, a SCD1 activity assay could be performed in the future to evaluate if MBH DEX 

affects SCD1 activity, in which 1-[14C]-stearoyl-CoA is used as a substrate, followed by the 

extraction and fractionation of long chain fatty acid-CoAs via reverse phase high performance 

liquid chromatography, and the ratio of oleic acid to stearic acid would then be assessed to 

determine SCD1 activity261,284,316. However, it should be noted that SCD1 is the rate limiting step 

of the de novo synthesis of monounsaturated fatty acids, which are readily obtainable from 

diets29,63,67–70. Given that in this model the Sprague Dawley rats are not entirely fasted, the 

significance of the SCD1 data may be diminished.  In harmony with other hypothalamic 

mediated increase in hepatic VLDL-TG secretion, no significant changes were observed in 

hepatic MTP protein levels263,320. However, there was an increase in hepatic Mttp mRNA 

expression as a result of ICV NPY infusions263,320, thus, a future gene of interest for this study 

would be to investigate hepatic Mttp mRNA to compare our findings to those of the ICV NPY 
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infusions, which similarly have an increase in VLDL-TG secretion. Further, the investigated 

proteins and genes is not an exhaustive list in reference to hepatic lipid metabolism. Many other 

proteins and genes have yet to be investigated. For example, an ICV infusion of NPY targeting 

the third ventricle, which similarly increases VLDL-TG secretion263,318–320, led to an increase in 

hepatic lipin-1 protein levels and mRNA expression319. Lipin-1, one of the members of the lipin 

protein family, is expressed in the liver and has been shown to play a role in TG biosynthesis, by 

dephosphorylating phosphatidic acid to form diglycerides (DGs), a precursor for TGs and 

VLDL-TG synthesis107. As increased hypothalamic NPY and GC action both contribute to 

increased VLDL-TG secretion263,318–320, and hypothalamic NPY increases hepatic lipin-1319, 

which has also been shown to be regulated by GCs in rodent hepatocytes255–257, lipin-1 could be 

altered via hypothalamic GC action. Thus, an increase in lipin-1 could contribute to an increase 

in TG synthesis, which would drive VLDL-TG production and secretion.  

Recall, the primary apolipoproteins of VLDLs are apoBs, with apoB-48 being the 

predominant apolipoprotein for VLDLs in rats92,108,111–113. In this study, plasma apoB-48 and 

plasma apoB-100 remained unchanged after experimentation between MBH Veh and MBH DEX 

RC-fed rats. However, MBH DEX RC-fed rats had a significantly higher basal apoB-100, which 

suggests that with just a 90-minute pre-infusion of DEX significantly increased plasma apoB-

100. However, the ratios of plasma TGs to apoBs at t=0 mins and t=300 mins shows no 

significant difference between MBH Veh and MBH DEX RC-fed rats, which suggests there is no 

significant change of TGs per apoB particle. Together this data suggests that MBH DEX 

significantly increases hepatic VLDL-TG secretion but does not increase the TG content of the 

VLDL-TG particles. Though, it should be highlighted that this method of quantifying the TG 

content per apoB particle is not as accurate as other methods. A more precise method would be 

to fractionate the plasma samples to obtain lipoprotein fractions via various techniques, such as 

ultracentrifugation349–351, high-performance liquid chromatography352, gas chromatography353, 

fast-protein liquid chromatography349, and nuclear magnetic resonance spectroscopy354. Using 

these techniques, concentration of lipid particles, particle size, and lipidation of lipid particles 

can be determined.  Thus, a future direction of this study would be to isolate the VLDL-TG 

fraction of the plasma samples, and isolate the apoBs from these fractions, to get a more reliable 

read on lipidation of the VLDL-TG particle.  
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No molecular analysis of liver samples was assessed for rats that received a MBH 

specific GR knockdown, acute Hsp90 inhibition, or chronic Hsp90 knockdown on a RC diet. 

However, all models revealed the same trend; GC action in the MBH stimulates VLDL-TG 

secretion, and this lipostimulatory effect of DEX can be negated via pharmacological or genetic 

inhibition of the GR within the MBH. Importantly for the chronic MBH GR knockdown models 

(MBH GRshRNA and Hsp90 shRNA), no changes in plasma TGs or VLDL-TG secretion were 

revealed relative to the RC MM control, which suggests that inhibition of the GR alone in RC 

rats, or Hsp90 (which is required for the stability and biological function of the GR), in the MBH 

does not alter lipid homeostasis. Additional molecular analysis is required to confirm that there 

were no liver molecular changes as a result of chronic MBH GR knockdown.    

4.2.2. Comparison of the physiological effects of a 3-day high fat diet feeding regimen to 

regular chow feeding with acute hypothalamic glucocorticoid infusions.  

 As we have shown that GCs can act in the MBH to stimulate VLDL-TG secretion, the 

next step was to investigate if in a pre-obese model GC action in the MBH contributes to the 

hyperlipidemic profile of these rodents. It is known that excessive plasma concentrations and/ or 

actions of GCs are associated with obesity and diabetes6–10,12,159 and GCs can cross the blood-

brain barrier and act on GRs355–359. Further, since the inhibition of the GR and Hsp90 in the 

MBH negated the lipostimulatory effect of DEX in the RC, we postulated that the inhibition of 

MBH GC action should lower VLDL-TG secretion in the diet-induced hyperlipidemic rats. To 

do this we used a model were rats were fed a (high fat diet) for 3 days. Consistent with 

previously reported data, a 3-day HFD is capable of changing the metabolic profile via inducing 

mild hyperglycemia, mild hyperinsulinemia, as well as increased basal plasma TG and hepatic 

VLDL-TG secretion112,264,297,340,341. Importantly, this 3-day HFD model has been shown to 

significantly increase plasma corticosterone (CORT)333,334. Additionally, here we show that 3-

day HFD feeding has a very similar plasma TG secretion and VLDL-TG secretion rate compared 

to MBH DEX RC-fed rodents, such that there is a significant increase relative to RC Veh. 

Similarly, HFD Veh and RC DEX did not alter hepatic FAS, P-ACC: ACC, MTP, or DGAT1 

protein levels relative to RC Veh liver samples. Furthermore, when comparing RC Veh plasma 

samples to HFD Veh plasma samples, rats fed a 3-day HFD had elevated plasma apoB values, 

but both RC Veh and HFD Veh rats had a similar increase in plasma apoB-48 and apoB-100 

after experimentation, but no change between the two groups. This effect was similar to the 
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effect of MBH DEX RC-fed rats relative to Veh-RC fed rats. Despite the decreased change 

between t=300 mins and t=0 mins plasma apoB values for the HFD, the ratio of plasma TGs to 

plasma apoBs was not changed between the two samples after experimentation, suggesting that 

there is no significant change in the amount of TGs per apoB particle following experimentation, 

which again is a trend similar to what was observed with the RC DEX model. Thus, with the 

increase plasma CORT concentration, as well as similar trends between RC DEX and HFD Veh, 

I hypothesized that the elevated GCs that arise from HFD feeding, can act in the MBH to 

contribute to the hyperlipidemic profile, and this effect can be negated, via the inhibition of the 

GR, or its downstream target Hsp90, in the MBH of HFD-induced hyperlipidemic rats.  

When directly comparing the diet-induced hyperlipidemic model used in this study to 

other studies, the data is comparable. Previous literature using Sprague Dawley (SD) rats that 

were fed a 3-day HFD also demonstrated similarly elevated plasma glucose, plasma TGs and 

VLDL-TG secretion rates compared to the RC-fed controls, independent of changes in 

bodyweight112,261,264,340. Importantly, the Yue laboratory has previously demonstrated that this 3-

day HFD feeding model is associated with elevated plasma CORT levels333,334. Moreover, long-

term (12 weeks) HFD-feeding is associated with altered HPA activity and increased basal plasma 

GCs as well198. Note, from these studies, no direct measures of plasma apoB-48 or apoB-100 

were measured when comparing the RC-fed control rats to the 3-day HFD-fed rats. Additionally, 

no measures of hepatic molecular mechanisms were assessed to explain the dyslipidemia 

between the two groups in these studies. Though, in one study, it was shown that an ICV 

infusion of glucose, targeting the MBH, decreased hepatic VLDL-TG secretion, reducing the 

activity of SCD1, and this effect of hypothalamic glucose to mediate hepatic VLDL-TG 

secretion was lost in rats fed a 3-day HFD suggested that a defect in central nutrient sensing 

could contribute to altered hepatic lipid metabolism261. Importantly, the ability of hypothalamus 

to detect and respond to peripheral nutrients is disrupted in acute HFD models, further disrupting 

whole body energy homeostasis112,261,341. 

Notably, short-term HFD feeding has been shown to increase inflammation in the MBH, 

which may contribute to insulin resistance within the hypothalamus360,361, in-turn disrupting the 

hypothalamic regulation of hepatic glucose production leading to hepatic insulin 

resistance289,294,360–364. Additionally, consistent with our observed data, a hallmark of the 3-day 
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HFD feeding model on SD rats is hyperglycemia, hyperinsulinemia and hepatic insulin 

resistance112,261,264,297,334,340,341,365–368. Recall, hyperinsulinemia is associated with increased de 

novo lipogenesis, due in part by the activation of  SREBP-1C, which stimulates TG production 

and subsequent VLDL-TG production and secretion23,25,27,28. Additionally, insulin regulates FFA 

release from white adipose tissue (WAT) by suppressing lipolysis directly on adipocytes, but 

also by indirectly reducing sympathetic nervous system outflow to WAT368. However, in insulin 

resistance states, insulin can no longer suppress lipolysis in the adipose tissue, there is an 

increased flux of free fatty acids (FFAs) to the liver to stimulate VLDL-TG secretion and hepatic 

TG accumulation22–26. Importantly, in rats fed a 3-day HFD, insulin signaling within the MBH 

was impaired leading to disrupted sympathetic nervous system outflow to the WAT, resulting in 

unrestrained WAT lipolysis368. Note, the HFD did not impair insulin signaling in WAT in this 

model368. The Yue laboratory has previously shown that GC-GR action in SD rats fed a RC-diet, 

directly in the MBH impairs glucose homeostasis to a similar extent as a 3-day HFD, and 

importantly, the inhibition of GRs in the MBH in these rats fed a 3-day HFD led to a decrease in 

hepatic glucose production and an increase in hepatic insulin sensitivity333,334. This suggests that 

the elevated plasma CORT that is a result of a 3-day HFD, could cross the blood-brain barrier, 

act specifically on MBH GRs, and contribute to the impaired hepatic insulin sensitivity and 

importantly, hepatic insulin sensitivity is improved via the inhibition of MBH GRs333,334. 

Thus, given that the 3-day HFD model is characterized by increase plasma CORT 

concentrations, that there are similar trends between MBH DEX treated rats fed a RC-diet and 

rats fed a 3-day HFD, and that MBH GR inhibition improved hepatic insulin sensitivity in these 

3-day HFD fed rats, I hypothesized that the elevated GCs that arise from HFD feeding, can act in 

the MBH to contribute to the hyperlipidemic profile, and this effect can be negated, via the 

inhibition of the GR, or its downstream target Hsp90, in the MBH of HFD-induced 

hyperlipidemic rats.  
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4.2.3. Inhibition of the glucocorticoid receptor, specifically within the medial basal 

hypothalamus, lowers plasma triglycerides in diet induced hyperlipidemic rodents.  

With correlating metabolic profiles between the HFD group and the RC DEX group with 

reference to lipid metabolism, and increased peripheral CORT in the HFD-fed rats, which could 

act in the MBH, chronic GR inhibition was assessed on rats fed a 3-day HFD. We show, for the 

first time to our understanding, that indeed, the inhibition of the GR, as shown with genetic 

inhibition of the GR in the MBH, or acute and chronic inhibition of Hsp90, lowers VLDL-TG 

secretion in 3-day HFD fed rats. Recall, in the RC model, rats that were subjected to MBH 

GRshRNA or MBH Hsp90 shRNA alone did not alter plasma TGs or hepatic VLDL-TG 

secretion. Additionally, note that it is known that peripheral CORT can pass through the blood-

brain barrier and act on GRs355–359. This suggests increased plasma GCs pass through the blood-

brain barrier, act in the MBH, and contribute to diet-induced dyslipidemia, and this effect can be 

negated via the inhibition of the GR and its downstream target, Hsp90 in the MBH. This data 

provides additional support to previous literature which demonstrated that chronically increased 

peripheral CORT, via administration in the drinking water of rodents, can act specifically on 

GRs in the MBH (confirmed by conducting liquid chromatography dual tandem mass 

spectrometry or RNA-seq on arcuate nucleus of these rodents), to contribute to obesity and 

hyperinsulinemia330–332. Further, 3 day ICV GC infusions similarly increase basal plasma TGs in 

non-fasted rats, as well as increased food intake, body weight, and hyperinsulinemia, which 

contributed to the development of obesity, implicating the role of GCs in the hypothalamus326. 

Interestingly, chronic inhibition of the GR in the MBH of these hyperlipidemic rats lowers 

hepatic TG content relative to HFD MM controls. Previous literature has reported that an acute 

HFD-feeding regimen is capable of increasing hepatic TG stores144,369–376. Interestingly, many of 

these findings were found to be associated with hepatic, but not peripheral insulin 

resistance144,370,375,376. The Yue laboratory has also demonstrated that this 3-day HFD model is 

characterized by hepatic insulin resistance, and importantly, chronic inhibition of the GR in the 

MBH in 3-day HFD model rodents improved hepatic insulin sensitivity333,334. Targeting hepatic 

de novo lipogenesis proteins, such as ACC and FAS has been shown to lower hepatic TG content 

in rodents fed an acute HFD375,377,378. However, the decrease in hepatic TG content in HFD GR 

shRNA rats occurred independently of changes in plasma FFAs and glucose, as well as changes 

in hepatic FAS, MTP and P-ACC: ACC protein levels. Though, previous reports have detailed 
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changes in hepatic TG content independent of changes in FFAs and plasma glucose371,372,375,376. 

Furthermore, the inhibition of the GR, selectively in the MBH, of diet-induced hyperlipidemic 

rats did not alter plasma apoB-48 or apoB-100 values relative to HFD MM controls, yet there 

was a strong trend for the HFD GRshRNA treated rats to have a lower plasma TG to apoB-100 

ratio following experimentation. The increase in both plasma apoB-48 and apoB-100 following 

poloxamer administration was expected due to the increase in plasma VLDL-TG secretion 

relative to basal plasma TGs, and expectedly, plasma apoB-48 was the predominant form of 

apoB lipoprotein derived from the liver in rats92,108,111–113. Consistent to these findings, previous 

literature using 10- hour fasted SD rats fed a RC diet that demonstrated a MBH-mediated 

decrease in hepatic VLDL-TG secretion had no change in in plasma apoB-48 or apoB-100 

between the vehicle group and the VLDL-TG lowering group112. However, there was no change 

in plasma apoB-100 following experimentation (t=150 mins) for either group112. Though this 

data does provide additional support that apoB-48 is the predominant apoB derived from the 

liver in rats, the absence of an increase in plasma apoB-100 may be due to a shorter duration of 

experimentation (t=300 mins versus t=150 mins). Together, with the decrease plasma TGs 

following experimentation, comparable plasma apoB particles to HFD MM rats, yet a decrease 

in plasma TGs per apoB-100 particle ratio, the VLDL particles of the HFD GRshRNA rats may 

potentially have less TGs by t=300 mins. However, again, a future avenue for this study would 

be to fractionate the plasma samples, obtain the VLDL-TG fraction, and quantify VLDL-TG 

particle sizes and apoB content. A future direction of this project would also including investing 

hepatic proteins, such as CPT1, involved in fatty acid oxidation, as improved fatty oxidation has 

been associated with improved hepatic TG content144,377,379,380.  

 Alternatively, both acute and chronic inhibition of the Hsp90 in the MBH negates the 

hyperlipidemic profile in a diet-induced hyperlipidemic model. Whereas there was no change in 

plasma FFAs and glucose for in the acute model (HFD Veh vs HFD Hsp90i), there was a 

significant reduction in both basal and end-of-experiment plasma FFAs for HFD Hsp90 shRNA 

rats compared to HFD MM rats. This may indicate that chronic Hsp90 inhibition could be 

reducing FFA secretion into the periphery from peripheral stores, or, increasing FFA uptake by 

the liver. Thus, chronic inhibition of Hsp90, selectively in the MBH, of 3-day HFD fed rats, 

decreases plasma TGs and plasma FFAs, therefore improving the dyslipidemic profile compared 

to HFD controls. However, this does not correlate with previously mentioned treatments groups 
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of this thesis that lower VLDL-TG secretion. This may be due to the variability of the individual 

data points from the FFA assay. However, future perspectives for this study would be to assess 

hepatic content of HFD Hsp90 shRNA rats to determine if there is an increase in FFA uptake and 

storage, or, alternatively, proteins levels and mRNA expression of genes involved in TG 

hydrolysis in WAT, such as ATGL, hormone sensitive lipase, and comparative gene 

identification 58, could be assessed. Chronic ICV GC infusions into rats have shown that GC 

action in the hypothalamus alters adipose tissue lipid metabolism, specifically by increasing 

expression of genes involved in lipogenesis (Fasn and Acc) and decreasing genes involved in 

lipolysis (Lipe), but does not increase plasma FFAs328. This would suggest that not only does GC 

action in the hypothalamus directly modulate hepatic lipid metabolism, but also is involved in 

adipose tissue lipid metabolism, providing further support that hypothalamic GCs modulate 

whole body lipid homeostasis. As previously stated, in rats fed a 3-day HFD, insulin signaling 

within the MBH was impaired leading to disrupted sympathetic nervous system outflow to the 

WAT, resulting in unrestrained WAT lipolysis independent of WAT insulin sensitivity368. 

Similar to other TG-lowering brain treatments presented in this thesis, there was no significant 

change in hepatic FAS, MTP, and P-ACC: ACC between HFD controls and HFD Hsp90 shRNA 

rats, suggesting that the mechanisms involved in lowering VLDL-TG secretion is not due to 

changes in hepatic de novo lipogenesis or MTP action. This trend is consistent for all VLDL-TG 

lowering models that were assessed (RC MIF+DEX vs RC DEX, HFD GRshRNA vs HFD MM, 

and HFD Hsp90shRNA vs HFD MM). Plasma apoB analysis was not completed for these 

treatment groups, but it is anticipated that similar to the chronic inhibition of the GR in the MBH 

in HFD GRshRNA plasma samples, no change of plasma apoB concentrations would be 

observed following experimentation, but a potential decrease in the ratio of plasma TGs to 

plasma apoBs would be observed, suggesting again a decrease in the number of TGs per VLDL 

particle, relative to HFD controls. Again, analysis of plasma apoB concentration, as well as a 

more accurate quantification of lipidation of the VLDL-TG particles can be alternatively and 

more accurately attained via analysis of lipid fractions.  
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4.3. Future directions  

4.3.1. Further delineating mechanisms that underlie the lipostimulatory effects of 

glucocorticoid action in the medial basal hypothalamus.   

Some future directions have been outlined above. These include investigating more 

proteins and genes that are involved in TG synthesis and VLDL-TG production and secretion. 

Some of these aforementioned proteins include SCD1 (SCD1 activity assay), lipin-1, and Mttp 

mRNA expression. However, given that in this model the SD rats are not entirely fasted, the 

significance of the SCD1 data may be diminished. An additional hepatic protein of interest 

would be TGH, which is involved in the hydrolysis of stored TGs to contribute to TG packaging 

during VLDL-TG production, and has been shown to be negatively regulated by peripheral 

GCs122,138,139,251. Additionally, as mentioned prior, lipid fractions of the plasma samples should 

be assessed. This will enable for better analysis of the plasma samples, in particular lipidation of 

the VLDL-particles and a more accurate quantification of apoB particle concentration.  

In this project, MBH specific GC stimulation promoted hepatic VLDL-TG secretion, and 

for all models, except for chronic MBH Hsp90 inhibition in the HFD model, these changes 

occurred independently of changes in peripheral FFAs. However, this does not suggest that FFA 

secretion and/or absorption doesn’t play a role. Recall that peripheral GCs have a dichotomous 

effect on WAT lipid metabolism as GCs can promote both lipolysis237–240 and lipogenesis238,243. 

Peripheral GCs have been shown to stimulate lipolysis in adipose tissue237–240, which contributes 

to an increase in FFAs which in turn can increase hepatic VLDL-TG flux140,141. Additionally, 

hypercorticosteronemia has been shown to promote lipolysis in the WAT, subsequently 

increasing peripheral FFAs239. However, chronic ICV infusion of GCs targeting the third 

ventricle into rats increases expression of genes involved in adipose tissues lipogenesis (Fasn 

and Acc) and decreasing genes involved in adipose tissue lipolysis (Lipe), independent of 

increases in plasma FFAs328. Though, with ICV infusions precise sites of GC action cannot be 

specified. Additionally, WAT dysfunction, characterized by impaired lipid deposition and 

unrestrained lipolysis leading to increased FFA flux in the nonfasted state has been linked to 

metabolic disease states, such as diabetes and obesity381–384, and can contribute to hepatic insulin 

resistance385–387. Previous literature has revealed that using a 3-day HFD feeding regimen on SD 

rats led to increased basal FFAs and unrestrained WAT lipolysis due in part to impaired MBH 

sympathetic nervous system insulin mediated signaling to the WAT to restrict lipolysis 
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independent of WAT insulin sensitivity368. The Yue laboratory has previously demonstrated that 

hypothalamic GR inhibition improved hyperglycemia and hepatic insulin sensitivity in these 3-

day HFD-fed rodents that have elevated basal CORT333,334. Therefore, with evidence implicating 

GCs in regulating adipose tissue lipid metabolism, hypothalamic GCs having a role in glucose 

and lipid homeostasis, and the MBH being a regulatory site for WAT lipid homeostasis, a future 

direction of this study could be to investigate the effects of hypothalamic GCs in WAT lipid 

metabolism.  

4.3.2. Neural populations in hypothalamus that may be modulated by glucocorticoids  

 Though this research clearly demonstrates that GCs act on GRs in the MBH to stimulate 

hepatic VLDL-TG secretion, the specific neural population(s) has yet to be investigated. As 

outlined previously, GRs are expressed on almost every tissue type of the body, and the brain is 

no different. GRs have been shown to be expressed on neurons and glial cells388,389. The MBH, 

specifically the ARC, has been shown to have high levels of GR expression182. Within the ARC, 

there are two functionally opposed neural populations that are critical for regulating feeding and 

whole body energy metabolism; agouti-related protein (AgRP)/ NPY and pro-opiomelanocortin 

(POMC) neurons268,390–392. These neurons stimulate and inhibit feeding, respectively268. As 

reported previously, ICV infusions of NPY into the third ventricle stimulates hepatic VLDL-TG 

secretion263,318–320. In addition to this, hypothalamic Npy mRNA expression is upregulated by 

acute GC action332,393–396, and NPY fibers found in the MBH innervate preautonomic neurons in 

the PVN and spinal column, which provides sympathetic nervous system output to the peripheral 

tissues397–399. Importantly, a GC infusion directly into the MBH has been shown to decrease 

hepatic insulin sensitivity, but this effect is negated via hypothalamic NPY inhibition, suggesting 

that the hypothalamic effects of GCs to modulate peripheral energy metabolism is mediated by 

NPY signaling329. Furthermore, POMC signaling has been shown to be decreased in diet-induced 

obese mice400 and increased hypothalamic NPY tone is associated with obesity and 

diabetes291,401–403. Thus, with differential roles of AgRP/NPY and POMC neuronal activity in 

whole body energy homeostasis, yet the similar lipostimulatory effect of both hypothalamic GCs 

and NPY, but evidence suggesting that hypothalamic GC action to alter metabolic changes is 

mediated NPY, future studies are required to not only identify if MBH GCs are acting on these 

neuronal populations, but also to identify if this interaction is required for the lipostimulatory 

effects of hypothalamic GCs.  
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4.3.3. Brain-liver neurocircuitry.  

 Although we show that direct GC action in the MBH stimulates a peripheral, hepatic 

change in lipid metabolism, we have yet to show direct mechanism by which the brain is able to 

communicate with the liver. It is known that the brain can directly communicate to the liver to 

alter lipid metabolism via the central nervous system, either via the hepatic vagal 

(parasympathetic) nerve, or the hepatic sympathetic nerve112,315,318. There seems to be conflicting 

data as to whether MBH GC action is mediated via sympathetic or parasympathetic signals to the 

liver. For example, one group has suggested that the metabolic effects of 2-day ICV DEX, 

(hyperphagia, increased body weight, basal hyperinsulinemia, decreased insulin-stimulated total 

rate of glucose disappearance, and no change in glucose production) were mediated by the 

hepatic vagal nerve, as a vagotomy, negated the observed effects327. Other studies illustrated that 

MBH oleic acid, which lowers hepatic VLDL-TG secretion112, or ICV leptin, which increases 

hepatic VLDL-TG secretion315, required an intact hepatic vagal nerve to alter hepatic VLDL-TG 

secretion, and importantly, a sympathectomy did not alter ICV leptin’s ability to increase VLDL-

TG secretion315. Conversely, infusion of DEX directly into the ARC, which was shown to alter 

hepatic insulin sensitivity was mediated by the sympathetic nerve, not the vagal nerve329. In 

support of this claim, various ICV NPY studies have also demonstrated that the metabolic effects 

of hypothalamic NPY, which increases VLDL-TG to a similar extent as hypothalamic GCs, is 

inhibited by hepatic sympathetic denervation318,319,404. Therefore, hepatic sympathetic and/or 

parasympathetic denervation surgeries on our SD rats could provide us with understanding of the 

direct brain-liver neurocircuitry that mediates the lipostimulatory effects of MBH GC action.  

4.4. Limitations of the study.  

4.4.1. Medial basal hypothalamic glucocorticoid action was only investigated under fasted 

conditions  

 Although the effects of hypothalamic GC action have now clearly been demonstrated to 

alter hepatic lipid metabolism, these effects were only under fasted conditions. A 10-hour fast 

was implemented for these rats to minimize the production and secretion of gut-derived TG-rich 

lipoproteins112,263. Although this model not only provides critical evidence that hypothalamic GC 

excess may contribute to dyslipidemia, but also helps delineate some of the central effects of 

GCs, it is not a true representation of all physiological relevant conditions (i.e., both fasted and 

fed states). Thus, to mitigate this limitation, the same poloxamer studies could be performed in 
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the post-prandial condition to investigate if hypothalamic GCs contribute to not just VLDL-TG 

production and secretion, but also chylomicron production and secretion. Additionally, VLDL-

TG secretion could also be investigated in the fed state, without the contribution of chylomicrons 

via the use of a glucose gavage administration in fasted rats with a poloxamer infusion, as a 

glucose gavage mimics the postprandial state (increased insulin, which facilitates the diffusion of 

plasma glucose into fat and muscle cells as well as activates glycolysis and protein and fatty acid 

synthesis) without contributing dietary lipids to the gut405–407.   

4.4.2. Limitations of pharmaceuticals used for medial basal hypothalamic treatments 

 In this study DEX was utilized as a synthetic GC rather than CORT, which is the main 

biologically active natural GC. DEX has been shown to bind to the GR with higher affinity and 

potency compared to CORT and is cleared from the circulation at a slower rate408,409. 

Additionally, the structures of DEX and CORT differ, in-part by a C1-C2 double bond in the 

DEX structure, which facilitates the hydrogen groups to form a hydrogen bond network with the 

GR, which increases its binding affinity409,410. Importantly, DEX almost exclusively binds to 

GRs, as it has been shown to have a minimal effect on MR activity, while CORT binds to both 

GRs and MRs411. Therefore, to not only mimic natural conditions, but also to investigate the role 

of GC action on MRs in relation to lipid homeostasis, MBH CORT infusions should be tested in 

the future to verify the above conditions.  

 Furthermore, MIF, which was used as a GR antagonist in this study, is also widely used 

as an abortion drug due to its ability to antagonize the progesterone receptor412–414. In addition to 

progesterone receptors and GRs, MIF also antagonizes androgen receptors to a much lesser 

extent compared to the other two receptors (IC50: PR<GR<AR)415–417. Though, it should be noted 

that MIF does not have an effect on MRs or estrogen receptors416. In reference to the GR, MIF 

competitively binds to the GR and is able to bind to the human GR with approximately a 4 times 

higher affinity than DEX418. However, progesterone receptors and androgen receptors are found 

in the hypothalamus419–424, and there is evidence that GCs can bind to progesterone and androgen 

receptors425–427. Thus, since both MIF and GCs are capable of binding onto various nuclear 

receptors, future research is needed to investigate the involvement of hypothalamic progesterone 

and androgen receptors in mediating GC signaling to alter hepatic lipid metabolism. Though, it 

should be noted that in this study we were able to illustrate that MBH MIF inhibited the 
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lipostimulatory effects of MBH DEX presumably by acting on the GR in the MBH, as both the 

pharmacological inhibition, as well as the genetic loss-of-function technique, using GRshRNA, 

negated the effects of DEX in a similar fashion.   

 The Hsp90 inhibitor used in this study (17-AAG) is a class of benzoquinone ansamycins 

that inhibit Hsp90 by binding to the N-terminal ATP binding pocket of Hsp90 to block ATPase 

activity, as well as inhibiting the association of Hsp90 with heat shock factor-1, which leads to 

the transcription of chaperones such as Hsp70 and Hsp40, which facilitate the degradation of the 

misfolded protein428–431. Although Hsp90 is required for the biological function and stability of 

the GR185–187, it is also required for the biological function of the androgen and progesterone 

receptors432,433. Additionally, Hsp90 is one of the most abundant and highly conserved molecular 

chaperones in eukaryotes, as it is involved in numerous different physiological pathways due to 

its housekeeping function and involvement in protein folding, stability, and transport434. In light 

of the diverse actions of Hsp90, Hsp90 inhibition in various tissues has been considered a 

therapeutic prospective in the treatment of cancer435, obesity436, diabetes436–438, and Alzheimer’s 

disease337,439. Thus, with Hsp90s being implicated in cellular and physiological mechanisms, the 

effects of Hsp90 inhibition in this study may have not been specific to just the GRs. To mitigate 

this issue, future studies should identify if MBH GR activity is decreased as a result of Hsp90 

inhibition. However, we were able to illustrate that MBH Hsp90i and MBH Hsp90 shRNA were 

able to negate the lipostimulatory effects of hypothalamic GC action in a similar fashion in both 

the RC and HFD model, which suggests that Hsp90 inhibition was indeed mediating MBH GR 

function.  

4.4.3. High fat diet feeding studies  

 The 3-day HFD feeding model implemented in this study was used to investigate the 

effects of GR inhibition in the MBH to modulate lipid homeostasis in a pre-obese model with 

hypercorticosteronemia. However, the effects of GR inhibition should also be assessed in other 

metabolic disease models, such as models of obesity and diabetes, to not only contribute to our 

understanding of these diseases, but to further implicate the physiological relevance of GC 

excess acting in the brain. For example, the same set of poloxamer VLDL-TG secretion studies 

can be performed in SD rats subjected to longer HFD feeding (12-weeks), which has also been 

demonstrated to alter HPA activity and have increased basal GCs and increase GR 
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immunoreactivity in the hypothalamus198. Additionally, MBH GC action could be investigated in 

diet-induced obese rats subjected to a low-dose streptozotocin-nicotinamide injection to induce 

type 2 diabetes367,440–443. 

4.4.4. ApoB assessments  

As mentioned prior, the methodology used in this thesis to assess plasma apoB 

concentrations, as well as the estimate of plasma TGs per apoBs, was a proxy evaluation. A more 

accurate and precise method would be to obtain the VLDL-TG lipid fraction from the plasma 

sample, then isolate the apoBs from the VLDL-TG fraction. This can be attained via various 

techniques, such as ultracentrifugation349–351, high-performance liquid chromatography352, gas 

chromatography353, fast-protein liquid chromatography349, and nuclear magnetic resonance 

spectroscopy354. Though, using these more precise techniques, the same effect would be 

expected, such that following the administration of poloxamer, and the subsequent rise in VLDL-

TG secretion, an increase in plasma apoB-48 and apoB-100 would follow, with apoB-48 being 

the predominant apoB particle92,108,111–113. Additionally, using these techniques various other 

important lipid readouts can be attained, such as: concentration of lipid particles, particle size, 

and lipidation of lipid particles. Further, this study is based on the assumption that in the fasted 

state gut derived chylomicrons do not significantly play a role in the rate of appearance of TG-

rich lipoproteins112,263, thus we present the rate of TG appearance as VLDL-TG secretion rate, 

assuming all TGs are bound to liver derived VLDLs. Lipid fractionation would confirm the 

contribution of each TG-rich lipoprotein in TG accumulation. However a reason why these 

particular techniques were not implemented was because they require far more plasma compared 

to the western blot technique used in this thesis (2µl versus 100µl-2ml). Thus, a future direction 

of this study could be to isolate the VLDL-TG fraction of the plasma samples, and isolate the 

apoBs from these fractions, to get a more reliable read on lipidation of the VLDL-TG particle.  

4.4.5. Measurements of brain physiological concentrations of corticosterone  

 Although it is known that GCs cross the blood-brain barrier and act on GRs355–359, the 

extracellular levels of CORT within the MBH of rats in vivo has yet to be determined in this 

study. For example, in studies where peripheral CORT levels were increased in mice via 

exogenous CORT treatment there was a similar trend in circulating CORT levels and 

hypothalamic CORT levels, as after 4 weeks of exogenous CORT treatment, peripheral CORT 



90 

 

increased 9-fold and hypothalamic CORT increased 4-fold330. Thus, to assess the local 

physiological increase in CORT in the MBH following 3-day HFD feeding, which is known to 

increase peripheral CORT, future experiments could conduct a microdialysis assessment in RC 

and 3-day HFD fed rats444.   

4.5. Conclusion  

 In summary, here we report, for the first time, that hypothalamic GC action alters hepatic 

lipid metabolism, and provide novel evidence that excessive hypothalamic GC action may 

contribute to VLDL-TG overproduction and dysregulation of lipid homeostasis in diet-induced 

hyperlipidemia. In the RC model we show that MBH GC action, which is mediated by MBH 

GRs, stimulates hepatic VLDL-TG overproduction. Additionally, in the HFD model, which has 

elevated VLDL-TG secretion as well as elevated basal plasma CORT levels, the inhibition of GC 

action, either genetically with GR shRNA, or by targeting Hsp90 which is required for the 

biological function and stability of the GR, lowers VLDL-TG secretion, thus improving the lipid 

profile of these rats. Excessive levels and/ or levels of GCs are associated with metabolic disease 

states characterized by dyslipidemia, such as diabetes and obesity6–13. Thus, this research 

provides a clear link with increased GCs action, which is associated with metabolic disease 

states, which can act in the MBH, to contribute to VLDL-TG overproduction, and this 

hyperlipidemia can be improved via selective MBH GR inhibition.  

 Not only does this research contribute to the understanding of GC action in the brain in 

regulating peripheral metabolism, and implicate the role of hypothalamic GC excess in the 

metabolic disease states, but it also could lead to future therapeutics involving MBH GC action 

to modulate lipid metabolism in disease states. A growing body of evidence in animal studies 

supports that brain pathways play a role in energy homeostasis266,445–448. In light of this, 

pharmaceuticals have been developed to target brain pathways in efforts to improve the 

metabolic profiles of those with metabolic diseases. For example, Wegovy (semaglutide) is a 

glucagon-like peptide-1 receptor agonist that received FDA approval in 2021449. Wegovy works 

by either directly acting on the hypothalamus or hindbrain, or, by indirect activation via the 

vagus nerve449. Activation of the glucagon-like peptide-1 receptor induces anorectic effects and 

decreases body weight in obese individuals with and without diabetes449. Additionally, 

lorcaserin, which was FDA approved until 2020 due to increased risk of malignancies, was an 
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anti-obesity drug that acts as a serotonin 5-HT2C receptor agonist in the hypothalamus to reduce 

feeding behaviour450. Furthermore, hypercortisolemia is implicated in depression, 

neurodegeneration, and age-related disorders, which further broadens the implications of this 

research for future clinical applications targeting MBH-GC mediated signaling160,173,451.    
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