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Abstract 

Background: Dyslipidemia is a common characteristic in both diabetes and obesity, 

due in part to elevated triglyceride (TG)-rich very-low density lipoprotein (VLDL-TG) 

secretion from the liver. Excessive levels and/or action of glucocorticoids (GCs) is also 

observed in these metabolic diseases and can contribute to dyslipidemia via both 

peripheral and central mechanisms. While mechanisms of peripheral GC action to 

regulate lipid metabolism and VLDL-TG secretion are well known, less is understood 

about its central mechanisms to regulate metabolism. The brain can sense hormones 

and nutrients to coordinate whole-body homeostasis, including lipid metabolism. In 

particular, the nucleus of the solitary tract (NTS) is a hindbrain region known to regulate 

metabolism. However, whether GCs act in the NTS to regulate VLDL-TG secretion 

remains unknown. There has also been evidence that central GC action may regulate 

peripheral metabolism by activating the sympathetic nervous system (SNS). 

Furthermore, it was recently discovered that the action of GCs are mediated by both 

their canonical cytosolic GC receptors (cGRs) and also via novel membrane-associated 

GRs (mGRs). In this study, we aimed to explore if GCs acting in the NTS could regulate 

hepatic VLDL-TG release through sympathetic outflow, and whether mGRs in the NTS 

may be involved as well to better understand the mechanisms by which elevated GCs 

may contribute to dyslipidemia. I hypothesize that: 1) NTS GC infusion increases VLDL-

TG secretion via the SNS; 2) infusing a mGR agonist into the NTS increases VLDL-TG 

secretion. 
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Methods: Male Sprague-Dawley rats underwent stereotaxic NTS cannulation and 

vascular catheterizations to enable direct NTS infusions, intravenous injections, and 

arterial blood sampling. Following a 10-hour fast, rats were subjected to a direct, and 

continuous NTS infusion of a specific brain treatment or vehicle paired with an 

intravenous poloxamer injection to evaluate VLDL-TG secretion. Plasma was collected 

throughout the experiment, before euthanizing the rats and collecting tissues for further 

analysis. 

 

Results: NTS GC infusion increased VLDL-TG secretion compared to NTS vehicle, and 

this effect was negated with NTS GR or heat shock protein 90 (Hsp90) inhibition. Next, 

peripheral pharmacological denervation of the SNS blocked the lipostimulatory effects 

of NTS GCs. The increase in VLDL-TG secretion was not associated with changes in 

hepatic lipid metabolism-related gene or protein expression. However, elevated plasma 

free fatty acids (FFAs) were observed in NTS GC rats, alongside increased pHSL:HSL 

levels in white adipose tissue (WAT), and notably, these increases were negated with 

SNS inhibition. 

 NTS infusion of a membrane-impermeant GC to target mGRs also stimulated 

VLDL-TG secretion. Interestingly, Hsp90 inhibition or NTS GR knockdown were not able 

to reverse the hyperlipidemic effects of NTS mGR agonism. However, antagonizing 

protein kinase C or mitogen-activated protein kinase specifically in the NTS blocked the 

lipostimulatory actions of NTS mGR activation. The changes in VLDL-TG secretion were 

associated with reduced hepatic expression of sterol regulatory element-binding protein 
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1c and peroxisome proliferator-activated receptor alpha. We also discovered an 

upregulation in WAT adipose TG lipase levels, as well as increased plasma FFAs. 

 

Conclusion: We report that hindbrain GC action stimulates hepatic TG secretion via the 

SNS. Our data also indicates that novel mGRs in the NTS participate in the 

lipostimulatory actions of GCs. The findings in this thesis expand the knowledge of how 

excessive GC levels and/or actions can result in hypertriglyceridemia.  
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Chapter 1: Introduction 

 

 

 

 

 

 

 

 

 

 

 



 

   
                  

2 

1.1   Obesity and Diabetes  

 Two of the most prevalent metabolic diseases in the world are obesity and 

diabetes1–6. Both of these diseases increase the risk of other comorbidities, such as 

cardiovascular disease (CVD), liver steatosis, stroke, and chronic kidney disease1–3,7,8. 

The World Health Organization (WHO) defines obesity as an inappropriate amount of 

fat deposition that can compromise health and uses a clinical definition of a body mass 

index (BMI) of 30kg/m2 or greater1. Due to its prevalence increasing over the past few 

decades, the WHO has labeled obesity as an epidemic1. For instance, in 2022, 1 in 8 

people worldwide were diagnosed as obese1. Obesity in adults has also doubled since 

1990, and quadrupled for adolescents1. In Canada, obesity has been increasing in the 

last 20 years, and according to Statistics Canada, 30% of Canadians live with obesity, 

which is higher than the worldwide share9.  

 Diabetes is a chronic disease that is often characterized by sustained elevated 

sugar levels in the blood2,10. According to the International Diabetes Federation (IDF), 

this disease affected 537 million adults  (10% of adults in the world population) globally 

in 202111. For contrast, there were only about 108 million people that were diagnosed 

with diabetes in 1980 (4.5% of adults in the world population)2. In Canada alone, about 

5.9 million individuals (15% of the population) were said to be afflicted by diabetes in 

20233. For about 95% of individuals with diabetes, it is said to be type 2 diabetes (T2D) 

and it is often also associated with obese individuals2,3,7. T2D is characterized by a 

dysregulation of glucose metabolism which results in hyperglycemia, due in part to 

insulin resistance2,3,5. T2D can increase the risk of developing CVD, as well as liver and 

kidney problems2,3,7,8. As a result of their increasing rates of prevalence, both obesity 

and diabetes are becoming massive health and economic burdens on health-care 

systems around the world, and research to better understand how to prevent or treat 

these metabolic disorders and its comorbidities is warranted12. 

1.1.1   Physiological and metabolic phenotypes in obesity 

 In an obese state, the body often has to deal with excess nutrients, which 

predominantly get stored as neutral triglycerides (TG)13–15. The adipose tissue is the 

major organ that is involved in storing these lipids within lipid droplets, but other organs 
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can also store them to a smaller extent (e.g. liver)13–16. In obesity, higher lipid storage in 

the liver and extensive expansion of adipose tissue leads to chronic low-grade systemic 

inflammation13–15. As a result, adipocytes, hepatocytes, and resident immune cells are 

triggered to secrete pro-inflammatory cytokines, such as interleukin 6 (IL-6) and tumor 

necrosis factor  (TNF), leading to a local and systemic inflammatory response13–17. 

Sustained inflammation can induce insulin resistance in various tissues by disrupting 

the function of insulin receptors and its downstream signaling17–19. Some of the 

physiological roles insulin has on metabolism includes stimulating cellular glucose 

uptake and glycogen synthesis, inhibiting glycogenolysis, promoting storage of TG, and 

inhibiting lipolysis13,16,20,21. Therefore, one of the consequences of insulin resistance 

includes an inability of insulin to suppress lipolytic activity in adipose tissue resulting in 

increased plasma free fatty acids (FFAs)13,16,21. In fact, it was observed that individuals 

with T2D, which is associated with insulin resistance, exhibit almost 3-fold greater 

circulating plasma FFA levels compared to healthy controls22. Elevated levels of FFAs 

consequently have detrimental metabolic consequences on various tissues, such as the 

liver and muscle23–25. In the muscles, excessive FFAs can promote ectopic fat 

accumulation and impair local insulin signaling23–25. When FFAs are delivered to the 

liver, they can be re-esterified into a triglycerides (TGs) and subsequently incorporated 

into TG-rich very-low density lipoproteins (VLDL-TG), which can lead to 

hypertriglyceridemia, or the TGs can be stored in lipid droplets within the hepatocyte 

instead, contributing to the development of steatosis20,23,24,26.  

 As insulin also has a huge role on glucose metabolism, insulin resistance can 

negatively impact the maintenance of blood sugar levels13,20,21. One thing that occurs is 

glucose uptake is reduced from both muscle and adipose tissue, resulting in elevated 

glycemia20,21. On top of this, one of insulin's actions when acting on hepatocytes is to 

inhibit gluconeogenesis and glycogenolysis, but under an insulin-resistant state, this 

does not occur, and the liver produces more glucose, exacerbating the 

hyperglycemia20,21,27,28. Pancreatic insulin-producing -cells try to overcome this higher 

level of blood glucose by secreting more insulin, causing hyperinsulinemia and eventual 

-cell failure in a vicious cycle 20,21,25. To link this back to elevated plasma TGs, the 

increased circulating glucose can activate carbohydrate response element binding 
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protein (ChREBP) in adipose tissue and the liver, whereas the higher insulin levels can 

stimulate sterol regulatory element binding protein 1C (SREBP-1c) in the same tissues, 

which both are transcription factors involved in mediating lipogenesis and thus, can 

exacerbate hypertriglyceridemia21,28–31. Overall, even though obesity and insulin 

resistance are two separate conditions, they are inherently related, and dyslipidemia is 

often observed in both.  

 

1.2   Lipid Metabolism 

1.2.1   Intestinal breakdown of dietary lipids  

 Dietary fats we consume are mainly in the form of TGs, although a smaller 

portion includes cholesterol (typically in the form of cholesterol esters), phospholipids, 

and fat-soluble vitamins32–36. Digestion of TGs begins in the oral cavity through 

mastication and the release of lingual lipases from secretory glands within the 

tongue32,34,35. As the food bolus passes through to the stomach alongside the lingual 

lipases, digestion continues with the addition of gastric lipases32,34,35. Specifically, 

gastric lipases are responsible for the breakdown of TGs to diglycerides (DGs) via 

hydrolysis32,34. Next, the resulting chyme with crudely emulsified lipids from the 

stomach's churning passes into the small intestines where the majority of lipid digestion 

takes place32–35. In the duodenum, the first part of the small intestines, chyme triggers 

the release of cholecystokinin (CCK) from enteroendocrine cells33,37. This hormone acts 

on the gallbladder to stimulate bile release, and on the pancreas to secrete pancreatic 

lipases32–36. Bile acids emulsify the TGs completely to enable the pancreatic lipases to 

perform their hydrolytic tasks33,34.The main products of these reactions are 2-

monoglyceride (2-MG) and fatty acids, which subsequently form micelles with bile salts 

to be absorbed by the intestinal lumen32,33,35,36. Importantly, FFAs are taken up by the 

enterocytes directly, as enterocytes express fatty acid transport protein 4 (FATP4) and 

CD3633,38–40. At the same time, cholesterol esters in chyme also get digested by 

cholesterol esterase, releasing cholesterol and a fatty acid, with the former being taken 

up by Niemann-Pick C1-Like 1 protein34. 
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 Inside the enterocytes, fatty acids have one of two fates: beta-oxidized in the 

mitochondria, or transported to the endoplasmic reticulum (ER) for resynthesis into 

TGs32,34,35. To get to their location, these substrates must be carried around the cell via 

fatty acid binding proteins (FABPs)32,34. In the ER lumen, fatty acids are re-esterified into 

TGs with the 2-MG that was absorbed, mainly via the monoglyceride (MG) pathway, and 

to a smaller extent, the glycerol-3-phosphate pathway32,34. Alongside the resynthesized 

TGs, cholesterol, and phospholipids can either be stored in the enterocytes within lipid 

droplets, or get packaged into chylomicrons and exocytosed into the lymphatic system 

before reaching the circulation41,42. Subsequently, these intestinal-derived lipoproteins 

carry dietary lipids throughout the body to tissues such as the liver, adipose, and 

muscles41,42. To release their TG content, chylomicrons interact with lipoprotein lipase 

(LPL) on the capillary walls, where the TGs will be broken down to FFAs and glycerol 

which the nearby cells can uptake41,42. As chylomicrons hydrolyze TGs, they begin to 

shrink and lose other components until they become chylomicron remnants that can be 

removed from the blood by the liver's low-density lipoprotein (LDL) receptors via a 

process called receptor-mediated endocytosis41,42. 

1.2.2   De novo lipogenesis 

 The liver and adipose can synthesize fatty acids de novo from excess non-lipid 

substrates, such as carbohydrates and some amino acids via de novo lipogenesis 

(DNL) (Figure 1.1, pathway 1)43–47. Upon feeding, plasma glucose levels are high, and 

glucose is taken up into cells via glucose transporters (GLUTs)44,48. Glucose enters the 

glycolytic pathway to get converted to pyruvate, which is transported into the 

mitochondria via pyruvate translocase49,50. There, pyruvate is converted to acetyl-CoA 

which enters the citric acid cycle by reacting with oxaloacetate to generate citrate44,45. 

Citrate is transported back into the cytosol and converted back into acetyl-CoA via the 

actions of ATP-citrate lyase (ACL)44,45. Next, the DNL rate-limiting enzyme, acetyl-CoA 

carboxylase (ACC), takes acetyl-CoA and carboxylates it into malonyl-CoA44,45. Fatty 

acid synthase (FAS) is the next enzyme involved in DNL which utilizes acetyl-CoA and 

malonyl-CoAs as substrates to generate palmitate, a 16-carbon long saturated fatty 

acid44,45. To make a variety of different and more complex fatty acids, enzymes, such as 

elongases and desaturases, can elongate palmitate and/or introduce double-bonds to 



 

   
                  

6 

desaturate the product, respectively44,51,52. For example, the generation of stearate, an 

18-carbon long saturated fatty acid, is made from elongases interacting with 

palmitate46,53. Stearate is then desaturated by stearoyl-CoA desaturase 1 (SCD1), which 

generates oleate46,47,53. This monounsaturated fatty acid is the most abundant fatty acid 

found in membrane phospholipids, TGs and cholesterol esters46,53. Finally, the newly 

synthesized fatty acids from DNL need to be activated by being converted to their acyl-

CoA counterpart with the actions of acyl-CoA synthetase (ACS) before being used as 

substrates for TG, phospholipid, or cholesterol ester synthesis54,55. 

 Importantly, DNL is a highly regulated metabolic pathway, utilizing both hormones 

and nutrient status as signals. As mentioned, DNL occurs when there are excess 

nutrients present in the system which occurs predominantly in the postprandial 

state44,45,56,57. Importantly, in this state, insulin levels should be elevated44. Insulin 

receptor activation on adipocytes and hepatocytes can lead to the upregulation and 

activation of SREBP-1c44–46. This transcription factor is involved in upregulating the 

expression of genes coding for the DNL enzymes described above (e.g. ACL, ACC, 

FAS, SCD1)45–47,58. Similarly, due to the higher levels of glucose from the food 

consumed, this molecule does not just act as a substrate for DNL, but also stimulates 

ChREBP, another transcription factor which promotes DNL by increasing the expression 

of similar DNL genes as SREBP-1c44–46,53,58. Conversely, in the fasting state, DNL is 

suppressed due to the lack of substrates available and reduced insulin levels44. During 

this time, both ChREBP and SREBP-1c both get inhibited through phosphorylation by 

protein kinase A (PKA) and AMP-activated protein kinase (AMPK), which get activated 

by low energy states and hormones such as glucagon and norepinephrine44. 

1.2.3   TG synthesis pathways 

 Triglycerides can be synthesized from two pathways, the MG pathway or the 

glycerol phosphate pathway59–61. Both pathways require acyl-CoAs to donate their acyl 

group to a glycerol molecule and form ester bonds59–63. To start, the MG pathway is 

mainly utilized by the small intestines to generate TGs from the dietary MGs and fatty 

acids59,61. In the smooth endoplasmic reticulum of the cells, MGs are acted upon 

monoacylglycerol acyltransferases (MGATs) which esterifies an acyl group from a acyl-
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CoA substrate to generate DGs59–61. The final step requires diacylglycerol 

acyltransferase (DGAT) to convert DGs into TGs by utilizing another acyl-CoA59,61.  

 The glycerol phosphate pathway, is the major pathway utilized by the liver and 

adipose tissue to generate TGs (Figure 1.1, pathway 2)59,61. Glycerol-3-phosphate, the 

starting substrate in this pathway, can be generated from an intermediate in glycolysis, 

or from the phosphorylation of glycerol by glycerol kinase64,65. The first step of the 

glycerol phosphate pathway involves converting glycerol-3-phosphate into 

lysophosphatidate (LPA) with glycerol phosphate acyltransferase (GPAT)59,61,62. LPA is 

then acted upon acylglycerolphosphate acyltransferase (AGPAT) to generate 

phosphatidate (PA)59,61. In the following step, PA needs to be dephosphorylated into DG, 

and this is done through the enzymatic action from phosphatidate phosphatase (PAP) 

(also called lipin 2)59,61. Just like in the MG pathway, another acyl-CoA gets esterified 

onto the DG molecule to make a TG via DGAT59,61. 

 As both TG synthesis pathways converge onto DG, DGAT enzymes become 

important which may explain why there are two different isoforms (DGAT1, DGAT2) at 

varying expression levels based on the tissue66,67. In humans, the DGAT1 isoform is 

highly expressed in the intestines, and less so in the liver and adipose66,68. DGAT2 on 

the other hand is the main isoform expressed in the liver66,68,69. Adipose tissue seems to 

express DGAT2 to a high degree as well68–71. This differential expression pattern likely 

indicates DGAT1 may mostly be involved in the monoacylglycerol pathway in the small 

intestines, whereas DGAT2 may be more important for the glycerol phosphate pathway 

for TG synthesis in the liver and adipose tissue. 

1.2.4   Lipid storage and lipolysis 

 Synthesized TGs in the liver or adipose tissue that are meant for storage are 

stored in the cytosol within dynamic organelles called lipid droplets72–75. These lipid 

droplets are made up of a phospholipid monolayer, with a hydrophobic lipid core76. 

Other lipids (e.g. cholesterol esters) can also be stored in these organelles73–76. 

Importantly, many proteins coat the exterior of the lipid droplets which are involved in 

maintaining the structure of the organelle and regulate its functions73–75,77,78. Perilipins 

are one of the predominant proteins located on the surface of the lipid droplets with their 
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main role being to prevent catabolism of the stored neutral lipids74,77,78. They do this role 

by acting as a barrier to lipolytic enzymes, such as hormone-sensitive lipase (HSL), and 

by sequestering comparative gene identification 58 (CGI58), the co-activating lipase of 

adipose TG lipase (ATGL)73,74,77,78.  

 In conditions that require the mobilization of these stored lipids, lipolysis of the 

TGs in the lipid droplets occurs in both liver and adipose tissue (Figure 1.1, pathway 

3)73,78. Hormones like norepinephrine and glucagon can activate PKA signaling, which 

then phosphorylates perilipin and HSL73. Phosphorylated perilipin loses its ability to act 

as a barrier to lipolysis and it releases CGI58 to activate ATGL as well73. 

Phosphorylation of HSL (pHSL) activates its lipolytic activity and promotes its 

translocation from the cytosol towards the lipid droplets77,78. Next, lipolysis occurs with 

the first step involving the breakdown of TGs to DGs and a fatty acid, catalyzed 

predominantly by ATGL, however HSL may also enable this hydrolysis reaction77. The 

second step of lipolysis is the further breakdown of DG to MG and a fatty acid, which 

can only be done through the actions of HSL72,74,77. Finally, MGs are completely broken 

down to glycerol and a fatty acid via MG lipase (MGL)79. Conversely, the liver also 

highly expresses triacylglycerol hydrolase (TGH)77,78. This lipase is located in the 

endoplasmic reticulum of hepatocytes and hydrolyzes TGs from hepatic lipid 

droplets77,78. The resulting fatty acids released can be subsequently utilized for different 

pathways, such as re-esterification into TG for lipoprotein production by the liver, -

oxidation for ketone body or ATP production. 

1.2.5   Liver -oxidation  

 In fasting conditions where the energy levels are low (low cellular ATP, high 

AMP), AMPK gets activated80–82. AMPK signaling helps promote -oxidation of fatty 

acids in the liver and muscle for ATP production81,82. One mechanism is through the 

phosphorylation of ACC to inhibit this enzyme's activity, diverting cellular activities away 

from anabolism, and redirecting them towards catabolic pathways81,82. As ACC 

produces malonyl-CoA, its phosphorylation by AMPK leads to a drop in cellular 

concentration of malonyl-CoA. This is important as malonyl-CoA is a potent inhibitor of 

carnitine palmitoyltransfrase 1 (CPT1), which is a crucial protein for -oxidation80–82. 
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Another way AMPK promotes fatty acid oxidation is through stimulating the increase in 

translocation of CD36 to the plasma membrane to increase fatty acid uptake into the 

cells83–85. Once fatty acids enter, they get activated to acyl-CoAs by ACS81. Also, some 

fatty acids that enter are used to activate the nuclear receptor peroxisome proliferator-

activated receptor  (PPAR), involved in upregulating -oxidation gene expression80–

82. The acyl-CoAs are transported towards the mitochondria to get converted to 

acylcarnitine by CPT1 prior to entering the mitochondrial matrix via carnitine-

acylcarnitine translocase81,82. Inside the mitochondrial matrix, acylcarnitine is 

reconverted back to its acyl-CoA via carnitine palmitoyltransferase 2 (CPT2)81,82. From 

there, acyl-CoAs enter the -oxidation pathways where they will be broken down to 

acetyl-CoA that can be used for either ATP production via the citric acid cycle and the 

electron transport chain or ketone body production (Figure 1.1, pathway 4)80–82. 

1.2.6   Very-low density lipoprotein assembly and secretion 

 During the postabsorptive state, the liver secretes lipid-filled particles called TG-

rich very-low density lipoproteins (VLDL-TGs) into the circulation to provide an energy 

source to other tissues (Figure 1.1, pathway 5)86–90. In contrast, the intestines release 

similar lipoprotein particles called chylomicrons containing dietary lipids during the 

postprandial state42,86–91. Briefly, lipoproteins are particles made up of a phospholipid 

monolayer with free cholesterol molecules and apolipoproteins on the surface, with a 

hydrophobic core filled with TGs and cholesterol esters87,90. In humans, the main 

apolipoprotein on VLDL particles is apolipoprotein B-100 (ApoB100), whereas intestinal-

derived chylomicrons contain the truncated form of ApoB100, apolipoprotein B-48 

(ApoB48), which is obtained from posttranscriptional modification of ApoB100 

mRNA42,87,88. However, in rats and mice, their hepatocyte-derived VLDL can be made 

with either ApoB100 or ApoB48, with the latter being the more prevalent form 

secreted88. Additionally, it is important to note that each VLDL or chylomicron particle is 

made with one ApoB protein86. Chylomicrons and VLDLs also possess other 

apolipoproteins, such as apolipoprotein E, apolipoprotein C, with the former also having 

apolipoprotein A, with each protein providing specific functions in the metabolism and 

roles of these particles92–97. 
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 VLDL assembly in the liver begins at the rough ER membrane, where the 

translation of ApoB100 protein takes place86,88,90. As the protein is translated into the 

ER, it is also partially lipidated at the same time through the actions of microsomal TG 

transfer protein (MTP) to generate a poorly-lipidated pre-VLDL particle90,98. MTP is also 

involved in the formation of ER luminal TG-rich lipid droplets89,98. The following step in 

VLDL assembly involves the core lipidation of the pre-VLDL. In this step, a transport 

vesicle from the ER fuses with the ER-Golgi intermediate compartment (ERGIC) 

organelle to carry the pre-VLDL and MTP-derived ER lipid droplet towards the Golgi 

apparatus and it is where the pre-VLDL gets further lipidated using the TGs from the 

lipid droplet to generate a bulky VLDL-TG98–100. One protein that has recently been 

described to potentially be important in the core lipidation of the pre-VLDL is cell death-

inducing DFF45-like effector B (cideB)98,100,101. This protein is associated with lipid 

droplets and its deficiency has been shown to reduce VLDL-TG secretion, but not 

VLDL-ApoB, suggesting it has a role in the lipidation of these lipoproteins102. Another 

factor that has been linked with VLDL assembly and secretion is ADP-ribosylation factor 

1 (Arf1). This protein is involved in the activation of phospholipase D (PLD), where this 

enzyme catalyzes the production of phosphatidic acid which is: one, required for VLDL 

assembly89,90,103; and two, needed for the recruitment of coat protein complex I (COPl) 

proteins that promote ERGIC movement towards the Golgi89,90,101,104. As the VLDL 

particle passes through to the Golgi apparatus, it matures further before it is secreted 

into the circulation via exocytosis98,99. 
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Figure 1.1: Lipid Metabolism Pathways. Pathway 1: De novo lipogenesis. Non-lipid 

substrates get converted to acetyl-CoA. Acetyl-CoA carboxylase (ACC) acts to produce 

malonyl-CoA to supply fatty acid synthase (FAS) with substrates for fatty acid 

production, namely palmitate. Activation of the fatty acid is done by the addition of 

coenzyme A by acyl-CoA synthetase (ACS) is required for these molecules to enter 

various metabolic pathways. Pathway 2: Triglyceride synthesis. The liver predominantly 

uses the glycerol pathway to synthesize TGs. Glycerol-3-phosphate (glycerol-3P) is 

made from the phosphorylation of glycerol by hepatic glycerol kinase (GK). Glycerol can 

be obtained from the plasma or lipolysis directly in liver lipid droplets (LDs). Two 

acylation reactions ensue on glycerol-3P. The acyl-CoAs substrates can come from 

DNL, free fatty acids (FFAs) in circulation, or lipolysis of hepatic LDs by triacylglycerol 

hydrolase (TGH). The first acylation reaction of glycerol-3P is catalyzed by glycerol 
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phosphate acyltransferase (GPAT), generating lysophosphatidate (LPA). Further 

acylation of LPA to produce phosphatidic acid (PA) is achieved by the enzyme 

acylglycerolphosphate acyltransferase (AGPAT). PA undergoes a dephosphorylation 

reaction catalyzed by phosphatidate phosphatase (PAP) (also called lipin2) to get a 

diglyceride (DG) molecule. DGAT2 is the main isoform of DGAT found in the liver and it 

esterifies an acyl-CoA substrate to the DG, thereby making a triglyceride (TG). TGs can 

be stored into lipid droplets or used for very-low density lipoprotein (VLDL) synthesis. 

Pathway 3: Lipolysis. In the adipose, TG within LDs get broken down to DG by adipose 

TG lipase (ATGL). DGs get metabolized to MGs through the actions of hormone-

sensitive lipase (HSL). Finally, MGs get broken down completely to glycerol via MG 

lipase (MGL). Fatty acids get released after each reaction as well. In the liver, TG stores 

in LD can be broken down by triacylglycerol hydrolase (TGH). Pathway 4: -oxidation. 

Oxidation of fatty acids requires activation by ACS. Acyl-CoAs travel to the mitochondria 

and enter with the help of carnitine palmitoyltransfrase 1 (CPT1). Inside, acyl-CoAs 

undergo fatty acid oxidation for energy production or ketone body synthesis. Genes 

involved in -oxidation get upregulated by peroxisome proliferator-activated receptor  

(PPAR) signaling. Pathway 5: VLDL assembly. TGs get packaged into VLDL-TG 

particles to be secreted into the bloodstream. The first step involves the initial lipidation 

of apolipoprotein B100 during its translation into the endoplasmic reticulum lumen to 

produce a pre-VLDL particle. Microsomal TG transfer protein is crucial in this step, as 

well as for the production of luminal lipid droplets (LD). The second step of VLDL 

assembly involves the core lipidation of pre-VLDLs, which is facilitated by cell death-

inducing DFF4-like effector B (CideB). VLDL-TGs pass through the Golgi apparatus 

prior to release into the blood and ADP-ribosylation factor 1 (Arf1) is involved in this. 

Image adapted from Saporano et al., Nutrients105. 
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1.3   Glucocorticoids 

 Glucocorticoids (GCs) are steroid hormones that have a role in many 

physiological processes and the maintenance of homeostasis106,107. Given their 

involvement in a multitude of processes, synthetic analogs of GCs, such as 

dexamethasone (DEX), hydrocortisone, and prednisolone, are often used clinically, 

particularly for their strong anti-inflammatory and immunosuppressive effects108,109. 

However, it is worth mentioning that long-term therapy with GCs or conditions that 

chronically elevate physiological GC concentrations, such as Cushing's disease, is 

associated with adverse effects, such as insulin resistance, hyperglycemia, weight gain, 

dyslipidemia, CVD, osteoporosis etc.107,110–114. In relation to this, excessive GC levels 

and/or action coupled with increased expression of GC receptors have been linked to 

obesity and diabetes110,111,114–118. 

1.3.1   Hypothalamic-pituitary-adrenal axis 

 GCs are secreted in response to the hypothalamic-pituitary-adrenal (HPA) axis 

activation (Figure 1.2)107,108. When environmental stressors are perceived by sensory 

pathways in the central nervous system (CNS), they get transmitted to the amygdala, 

the fear center of the brain119,120. The amygdala then sends projections towards the 

hypothalamic paraventricular nucleus (PVN), to stimulate the release of corticotropin 

releasing hormone (CRH) into the hypophyseal portal vein107,120,121. CRH then reaches 

the anterior pituitary to trigger the synthesis and secretion of adrenocorticotropic 

hormone (ACTH) into the systemic circulation107,120. PVN-derived vasopressin (AVP) is 

often also required to synergistically increase the effects of CRH on the 

pituitary107,120,121. In circulation, ACTH reaches the adrenal cortex to stimulate GC 

secretion107,121,122. Subsequently, these hormones reach their target tissues and cells by 

being carried through the bloodstream bound to corticosteroid-binding globulin115. In 

humans, the main GC is cortisol, whereas in most rodents it is corticosterone 

(CORT)122. Importantly, the bioavailability of GCs is not based on how much is released 

in the blood, as they are initially secreted as an inactive precursor (humans: cortisone; 

rodents: 11-dehydrocorticosterone)123,124. Bioavailability is instead determined by local 

regulation where GCs are converted into their active forms (humans: cortisol; rodents: 

CORT) by 11-hydroxysteroid dehydrogenase 1 (11-HSD1)123,124. Conversely, if 
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intracellular GCs are too high, 11-hydroxysteroid dehydrogenase 2 (11-HSD2) can 

inactivate the GCs123,125. From there, GCs can mediate their physiological actions to 

fight off the perceived stressor and bring the body back to homeostasis. Once that is 

complete, circulating GC levels would be high which will be important for the negative 

feedback of the HPA axis107,122. To terminate this axis, the elevated GCs act on their 

receptors in the PVN and pituitary to bring a close to the neuroendocrine feedback 

loop122.  

 Moreover, the HPA axis is not just activated during times of stress. In fact, it is also 

under the rhythmic control of the hypothalamic suprachiasmatic nucleus (SCN), the 

biological clock center122,126. The SCN aids the circadian and ultradian rhythm release of 

cortisol via pulsatile release of CRH107,122. This regulation keeps GC levels at a basal 

state, allowing GCs to constantly bind high-affinity mineralocorticoid receptors (MRs) 

keeping the GC concentration low107,122,127. Only when GC levels are high, such as 

during a stress response or in circadian peaks, do GCs bind to GC receptors 

(GR)107,121,122. 
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Figure 1.2: The Hypothalamic-Pituitary-Adrenal Axis. When an individual is 

challenged with a stressor, neuronal projections signal to the paraventricular nucleus of 

the hypothalamus to secrete corticotropin-releasing hormone (CRH). CRH acts on the 

anterior pituitary to trigger the release of adrenocorticotropic hormone (ACTH) into the 

circulation. The adrenal cortex is activated by ACTH to release glucocorticoids. At the 

end of the stress response, glucocorticoids negatively feedback onto the hypothalamus 

and pituitary gland to bring an end to the axis. 
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1.3.2   Glucocorticoid synthesis  

 GC production commences when ACTH activates its G-protein coupled receptors 

(GPCR), the melanocortin type-2 receptor (MC2R), on steroidogenic cells within the 

zona fasciculata of the adrenal cortex115,127–130. MC2Rs are linked to the Gs pathway 

leading to PKA activation, with this kinase involved in activating steroidogenic acute 

regulatory protein (StAR) whose role is to facilitate the import of cholesterol into the 

mitochondria107,127,129–131. There are two sources of cholesterol which steroidogenic cells 

can use: the first is the storage of cholesterol esters within their lipid droplets, and the 

second is an increased uptake of cholesterol-rich low-density lipoproteins127,130. In the 

mitochondria, cholesterol is converted to pregnenolone by cytochrome P450 (CYP) 11A 

enzyme before moving back into the cytoplasm130. Following, pregnenolone undergoes 

a series of biochemical reactions catalyzed by various CYP enzymes with intermediates 

moving between the ER and mitochondria before finally being converted into 

cortisone130. 

1.3.3   Glucocorticoid receptors 

1.3.3.1   Canonical glucocorticoid receptor 

 Once GCs reach their target cell, they can passively diffuse across the plasma 

membrane due to their hydrophobic properties132–134. The classical cytosolic 

glucocorticoid receptor (cGR) is a nuclear receptor located in the cytosol in complex 

with other regulatory proteins when unbound by GCs (Figure 1.3)115,128,132–135. When 

GCs bind to the cGR, the GC-cGR complex undergoes a conformational change such 

that the accessory proteins dissociate from the GR and promote its dimerization and 

translocation into the nucleus133–136. cGRs induce their genomic effects by interacting 

with their target genes at glucocorticoid response elements (GREs) on DNA to mediate 

gene transcription133,135,136. Afterwards, mRNAs get synthesized before being translated 

into functional proteins to mediate the GC effects133,134. 

 Two important accessory proteins for the cGR are heat shock protein 90 (Hsp90) 

and FK506 binding protein 51 (FKBP51)108,132,133,136,137. To start, Hsp90 is a major 

chaperone protein described to keep the cGRs stable and in their primed conformation 

in the absence of GCs135,138,139. Studies have shown that blocking the actions of Hsp90 

leads to the ubiquitination and degradation of the cGR138,139. In contrast, FKBP51 has a 
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different role for the cGR function. When GC levels are low, cGRs are unbound and 

kept in the cytosol135. This is due to the actions of FKBP51 which represses the cGRs 

from entering the nucleus140–142. In fact, studies have reported that knocking out 

FKBP51 increases the GR sensitivity143,144 Upon GC binding, cGRs unbind FKBP51, 

and recruit FKBP52 which promotes translocation into the nucleus140–142. Interestingly, 

when activated cGRs are exerting their genomic effects, they also upregulate the Fkbp5 

gene which codes for FKBP51141,145,146. The increased levels of FKBP51 then inhibit the 

cGR again, allowing for an ultra-short negative feedback loop145,146. As such, measuring 

the expression levels of the Fkbp5 gene or measuring FKBP51 protein levels has been 

used as a marker of cGR activity in research146–149. 

1.3.3.2   Membrane-associated glucocorticoid receptor 

 Emerging evidence has suggested that GCs can mediate a part of their functions 

through nongenomic, intracellular signaling mechanisms via membrane-associated GRs 

(mGRs) (Figure 1.3)108,132,133,136. These receptors have been proposed to participate in 

the inhibition of the HPA axis at the level of the hypothalamus, as well as induce some 

anti-inflammatory effects on immune cells133,150–152. Of note, since increased expression 

of glucocorticoid receptors has been observed in individuals with metabolic diseases 

(e.g. diabetes)117,118, potentially mGRs may also be upregulated and involved in the 

disease pathogenesis, although no research on this has been done yet. 

 Unfortunately, the genetic origin or structural identity of these receptors remains 

unknown. Some studies have provided evidence to suggest that the mGR is a 

GPCR150,153–158; however, other studies have indicated that the mGRs may simply be 

the cGRs migrating to the plasma membrane to regulate nongenomic signaling 

cascades159–164. Nonetheless, there is a consensus that mGRs mediate their effects by 

triggering cellular signaling pathways132,165–167. Multiple studies have tried to elucidate 

the downstream effectors and second messengers associated with the 

mGRs154,157,168,169. Investigations on various cell types (e.g. neuron, immune, muscle, 

and epidermal cells) have previously described different effectors for the mGR signaling 

cascade which include: PKA, PKC, Akt, and MAPK154,157,159,168–171. Of interest, GCs are 

not the only steroid hormones with a membrane receptor counterpart. In fact, estrogen 

membrane receptors have been extensively studied as well172–174. 
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Figure 1.3: Glucocorticoid Receptor Signaling. The canonical genomic mechanisms 

of glucocorticoids (GC) begin when these hormones diffuse across the plasma 

membrane and activate their cytosolic glucocorticoid receptors (cGR). This induces the 

unbinding of accessory proteins such as heat shock protein 90 (Hsp90) and FK506 

binding protein 51 (FKBP51), whilst promoting the recruitment of FK506 binding protein 

52 (FKBP52) and translocation into the nucleus. As dimers, cGRs interact with genes 

that possess GC response elements (GRE) to mediate gene transcription. 

Subsequently, transcribed mRNAs get translated into functional proteins. GCs can also 

exert some of their effects via membrane-bound GC receptors (mGR). These receptors 

initiate signaling cascades intracellularly to mediate nongenomic effects. Of note, since 

the identity of the mGR is currently unknown, the structure of the receptor depicted here 

may not be accurate. Figure made with Biorender.com. 
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1.3.4   Glucocorticoid effects 

 GCs have a role in regulating a vast number of physiological processes, such as 

metabolism, immune function, bone remodeling, cardiovascular, and many 

more115,128,133,175–177. GCs manage this due to their receptors being ubiquitously 

expressed throughout the body178,179.  

1.3.4.1   Non-metabolic glucocorticoid effects 

 One of the most commonly prescribed drugs are synthetic GCs due to their potent 

immunosuppressive effects108,175. There are a couple mechanisms by which GCs 

achieve their inhibitory actions on the immune system. For instance, GRs can repress 

the expression of transcription factors involved in inflammation, such as NF-B175,180. 

Additionally, GCs reduce the expression of pro-inflammatory cytokines (e.g. IL-6 and 

TNF), whilst increasing anti-inflammatory cytokine synthesis (e.g. IL-10)175,180. 

 The cardiovascular system is also regulated by GC signaling. Firstly, GCs can 

induce contraction from vascular smooth muscle cells181. These hormones also reduce 

endothelial nitric oxide production, which is a potent vasodilator182. Each of these effects 

can lead to increased blood pressure181,182. In fact, individuals on synthetic GC therapy 

have an increased risk of developing hypertension183,184. 

 GC action can also regulate bone remodeling. Bone cells are constantly breaking 

down old bone tissue and replacing it with new bone185. GCs upregulate the levels of 

osteoclasts (bone resorption cells), while downregulating osteoblasts (bone-forming 

cells)176,186. An important component of bone structure is calcium, and GCs can lower 

calcium levels by reducing intestinal calcium absorption and increase calcium excretion 

by the kidneys 187,188. As a result, the development of osteoporosis with chronic-GC 

treatment remains a huge healthcare problem176,186. Overall, these represent some of 

the non-metabolic physiological processes of GCs. 

1.3.4.2   Metabolic glucocorticoid effects 

 An important role of GCs is on metabolism, particularly during a stress response to 

mobilize fuel sources. Accordingly, GCs have been documented to extensively regulate 

glucose and lipid metabolism via its direct actions on the liver, adipose tissue, and 

muscle115,177,189. 
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 In the liver, GCs can stimulate gluconeogenesis, lipogenesis, and VLDL-TG 

secretion177,189. GCs increase hepatic glucose production by activating the transcription 

of phosphoenolpyruvate carboxykinase and glucose-6-phosphatase, which are the rate-

limiting enzymes for gluconeogenesis115,177,189. Hepatic insulin sensitivity is also 

hampered when GCs act on hepatocytes by impairing the liver insulin receptors 

directly177,190, or their signaling cascade (e.g. reduced Akt phosphorylation) indirectly189. 

Taken together, the net effect results in increased blood glucose levels. GCs can also 

participate in liver lipid metabolism. Enzymes such as ACC and FAS are upregulated 

with GC treatment which increases DNL189,191,192. TG synthesis pathways are also 

potentiated, with enzymes like DGAT2 upregulated, whereas TG catabolic pathways 

become suppressed192. GCs also inhibit PPAR activity, which coupled with the higher 

levels of malonyl-CoA from increased ACC levels, leads to reduced -oxidation191,192. As 

a result, liver TG accumulation occurs, which can exacerbate hepatic insulin 

resistance189. GCs can also increase the release of VLDL-TG, contributing to 

dyslipidemia115,189,192,193. 

 At the level of the adipose tissue, GCs can also coordinate glucose and lipid 

metabolism. GCs reduce glucose uptake by adipocytes by decreasing GLUT4 

translocation to the plasma membrane189,194,195. GC also reduce phosphorylation of 

downstream factors (e.g. IRS1 and Akt) of insulin receptor signaling, therefore 

promoting insulin resistance189. Further, GCs can stimulate both lipogenesis and 

adipocyte expansion in visceral fat depots, but TG breakdown by lipolysis in 

subcutaneous fat stores115,189. This phenomenon is believed to occur due to differences 

in 11-HSD1 between fat depots, where greater activity of this enzyme, and thus higher 

levels of active GCs, is found in visceral fat tissue196. In fact, studies in 11-HSD1 

knockout mice fed with a high fat diet revealed significantly lower visceral fat deposition 

in mice devoid of 11-HSD1 compared with their wildtype counterparts197. To add to this, 

GCs increase LPL action preferentially in visceral fat, suggesting increased lipid uptake 

from circulating lipoproteins compared to subcutaneous fat198.  As mentioned, GCs also 

increase circulating FFAs by inducing lipolysis in the adipose which is mediated through 

the upregulation of ATGL and HSL189,199. Finally, GCs can also alter the release of 
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various adipokines (e.g. leptin) from adipose tissue, indirectly affecting lipid and glucose 

homeostasis200. 

 GCs can also interact with muscle. Similar to their effects on hepatocytes and 

adipocytes, GCs also impair insulin action in the myocytes via reduced PI3K/Akt 

signaling and GLUT4 translocation115,189,200. Another mechanism employed by GCs to 

increase fuel mobilization is by stimulating the catabolic breakdown of muscle proteins 

into amino acids by induction of the ubiquitin-proteasome system201–203. As for lipid 

metabolism, GCs promote the accumulation of intra-myocellular lipids within 

muscles189,191,200. Finally, GC treatment in rat and chicken has shown to reduce AMPK 

activity in skeletal muscle, suggesting that -oxidation may get suppressed, which could 

contribute to lipid build-up204,205. 

 

1.4   Brain Regulation of Metabolism 

So far, several factors affecting peripheral regulation of lipid metabolism have 

been reviewed. This includes the direct effects of nutrients (e.g. glucose) and hormones 

(e.g. insulin) on liver and adipose TG metabolism. In addition to these effects, it has 

become apparent from recent research on the brain's ability to sense hormones and 

nutrients, that central regulation of metabolism is also critical for maintaining 

homeostasis. This next section will introduce two key brain regions that have been 

extensively studied in the regulation of peripheral metabolism, namely the medial basal 

hypothalamus (MBH) and the hindbrain dorsal vagal complex (DVC). 

1.4.1   Hypothalamic control of metabolism 

 The hypothalamus is often referred to as the master regulator of homeostasis. It 

regulates functions including, but not limited to, feeding, digestion, energy expenditure, 

thermoregulation, and glucose metabolism206,207. Of particular importance to metabolic 

regulation is the mediobasal portion of the hypothalamus which is comprised of the 

entire arcuate nucleus (ARC), and part of the ventromedial hypothalamus, and this 

region is involved in various physiological neuroendocrine responses controlling 

metabolic processes (Figure 1.4)206,208–210. The ARC is adjacent to the third ventricle of 

the brain, as well as the circumventricular organ, median eminence, which possesses a 

leaky blood-brain barrier with fenestrated capillaries206–209. These characteristics permit 
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the ARC to sense a myriad of nutrient and hormone fluctuations reflected by the 

peripheral circulation, and to respond accordingly by regulating peripheral glucose and 

lipid metabolism, food intake, or energy expenditure207,208,210. 

 Circulating hormone levels provide information about the metabolic state of the 

body. The ARC is equipped with various receptors it expresses to sense these 

hormones and initiate regulatory responses. For instance, receptors for insulin, 

glucagon, leptin, ghrelin, glucagon-like peptide 1 (GLP-1) have all been described in the 

ARC211–215. As an illustration of the ARC's ability to regulate metabolism, a study done 

by Mighiu et al. investigated the effects of glucagon administration into the MBH214. The 

study revealed that activating glucagon receptors and/or downstream PKA in the MBH 

reduced hepatic glucose production (HGP) via the hepatic branch of the 

parasympathetic vagal nerve214. Another study also revealed that intact insulin signaling 

in specific cell types in the ARC is required to suppress HGP216. Moreover, the ARC is 

also involved in regulating food intake principally through the actions of its agouti-related 

peptide (AGRP)/neuropeptide Y (NPY)-expressing neurons and pro-opiomelanocortin 

(POMC)-expressing neurons, which stimulate and suppress appetite, respectively217–219. 

For example, Schwartz et al. revealed that giving rats insulin into the third ventricle of 

the brain to target the hypothalamus lowers food intake by decreasing ARC NPY 

expression220. Similar effects on energy intake were found with leptin administration into 

the ARC221,222. This region of the brain has also been implicated in lipid metabolism. 

Hackl et. al previously observed that leptin administered into the third ventricle can 

increase liver VLDL-TG secretion and diminish hepatic DNL223. Likewise, NPY acutely 

acting on its receptors in the hypothalamus also triggers hepatic TG secretion via 

sympathetic outflow to the liver224,225. The MBH has also been reported to block white 

adipose tissue (WAT) lipogenesis and adipogenesis in response to central leptin 

signaling by decreasing WAT expression of SREBP-1c and PPAR215. Whereas it was 

shown that MBH insulin action upregulates WAT lipogenesis and inhibits lipolysis in 

adipocytes226. 

 Changes in nutrient levels such as glucose, fatty acids, and amino acids in the 

blood can also be sensed by the ARC. The hypothalamus has glucose sensing abilities 

which helps regulate glycemia by modulating HGP227,228. Previous work that examined 
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the effects of direct glucose infusion into the hypothalamus reported a lowering in 

HPG227,228. Additionally, the ARC can also sense lactate, a metabolite of anaerobic 

glycolysis, to regulate glucose homeostasis229. Another molecule that can be sensed is 

malonyl-CoA, which was linked to reduced energy intake230. Subsequent studies that 

artificially lowered hypothalamic malonyl-CoA levels in vivo observed a hyperphagic 

response231,232. Long-chain fatty acid sensing by the hypothalamus has also been 

reported in a study by Yue et al. where infusion of oleate directly into the MBH led to a 

reduction in liver lipid secretion209. Furthermore, the amino acid leucine can signal in the 

MBH to regulate both HGP and food intake233,234. Overall, the hypothalamus plays a 

critical role in regulating whole-body metabolism. However, it is worth mentioning that 

defects in hypothalamic sensing of nutrients or hormones leads to altered homeostasis, 

which can contribute to the development of metabolic diseases209,214,226,235.  

1.4.1.1   Hypothalamic glucocorticoid control of metabolism 

 As discussed above, elevated GC levels are associated with obesity and 

diabetes110,115. One mechanism by which GCs contribute to the pathophysiology of 

obesity and diabetes is through hypothalamic signaling. Mice given CORT in drinking 

water for 4 weeks showed increased food intake and body weight236. In particular, it was 

observed that GC-treated mice had higher levels of GCs and higher GR activity in their 

hypothalamus compared to control-treated mice236. Rats that received a 3-day infusion 

of CORT into the lateral ventricles of the brain to target the hypothalamus were seen to 

experience hyperphagia, increased body weight gain, hypertriglyceridemia, and 

elevated levels of plasma insulin237. Additionally, the Yue laboratory has also shown 

evidence that acute infusion of GCs into the MBH impairs hepatic insulin sensitivity 

resulting in increased HGP under hyperinsulinemic-euglycemic clamp conditions238,239. 

Further studies in the Yue laboratory revealed that central administration of 

dexamethasone (DEX), a synthetic GC, directly into the MBH stimulates hepatic VLDL-

TG release240. One mechanism by which central GC action induce changes in the 

periphery could be through the sympathetic nervous system (SNS). The HPA axis and 

the SNS are inherently linked as both systems work in tandem to coordinate the stress 

response, and are known to activate one another107,241,242. Evidence from a study by Yi 

et al. backs the claim that acute, central GC administration mediates peripheral effects 
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via the SNS243. This paper revealed that infusing GCs into the ARC resulted in lower 

hepatic insulin sensitivity; however, this was negated with sympathetic denervation of 

the liver243.  

 Interestingly, in many of the studies on central GC action in the regulation of 

metabolism, the expression of hypothalamic NPY was also increased with hypothalamic 

exposure to GCs236,237,240,244. The importance of this rise in NPY seems to be more than 

just this peptide's orexigenic properties. To elaborate, intracerebroventricular (ICV) 

injections of DEX caused hyperinsulinemia and a reduction in brown adipose tissue 

thermogenesis in mice, but these effects were negated with ICV PYX-2, a NPY receptor 

antagonist245. Similarly, acute DEX treatment in the ARC induced insulin resistance, but 

concomitant antagonism of the NPY Y1 receptors in the ARC blocked this effect243. 

Another study observed that hypothalamic NPY expression increases under a fasted 

state, but this upregulation is blocked in adrenalectomized animals, and exogenous 

CORT supplementation is required to rescue the phenotype244. Interestingly, another 

group also reported that direct administration of ICV NPY was unable to stimulate food 

intake in adrenalectomized rats, although food intake did increase with ICV NPY plus 

DEX in the adrenalectomized animals246, suggesting that in the hypothalamus, 

increases in both GCs and NPY are required to stimulate feeding. Finally, it was 

discovered that ICV NPY signals via the SNS to stimulate hepatic VLDL secretion by 

increasing hepatic Arf1 and reducing CPT1 expression225. Although this study did not 

investigate the requirement of GCs on the effects of ICV NPY to modulate liver TG 

secretion, one could speculate that hypothalamic GC action may also increase central 

NPY to yield a similar effect. Thus, literature evidence suggest that hypothalamic effects 

of either GCs or NPY are indeed co-dependent. 

1.4.2   Brainstem control of metabolism 

 Beyond the hypothalamus, another brain region involved in metabolic regulation is 

the brainstem. One of the earliest findings of this was done by Claude Bernard247. He 

found that lesioning the floor of the fourth ventricle of the brainstem caused 

hyperglycemia and impairments in glucose homeostasis247. More specifically, this region 

is now known as the dorsal vagal complex (DVC), which is a group of three nuclei 

located in the brainstem which contribute to homeostatic maintenance (Figure 
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1.4)210,248. The DVC encapsulates the circumventricular organ area postrema, the 

nucleus of the solitary tract (NTS), and the dorsal motor nucleus of the vagus248. Similar 

to the ARC, the NTS is located next to a brain ventricle (the fourth ventricle) and a 

circumventricular organ (area postrema) which possesses permeable capillaries. Both 

of these characteristics make the NTS a perfect candidate for regulating whole-body 

metabolism independently, in similar fashion to the ARC210. Indeed, the DVC is a major 

region that relays signals between the periphery and the brain, important for regulating 

energy and nutrient homeostasis249.  

 The NTS has been heavily implicated in controlling glucose and lipid metabolism. 

To start, insulin's inhibitory role on HGP requires signaling in the NTS via the ERK 

pathway250. Importantly, insulin acting in the MBH also suppresses HGP; however, this 

is mediated via the PI3K/Akt pathway251. These studies illustrate how, despite a 

common effect between the MBH and NTS mediated by the same hormone, the 

underlying mechanisms may differ which could be important considerations for future 

therapeutic designs. Continuing, glucagon infusion directly into the DVC was observed 

to reduce HGP under pancreatic clamp studies252. At the same time, VLDL secretion 

experiments in the Yue laboratory has elucidated a role of NTS glucagon infusion to 

lower hepatic VLDL-TG release253. In contrast, DVC leptin action triggers VLDL 

secretion from the liver via vagal innervation223. In addition to hormone detection, the 

NTS can also directly sense nutrients. Oleate sensing in the DVC decreases VLDL-TG 

secretion, similar to its signaling in the MBH209,249. This lowering effect also required 

oleate's conversion to acyl-CoA through the enzymatic functions of long chain acyl-CoA 

synthetase249. Glycine action in the DVC to regulate glucose production has also been 

reported254,255. Whether the extracellular levels of glycine in the DVC were increased by 

direct infusion, or by pharmacological blockade or genetic knockdown of glycine 

transporters, HGP and food intake were both lowered254,255. Moreover, DVC glycine was 

also shown to lower VLDL-TG secretion by reducing hepatic expression of SCD1, which 

is an enzyme involved in generating monounsaturated fatty acids, particularly important 

for VLDL assembly256. Thus, there is clear evidence that implicates the DVC in 

regulating glucose metabolism through its sensing abilities, and specifically VLDL-TG 

secretion. 
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Figure 1.4: Schematic Representation of the Mediobasal Hypothalamus (MBH) 

and Dorsal Vagal Complex (DVC). The MBH within the hypothalamus contains the 

arcuate nucleus (ARC) located adjacent to the 3rd ventricle (3V) of the brain. The ARC is 

also in close proximity to fenestrated capillaries (image adapted from Fong and 

Kurrasch Front. Neurosci., 2023)257. The DVC is part of the brainstem and comprised of 

the nucleus of the solitary tract (NTS), area postrema (AP), and the dorsal motor 

nucleus of the vagus (DMV) (image adapted from Freeman et al. Neurosci, 2021)258.  
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1.5   Aim, Hypothesis, and Objectives 

1.5.1   Aims 

 Central GC action via the hypothalamus has previously been described to regulate 

lipid metabolism237,240, and it is known that GRs (both cGRs and mGRs) are present 

throughout the brain150,154,157,237,238,240,259. Recent findings have also indicated that the 

brainstem region, the DVC, can independently sense nutrients and hormones to 

regulate hepatic VLDL-TG metabolism223,249,253,256. Therefore, in the present thesis, we 

sought to examine the effects of GC action in the NTS on hepatic VLDL-TG secretion.  

 

1.5.1.1   Aim 1: To assess GC action and GR requirement in the NTS, and 

delineate downstream neuronal mediators for the modulation of hepatic TG 

secretion 

 Knowing that: 1) the brainstem, namely the NTS, controls metabolism249,253,254, 2) 

GCs can regulate hepatic VLDL release through central mechanisms240, and 3) central 

GC effects may be mediated via sympathetic innervation to the periphery243, we aimed 

to elucidate if GCs acting in the NTS would alter hepatic lipid secretion. We hypothesize 

that NTS GC infusion activates NTS GRs to stimulate liver VLDL-TG secretion via the 

sympathetic nervous system (Figure 1.5). 

 

1.5.1.2   Aim 2: To assess whether NTS mGRs affect liver VLDL-TG release  

 With the knowledge that Aim 1 revealed that GC action in the NTS modulates liver 

lipid metabolism, and that mGRs are expressed in neural tissue150,157,166,260,261, our 

second aim was to test whether a membrane-impermeant DEX, which is able to activate 

mGRs156,157,262,263, modulates hepatic lipid homeostasis. We hypothesize that using 

membrane-impermeant DEX will activate mGRs, and require downstream intracellular 

signaling mediators, in the NTS to stimulate hepatic VLDL-TG secretion (Figure 1.6). 
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Figure 1.5: Schematic Representation of Aim 1 Working Hypothesis. Infusion of 

dexamethasone (DEX), a synthetic glucocorticoid into the nucleus of the solitary tract 

(NTS), a region within the dorsal vagal complex (DVC), act on cytosolic glucocorticoid 

receptors (cGRs) to stimulate lipid secretion from the liver via the sympathetic nervous 

system (SNS). The requirement of the cGR was tested through multiple ways. First, 

cGRs were antagonized directly with a pharmacological inhibitor of the cGR, 

mifepristone (MIF), or genetically knocked down using GR shRNA. cGR involvement 

was also indirectly assessed via Hsp90 inhibition with Hsp90i. Finally, FKBP51 

knockdown in the NTS was also tested to activate the cGR. Figure made with 

Biorender.com. 
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Figure 1.6: Schematic Representation of Aim 2 Working Hypothesis. Administration 

of a membrane-impermeant glucocorticoid into the nucleus of the solitary tract (NTS), 

acts on membrane glucocorticoid receptors (mGRs) to stimulate VLDL secretion from 

the liver. Downstream signaling effectors in the NTS were assessed, namely protein 

kinase A (PKA), protein kinase C (PKC), and mitogen-activated protein kinase (MAPK), 

to delineate the signaling cascade for NTS mGRs. Pharmacological inhibitors for the 

aforementioned kinases were used to test their necessity. Figure made with 

Biorender.com. 
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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 in accordance 

with AUP #1604 and approved by ACUC-2 at the University of Alberta Animal Care and 

Use Committee in accordance with regulations set forth by the Canadian Council for 

Animal Care.  

 Male Sprague Dawley (SD) rats, obtained from Charles River Laboratories (Stone 

Ridge, NY, USA), were used for in vivo experimentation for this study. Animals were 

housed in the Health Sciences Laboratory Animal Services building at the University of 

Alberta. Eight-week-old rats arrived weighing 220 - 240g and were placed with one 

other littermate for one week to acclimatize, before being housed in individual cages 

following stereotaxic cannulation surgery (see below) and kept on a standard 12h light-

dark cycle with ad libitum access to water and standard regular chow (RC) (LabDiet 

PicoLab® Laboratory Rodent Diet, 5LOD; 57.491% cal. from carbohydrate, 28.903% 

cal. from protein, and 13.606% cal. from fat; 2.86kcal/g of total metabolized energy).  

   

2.2   Surgeries 

2.2.1   Stereotaxic Cannulation Surgery 

 Following the acclimatization period and reaching a body weight of 300  20g, 

animals underwent bilateral stereotaxic cannulation surgery targeting the nucleus of 

solitary tract (NTS) under anesthesia (intraperitoneal administration of 60mg/kg 

ketamine (Ketalean, Bimeda-MTC) and 8mg/kg xylazine (Rompun, Bayer) (Figure 2.1). 

A 26-gauge, stainless steel, bilateral cannula (C235G, Plastics One Inc.) was implanted 

into the NTS following the coordinates on the occipital crest, 0.4 mm lateral to midline, 

7.9 mm below the cranial surface209,254,256. Stereotaxic cannulation enabled direct NTS 

infusions (rate of 0.0055 µL/min) of 0.9% saline (vehicle) (Baxter #533-JB1323); 1.7% 

ethanol dissolved in 0.9% saline (another vehicle group) (Commercial Alcohols, 

Greenfield Global, P016EAAN), dexamethasone (DEX) (Sigma, D1756; 100ng/µl 

(255µM)), a synthetic glucocorticoid (GC) and potent GC receptor (GR) agonist; 

mifepristone (MIF) (Tocris #1479; 25nM), a GR antagonist; 17-allylamino-17-

demethoxygeldanamycin (17-AAG) (HSP90i) (Tocris #1515; 0.606nmol/µl), a heat-

shock protein 90 inhibitor; DEX conjugated to bovine serum albumin (BSA-DEX) 
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(Steraloids, P0516; 2.35µg/µL (28µM), a membrane-associated GR (mGR) agonist; Rp-

cAMPs (Rp) (Tocris #1337/1; 40 µM), a PKA inhibitor; Bisindolylmaleimide I (BIMI) 

(Tocris #0741; 120µM), a selective PKC inhibitor; and PD98059 (PD) (Sigma Aldrich 

#19-143; 40 µM), a MEK inhibitor (used to prevent MAPK activation). Immediately after 

cannulation surgery, a subset of the animals received a bilateral 3 µL injection of a 

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

Hsp90 shRNA (Santa Cruz Biotechnology, sc-156099-V), FKBP51 shRNA (Santa Cruz 

Biotechnology, sc-35381-V), or a control mismatch shRNA (MM) sequence (Santa Cruz 

Biotechnology, sc-108080). Verification of NTS cannulation placement and localization 

of brain infusions for the NTS was done by injecting 3µL of bromophenol blue dye 

following the end of the in vivo experiments.  

2.2.2   Vascular Catheterization Surgery 

 Eight days post-NTS cannulation surgery, animals were subjected to vascular 

catheterization surgery on their left carotid artery and right jugular vein (Figure 2.1). This 

allowed conscious, unrestrained rats to undergo intravenous (i.v.) injections and 

repeated arterial blood sampling during in vivo experimentations. Animals were put 

under anesthesia (intraperitoneal administration of 90mg/kg ketamine (Ketalean, 

Bimeda-MTC), 10mg/kg xylazine (Rompun, Bayer) and underwent catheterization using 

catheters made up 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). The catheters were then 

filled with 10% heparinized saline to maintain patency and sealed with a metal pin.  

 For the first two days post-catheterization surgery, rats were administered 2mg/kg 

of Metacam for analgesia. Body weight and food intake was assessed daily following 

both surgeries to ensure animal welfare and recovery of all animals. Rats were only 

used for in vivo studies if they attained a minimum of 90% of their pre-catheterization 

surgery body weight. 
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2.3   In vivo VLDL Secretion Studies 

 Approximately five days post-vascular catheterization, rats that regained 90% of 

their body weight were fasted for ten hours the night before the experiment (Figure 2.1). 

Freely moving and conscious rats were subjected to a continuous NTS infusion of 

specific brain treatments (saline, DEX, MIF, MIF+DEX, HSP90i, HSP90i+DEX, BSA-

DEX, Rp, Rp + BSA-DEX, BIMI, BIMI + BSA-DEX, PD, PD + BSA-DEX, HSP90i + BSA-

DEX) (0.0055µL/min infusion rate) after a basal blood sample was taken. A subset of 

SD rats used to assess pharmacological sympathetic denervation were also 

administered an i.v. injection of a vehicle control solution of 15% dimethyl sulfoxide 

(DMSO) dissolved in 0.9% saline (Sigma Aldrich, D8418; 1mg/kg) or a cocktail 

comprising alpha- (phentolamine) (Sigma Aldrich, PHR1403-1; 1mg/kg) and beta- 

(propranolol) (Sigma Aldrich, P0884-1G; 1mg/kg) adrenergic antagonists (SNSi) ten 

minutes prior to the start of the brain treatment infusions. At the end of the pre-infusion 

period, another blood sample was obtained before starting the experiment by 

administering an i.v. injection of Poloxamer 407 (Sigma, #16758; 600mg/kg, dissolved 

in saline) at time 0 minutes. Poloxamer 407 inhibits lipoprotein lipase (LPL), thereby 

preventing the clearance of TG-rich lipoprotein particles such as chylomicrons and/or 

VLDL and in turn, elicit an accumulation of TG in the plasma. The rate of appearance of 

plasma TG over time is the rate of TG-rich lipoprotein secretion209,256. Given that the 

rats were fasted for 10-hours, the newly TG-rich lipoproteins being secreted are likely 

VLDL-TG being released from hepatocytes, and not from enterocyte-derived 

chylomicron-TGs. It has previously been discovered that chylomicron-TGs coming from 

the gut become negligible following a 4-hour fast, suggesting that gut-derived TG-rich 

lipoproteins will not have impacted the changes in plasma TG in our study224. Following 

the beginning of the experiment, arterial blood samples were taken at half-hour 

increments for 180 minutes, before a final sample was withdrawn at the end of the 

experiment at time 240 minutes. Blood samples were added to heparinized tubes and 

subjected to centrifugation to separate the plasma from the red blood cells. Glucose 

concentration of the plasma samples was measured using a glucose analyzer (GM9, 

Analox Instruments). This analyzer works through the glucose oxidase method, 

whereby the reagent solution used by the apparatus contains glucose oxidase, which 
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catalyzes the oxidation of glucose in the plasma sample to gluconic acid and hydrogen 

peroxide. The rate of oxygen consumption by the sample is directly proportional to 

glucose concentration. The Clark-type amperometric oxygen electrode inside the 

analyzer measures oxygen levels in the sample. Plasma samples were then aliquoted 

and stored at -20°C for later analysis of TGs and FFAs. Plasma used for ApoB48/100, 

or insulin analyses, was also treated with protease inhibitor (Sigma Aldrich, P8340) prior 

to storing. The leftover plasma and red blood cells were resuspended in 0.2% 

heparinized saline and reinfused into the rat to prevent hypovolemia and anemia. 

Following the end of the experiment at time 240 minutes, a 50µl i.v. injection of 

ketamine was administered to the rats to anesthetize animals before euthanasia via 

decapitation. A DVC (containing the NTS) wedge, liver, and WAT tissue samples were 

obtained immediately, and flash frozen in liquid nitrogen. Tissues were stored at -80°C 

for subsequent analysis.  
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Figure 2.1: Experimental Design Protocol. Male Sprague Dawley rats underwent 

stereotaxic cannulation of the nucleus of the solitary tract (NTS). During NTS 

cannulation, a subset of animals received a lentivirus encapsulating a mismatch (MM) 

control shRNA or shRNA targeting the knockdown of a protein of interest. Eight days 

later, rats underwent vascular catheterization surgery. On day 12, in vivo 

experimentation took place where all rats were given a pre-infusion of brain treatments, 

followed by an i.v. injection of poloxamer, a lipoprotein lipase inhibitor. Blood samples 

were obtained for the duration of the experiment (240 minutes). At the end of the 

experiment, rats were euthanized via decapitation and tissues were collected for 

analyses. 
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2.4   Plasma TG Assay 

 Plasma triglycerides (TGs) were assayed using a commercially available 

enzymatic colorimetric assay kit (Fujifilm Wako Chemicals lab (Cat# 994-02891, Cat# 

990-02991, Cat# 464-01601). Importantly, this Wako kit assesses plasma TGs, and not 

total lipids. This two-step assay first entails the elimination of free glycerol present in the 

sample, before subsequently hydrolyzing plasma TGs to glycerol. This glycerol is then 

oxidized and generated into a product that reacts with a peroxidase producing a blue 

pigment that can be detected using a microplate spectrophotometer at an absorbance 

wavelength of 600nm. TG concentrations are obtained by interpolating the absorbance 

value of each plasma sample to a standard curve of known concentration values.  

 Frozen plasma samples were thawed on ice, vortexed, and centrifuged at 

2500rpm at 4°C for 30 seconds. Glycerol standards (Fujifilm Wako #464-01601, 

reconstituted with distilled water) were pipetted onto a standard 96-well plate to 

generate a standard curve, alongside 4µL of undiluted plasma samples. Next, 90µL of 

reagent one (R1) was added to each well that contained standard or sample and 

incubated at 37°C for 5 minutes. R1's purpose is to decompose free glycerol to a 

product that will not interfere with the colorimetric reaction.  

Following the R1 incubation step, the plate was placed in the spectrophotometer 

(Epoch, BioTek) where the absorbances were measured at 600nm. Then, 30µL reagent 

two (R2) was added to each well and incubated at 37°C for 5 minutes. R2 contains 

lipases that hydrolyze the triglycerides in each sample to glycerol. Subsequent 

enzymatic reactions utilize this glycerol for the overall production of hydrogen peroxide, 

which contributes to the oxidative condensation of 4-aminoantipyrine and HMMPS 

(chemicals also present in R2), leading to the generation of a blue pigment.  

 Following the R2 incubation step, the plate was placed in the spectrophotometer 

where the absorbances of the samples were read at 600nm. The data was quantified by 

subtracting sample background (data after R1 added) from absorbance values of blue 

pigment (data after R2 added). The corrected absorbance values were plotted against 

the reference curve from known standards to determine concentration of TGs (mM). 
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2.5   Plasma FFA Assay 

 Plasma free fatty acids (FFAs) were assayed with a commercially available 

enzymatic colorimetric analysis kit (Fujifilm Wako Chemicals Lab #999-34691, 995-

34791, 991-34891, 993-35191, and 276-76491). This two-step assay first generates 

acyl-CoAs from the FFAs present in the plasma samples by using acyl-CoA synthetase. 

Acyl-CoAs are then oxidized to produce hydrogen peroxide, which then interacts with a 

peroxidase enzyme allowing for various oxidative condensation reactions to form a 

colour that is measurable with a microplate spectrophotometer at 550nm. The FFA 

concentration is determined by comparing the absorbance of each sample to a standard 

curve of known concentration values. 

 The protocol followed for this assay kit was as follows, and samples were assayed 

in duplicate. Plasma samples were thawed, vortexed, and centrifuged at 2500rpm a 4°C 

for 30 seconds, then kept on ice. Reagent 1 (R1) and reagent 2 (R2) were made by 

reconstituting their corresponding solute with their applicable solvent. The standard 

curve was made using the non-esterified fatty acid, oleic acid, at varying concentrations, 

as provided by the kit. In a standard 96-well assay plate, 5µl of each standard or sample 

was pipetted, followed by 200µl of R1 and an incubation for 5 minutes at 37°C. R1 

contains acyl-CoA synthetase (ACS), adenosine triphosphate (ATP), and CoA, which 

are needed to produce acyl-CoAs. After the incubation period, 100µl of R2 was added 

before another incubation step at 37°C for 5 minutes. R2 contains the enzymes (acyl-

CoA oxidase and peroxidase) that catalyze the enzymatic colorimetric reactions, leading 

to a colour change that can be analyzed at a wavelength of 550nm.  

 

2.6   Plasma Insulin 

Plasma insulin levels were assessed using a commercially available 

radioimmunoassay (RIA) kit (EMD Millipore Corporation, RI-13K) with 100% specificity 

for rat insulin. The RIA assay is a two-day protocol and a very sensitive technique that 

measures antigen (insulin) concentrations by determining how much of it binds to its 

antibody. The assay works by adding a fixed concentration of labelled tracer antigen 

(125I-labeled insulin) and incubating it with a known amount of antibody resulting in the 

binding of the two. When adding plasma samples, the unlabeled plasma insulin 
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competes with the labelled insulin for the binding sites of the antibody. The higher the 

concentration of unlabeled insulin from plasma samples, the less amount of labeled 

insulin binds to the antibody, resulting in more free labeled insulin. Precipitation and 

centrifugation are used to separate the bound and unbound antigen. The supernatant 

that is aspirated from the sample contains unbound labeled antigen, and the 

radioactivity of the remaining precipitate is measured using a gamma counter. The 

concentration of plasma insulin can be quantified by interpolation of a standard curve 

that is generated with known concentrations of unlabeled antigen standard provided by 

the kit.  

 The protocol was as follows. The entire assay was done using borosilicate 

12x75mm glass tubes (Fisher Scientific, 14-961-26). On day one, the insulin standard 

curve was prepared using 10ng/ml of unlabeled antigen standard which was also diluted 

further down. The standards, quality controls, and each experimental plasma sample 

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

buffer was added to non-specific binding (NSB = blank) tubes (100μl) and in reference 

(B0=100% binding) tubes (50μl). 125I-labeled insulin (50μl) was added to every tube 

followed by 50μl of insulin antibody (guinea pig anti-rat insulin serum). However, total 

count (TC) and NSB tubes did not receive any insulin antibody. Tubes were vortexed, 

covered with parafilm, and incubated overnight (20-24h) at 4°C. On day two, 500μl of 

cold precipitating reagent was added to every tube except the TC tubes. All tubes were 

vortexed, before a 20-minute incubation at 4°C. Next, all tubes barring TCs were 

centrifuged at 2000xG for 20 minutes at 4°C to form an insulin-bound pellet. The 

resulting supernatant in each tube was aspirated to generate a liquid-free pellet. 

Radioactivity of the pellet was measured for 5 minutes with a gamma counter (Packard, 

Cobra II Series). The sample and standard counts (B) were expressed as a percentage 

of the mean counts of the total binding (B0) tubes. The percentage of total binding 

(%B/B0) for all standards and plasma samples was plotted against the reference curve 

of known standards to interpolate the insulin concentrations. 
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2.7   Plasma Lipoprotein Fractionation 

 Lipoprotein (VLDL, LDL, and HDL) fractionation was conducted by Audric Moses 

from the Lipidomics Core Facility at the University of Alberta. Plasma lipoproteins were 

separated via fast protein liquid chromatography (FPLC). Briefly, 100µL of heparinized 

plasma (collected from in vivo experimentation) was injected by an autosampler into an 

Agilent 1200 HPLC instrument equipped with a Superose 6 Increase 10/300 GL gel-

filtration FPLC column which separates intact lipoproteins by size and detecting them at 

an absorbance of 280nm. Total run time was 60 minutes with a flow rate of 500µL/min. 

Twenty fraction samples were collected at 2-minute intervals starting at 15 minutes into 

the run lasting until the 55th minute mark. 

 TG levels were next assayed in the VLDL-containing fraction (note: although 

fractions #1-3 all eluted within the VLDL range, fraction #2 was chosen to be assayed 

as it eluted during the highest point of the VLDL-absorbance peak) through a modified 

protocol of the TG assay described above. These were the steps followed: a series of 

glycerol standards (Fujifilm Wako #464-01601, reconstituted with distilled water) were 

added onto a standard 96-well plate, followed by 100µL of fraction #2. Next, 30µL of R1 

was added to each well and incubated at 37°C for 5 minutes. After the incubation step, 

the plate was placed in the spectrophotometer (Epoch, BioTek) and absorbances were 

measured at 600nm. R2 was next added (10µL), and the plate was incubated once 

more at 37°C for 5 minutes. A final absorbance reading at 600nm was recorded with the 

spectrophotometer. Data analysis of TG quantification was the same as described 

above. 

 It is also worth mentioning that this technique is not without limitations. Although 

intestinal chylomicrons are generally larger than VLDL particles, their size ranges do 

overlap. Due to this, the VLDL fraction obtained from FPLC may contain some 

chylomicron-TGs. Thus, this technique is a semi-quantitative measurement of VLDL-TG. 
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2.8   Hepatic TG Content  

 Hepatic TG quantification was done by using a modified form of the Folch 

method264, in collaboration with Dr. Robin Clugston. The step-by-step protocol followed 

was as follows. On day one, approximately 50mg of frozen liver tissue (exact weights 

were recorded and used for subsequent calculations) was homogenized in 12x75mm 

glass tubes (Fisher Scientific, 14-961-26) using 5mL of 2:1 chloroform:methanol 

solution. Glass tubes were sealed with parafilm and incubated overnight at 4°C. On day 

two, the homogenized solution was filtered through #1 Whatman® paper (4.25cm, 

#1001-042) into 13x100mm glass tubes (Fisher Scientific, 14-961-27). Next, another 

2mL of 2:1 chloroform:methanol solution was added into original 12x75mm glass tubes 

to extract any leftover liver TGs and filtered into the 13x100mm glass tube. Then, 

1.25mL of acidified saline solution (100mL 0.9% saline solution and 1mL of 1N HCl 

(Fisher Scientific, SA48B-1)) was added to the filtrate and vortexed. Samples were left 

for 5 minutes at room temperature before being centrifuged at 1000 rpm for 15 minutes. 

The upper phase of the solution was removed with a Pasteur pipette (Fisher Scientific, 

13-678-20C) and discarded. The steps above of adding acidified saline, centrifugation, 

and removal of the upper layer were repeated a second time. After, 1.25mL of an upper 

phase solution containing methanol (480mL/L), chloroform (30mL/L), water (470mL/L), 

and calcium chloride dehydrated (400mL/L) (Fisher Scientific, BP5100500) was added 

to the liquid phase. Samples were vortexed, centrifuged, and their top layer was 

discarded as described above. These steps were performed two times over. The 

leftover solution was dried under nitrogen gas, and the remaining pellet was 

resuspended in 100μl of 100% ethanol (Commercial Alcohols, Greenfield Global, 

P016EAAN). Samples were diluted in a 1:5 ratio and TGs were quantified with the 

Fujifilm WAKO TG assay kit (described above). TG concentrations (mM) obtained were 

next corrected for the mass of tissue used. Using the mM concentration of TGs, the 

units were converted to μg of TGs. Then we divided this value by the weight of liver that 

was recorded, and final results of liver TG content were reported as μg/mg.  
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2.9   Western Blotting 

 Western blotting was used for protein analysis on tissue (liver, WAT, and DVC) 

and plasma samples.  

2.9.1   Tissue Western Blotting 

 Frozen tissue of liver (~20mg), WAT (~50mg), and DVC (~10mg) was 

homogenized 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 inhibitor, and protease inhibitor at a dilution factor 

of 1:10 (tissue (mg) to homogenizing buffer (µL)).  Samples were then placed on ice for 

30 minutes, followed by centrifugation at 1200xG for 30 minutes at 4°C. The 

supernatant (or lysate) was preserved and transferred into a new tube. Lysates were 

then assayed to determine their protein concentration, which is needed for subsequent 

loading sample preparation. Protein concentrations were assessed using a PierceTM 

BCA Protein Assay Kit (Thermo Scientific, 23225). Lysates were diluted with double 

distilled water at 1:20 for liver and DVC tissue, and 1:10 ratio for WAT. This colorimetric 

assay uses a microplate spectrophotometer and uses a 540nm wavelength for optimal 

absorbance. Tissue loading samples were prepped at a final concentration of 1.67µg/µl 

(25µg of protein/lane and 15µl of volume loaded per lane). Final loading samples were 

loaded onto a polyacrylamide gel (5%, 8%, 12%, or 15%) and subjected to gel 

electrophoresis (Mini-PROTEAN® Tetra Vertical Electrophoresis Cell, Bio-Rad) at 130V 

until the proteins were sufficiently separated. The proteins were next transferred from 

the gel onto a nitrocellulose membrane (0.45µm, Bio-Rad, #1620115) for 2.5 hours at 

90V at 4°C. To confirm that the proteins were successfully transferred, nitrocellulose 

membranes were stained with Ponceau S Solution (Abcam, ab270042). Following this, 

membranes were incubated in blocking buffer (5% milk in Tris-buffered saline 

containing 0.2% Tween-20 (TBST) (Sigma, P1379)) for 1 hour at room temperature and 

rinsed with 1xTBST, prior to primary antibody incubation overnight at 4°C (Table 2.1). 

The next day, membranes were washed three times with 1xTBST for 5 minutes each, 

before incubating in horseradish peroxidase-linked secondary antibody (diluted 1:1000 

in blocking buffer) for 1 hour at room temperature (Table 2.2). Following incubation, 

membranes were washed again three times with 1x TBST for 5 minutes each and 
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protein expression was enhanced using a chemiluminescence reagent (PierceTM ECL 

Western Blotting Substrate, Thermo Scientific, 32106). A chemiluminescent imaging 

system (Bio-Rad,ChemiDoc) was used to image the immunoblots, which were then 

quantified by densitometry with ImageJ image analysis software.  

2.9.2   Plasma ApoB Western Blotting  

 Protease inhibitor-treated plasma was diluted to 1:50 by mixing 2µl of plasma in 

98µl of double distilled water. Next, 100µl of 2x Laemmli Sample Buffer (BioRad, 

1610737) was then added to each sample. Plasma samples were then boiled for 5 

minutes. The diluted plasma samples were then pipetted (10µl) onto a 4-15% gradient 

gel (4-15% Mini-PROTEAN® TGXTM Precast Protein Gels, Bio-Rad, #4561086) and 

subjected to gel electrophoresis at 130V for approximately 3 hours. Separated proteins 

in the gel were then transferred at 90V for 2.5 hours onto a nitrocellulose membrane 

(0.45 µm, Bio-Rad, #1620115). Again, membranes were stained with Ponceau S to 

verify the transfer step. The remaining steps were the same as tissue western blotting 

described above. 
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Primary Antibody Company and 

Catalogue Number 

Dilution Secondary 

Antibody 

Fatty-Acid Synthase 
(FAS) 

Santa Cruz #sc-55580  1:1000 GAM 

phospho Acetyl-CoA 
Carboxylase (pACC) 

Cell Signaling #3661  1:1000 GAR 

Acetyl-CoA 
Carboxylase (ACC) 

Cell Signaling #3662 1:1000 GAR 

Microsomal 
Triglyceride Transfer 
Protein (MTP)  

BD Transduction 
Laboratories #612022  

1:1000 GAM 

ADP-ribosylation 
factor 1 (Arf1) 

Santa Cruz #sc-53168  1:1000 GAM 

Apolipoprotein B 
(ApoB) 

Santa Cruz #sc-
393636 

1: 500 GAM 

CD36 Novus Biologicals 
#NB400-144 

1:1000 GAR 

Fatty Acid Transport 
Protein 2 (FATP2) 

Thermo Fisher                 
#PA5-42429 

1:1000 GAR 

Fatty Acid Transport 
Protein 5 (FATP5) 

Thermo Fisher                 
#PA5-42028 

1:1000 GAR 

phospho Hormone-
Sensitive Lipase 
(pHSL) 

Cell Signaling #45804 1:1000 GAR 

Hormone-Sensitive 
Lipase (HSL) 

Cell Signaling #4107 1:1000 GAR 

Adipose Triglyceride 
Lipase (ATGL) 

Cell Signaling #2138 1:1000 GAR 

Comparative Gene 
Identification 58 
(CGI-58) 

Santa Cruz #sc-
376931 

1:500 GAM 

Perilipin Abcam #ab3526 1:1000 GAR 

Glucocorticoid 
Receptor (GR) 

Cell Signaling #3660 1:1000 GAR 

FK506 Binding 
Protein 5 (FKBP51) 

Santa Cruz #sc-
271547 
 

1:1000 GAM 

-Actin Santa Cruz #sc-47778 1:1000 GAM 

Vinculin Santa Cruz #sc-25336 1:1000 GAM 

 

Table 2.1: List of all Primary Antibodies used for western blotting in this study 
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Secondary Antibody  Company and         

Catalogue 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 

 

Table 2.2: List of Secondary Antibodies used for western blotting in this study 

 

 

2.10   Quantitative PCR (qPCR) 

2.10.1   RNA extraction 

Approximately 35mg of liver and 10mg of DVC tissue were homogenized using 

1000μL and 330μL of Trizol (Ambion, 15596026), respectively, to break down the 

biological material and proteins without affecting the RNA. Homogenized samples were 

centrifuged at 8700 rpm for 10 minutes at 4°C, and the resulting supernatant was kept. 

Chloroform (200μL for liver samples; 67μL for DVC samples) was added to the 

supernatants, causing a phase separation where the denatured proteins get extracted 

into the organic phase, leaving just the RNA in the aqueous phase. The solution rested 

at room temperature for 3 minutes, and then centrifuged at 8700 rpm for 15 minutes at 

4°C. The upper (aqueous) phase was stored into a new sterile microtube, where 

isopropanol (Sigma-Aldrich, 439207) (500μL for liver samples; 167μL for DVC samples) 

was added and mixed in. RNA extracts were incubated overnight at -20°C. On day two, 

samples were centrifuged at 12,000xG for 10 minutes at 4°C, causing the RNA to settle 

at the bottom as a pellet. The supernatant was discarded and then 1000μL (for liver) or 

330μL (for DVC) of 75% ethanol was added to cleanse the RNA pellet from any 

contaminants. Next, samples were centrifuged at 7500xG for 5 minutes at 4°C. The 

supernatant was discarded, and steps from the ethanol wash process were repeated a 

second time for DVC samples or 3 times for liver samples. After, the samples were air 

dried in a fume hood at room temperature for 30 minutes to evaporate the ethanol. The 

RNA pellets were then resuspended in 100μL (for liver) or 20μL (for DVC) of 
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UltraPureTM DNAse/RNase-Free Distilled Water (Invitrogen, #10977-015). To quantify 

the concentration of the RNA samples, 1μL of sample was pipetted onto a NanoDrop 

1000 spectrophotometer (Thermo Fisher) measuring at a 260nm wavelength 

absorbances. Samples with a 260nm/280nm ratio ranging between 1.8 and 2.0 

(indicated little-to-no protein contamination in our RNA extracts) and a 260nm/230nm 

ratio between 2.0 and 2.2 (indicated little-to-no organic contamination in our RNA 

extracts) were deemed relatively pure RNA extracts and used for cDNA synthesis. 

2.10.2   cDNA synthesis  

Complementary DNA (cDNA) was synthesized using RNA extracted from liver or 

DVC tissue samples. The volume of sample containing 2μg of total RNA (determined 

with the concentration of RNA obtained with the NanoDrop) was added to RNase-free 

water (Invitrogen, #10977-015) to make a 9μl mixture. Next, 2μl of Random Hexamer 

Primers (1μg/μl) (Invitrogen, #48190011) was added to each sample, before being put 

through a PCR program (Eppendorf, Mastercycler gradient) to denature the RNA at 

70°C for 10 minutes. Following this, a mixture containing: Superscript II IV VILO Master 

Mix kit (Invitrogen, #11756050), 1.25mM dNTP (Invitrogen, #10297-018), and 2U/μL 

RNaseOUT (Invitrogen, #10777-019) was added (9μL) to each sample, yielding a final 

volume of 20μL per sample. Samples were next run through a PCR program for cDNA 

transcription for 1 hour at 40°C to generate cDNA at a concentration of 100ng/μL. Prior 

to running the qRT-PCR, cDNA was diluted to 1ng/μL (1:100) using RNase-free water. 

2.10.3   qRT-PCR 

Quantitative real-time PCR (qRT-PCR) was performed using a StepOneTM Real-

Time PCR Systems (Applied BiosystemsTM), in collaboration with Mr. Randal Nelson 

and Dr. Richard Lehner's laboratory. Gene assessment was done on MicroAmpTM 96-

Well Reaction Plate with Barcode (Applied Biosystems, #4346906) with POWER SYBR 

Master Mix (Applied Biosystems, #4367659) and custom designed primers, developed 

by Integrated DNA Technologies (Table 2.3). Cyclophilin (gene name: Ppia) was used 

as the housekeeping gene and all expression values were normalized to its Ct value. 

Quantification was done using the 2-Ct method.  
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Gene 

Name 

Designed By Forward Primer Sequence Reverse Primer Sequence 

Srebf1c Integrated 
DNA 
Technologies 

ACAAGATTGTGGAGCTCAAGG TGCGCAAGACAGCAGATTTA 

Dgat1 Integrated 
DNA 
Technologies 

TACGGCGGGTTCTTGAGAT CGTGAATAGTCCATGTCCTTGA 

Dgat2 Integrated 
DNA 
Technologies 

GTGTGGCGCTATTTTCGAG GGTCAGCAGGTTGTGTGTCTT 

Scd1 Integrated 
DNA 
Technologies 

CATGTCTGACCTGAAAGCTGA CAGGAGGCCAGGCTTGTAG 

Lpin2 Integrated 
DNA 
Technologies 

AAGATGCCGAAGAAATCTGG CTTGGTCTCCGGCAACTG 

Arf1 Integrated 
DNA 
Technologies 

TGGCGCCACTACTTCCAG TCGTTCACACGCTCTCTGTC 

Chrebp Integrated 
DNA 
Technologies 

CAGATGCGGGACATGTTTGA AATAAAGGTCGGATGAGGATGCT 

Ampk Integrated 
DNA 
Technologies 

CCGTCTGATATTTTCATGGTCA ACTCTCCTTTTCGTCCAACCT 

Cpt1a Integrated 
DNA 
Technologies 

ACAATGGGACATTCCAGGAG AAAGACTGGCGCTGCTCA 

Ppara Integrated 
DNA 
Technologies 

TGCGGACTACCAGTACTTAGGG GGAAGCTGGAGAGAGGGTGT 

Fkbp5 Integrated 
DNA 
Technologies 

GAACCCAATGCTGAGCTTATG ATGTACTTGCCTCCCTTGAAG 

Pdk4 Integrated 
DNA 
Technologies 

GAACACCCCTTCCGTCCAGCT TGTGCCATCGTAGGGACCACA 

Npy Integrated 
DNA 
Technologies 

AGAGATCCAGCCCTGAGACA ACCACATGGAAGGGTCTTCA 

 

Table 2.3: All DNA custom primers used for PCR analyses conducted for this study. 
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2.11   Statistical Analysis 

 All data values are represented as the mean + standard error of the mean (SEM). 

Unpaired Student’s t-tests were done when statistical analysis compared two groups. 

For comparisons of three or more groups, analysis of variance (ANOVA) was used 

assuming unequal standard deviation, and if significant, was followed by Fisher's post-

hoc tests. Two-way repeated measures ANOVA with unequal standard deviation was 

conducted on measurements collected over time as well as receiving different 

treatments, followed by a Fisher's post-hoc test if significance was achieved. The 

significance threshold for this study was set at a P-value < 0.05. 
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Chapter 3: Aim 1 Results 
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The first aim for this thesis was to test whether GCs acting in the NTS would trigger 

hepatic VLDL-TG secretion. We further assess the requirements of GRs in the NTS and 

the sympathetic nervous system. We hypothesize that NTS GC infusion activates NTS 

GRs to stimulate liver VLDL-TG secretion via sympathetic outflow (Figure 1.4). 

 

3.1   Effects of Glucocorticoid Receptor Activation in the Nucleus of the Solitary 

Tract on Lipid Metabolism 

3.1.1   Acute glucocorticoid infusion into the nucleus of the solitary tract triggers 

hepatic triglyceride-rich very-low density lipoprotein secretion. 

 To test if glucocorticoid (GC) action in the nucleus of the solitary tract (NTS) 

affects triglyceride (TG)-rich very-low density lipoprotein (VLDL-TG) secretion from the 

liver, we first directly infused dexamethasone (DEX), a synthetic GC, into the NTS of 

Sprague Dawley (SD) rats, and TG secretion rates were assessed via VLDL secretion 

experimentation (Figure 3.1.1A). All animals were 10-h fasted, conscious, and freely 

moving in their home cages during the in vivo studies. 

 Infusion of DEX into the NTS triggered a significant increase in plasma TG (Figure 

3.1.1B) and VLDL-TG secretion rate (Figure 3.1.1C) compared to NTS Vehicle control. 

When infusing the GC receptor (GR) antagonist, mifepristone (MIF), alone into the NTS, 

plasma TG and VLDL-TG secretion rates were similar to the control group, indicating 

that acutely blocking NTS GRs does not impact plasma TG levels or hepatic VLDL-TG 

secretion (Figure 3.1.1B, C). Interestingly, when we co-infused MIF+DEX together into 

the NTS, the stimulatory effects of NTS DEX on plasma TG and the VLDL-TG secretion 

rate were negated (Figure 3.1.1B, C). This suggests that the effects on lipid metabolism 

of DEX acting in the NTS are mediated through NTS GRs. We next sought to confirm 

that it was indeed VLDL-TG that was increased in the NTS DEX treated animals by 

fractionating the plasma lipoproteins via FPLC (Figure 3.1.1D). Compared to the NTS 

Vehicle/NTS MIF combined group, NTS DEX showed higher TG levels in the VLDL-

containing plasma fraction, and MIF was able to reverse this effect in the NTS 

MIF+DEX-infused SD rats (Figure 3.1.1D), supporting an increase in VLDL-TG levels in 

the NTS DEX group. Since we found that VLDL-TG levels were increased in the NTS 

DEX group, we next assessed plasma ApoB levels through western blotting (Figure 
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3.1.1E). As a VLDL particle contains one ApoB protein, the amount of ApoB found in the 

plasma can be directly related to the amount of VLDL particles secreted from the liver. 

Since rat hepatocytes secrete VLDLs containing either ApoB48 or ApoB10085, we used 

western blot to measure plasma ApoB48 and ApoB100 levels in plasma taken at the 

beginning (T = 0) and end (T = 240. min) of the in vivo VLDL secretion experiments. As 

expected, plasma ApoB48 and ApoB100 levels significantly increased by time 240 min 

which was induced by the administration of poloxamer 407 (Figure 3.1.1E). However, 

there was no difference between groups at time 240 min for either ApoB48 or ApoB100, 

suggesting that the liver may not be releasing more VLDL particles, but rather more 

lipidated particles in response to NTS DEX infusion. Interestingly though, NTS DEX did 

not affect liver TG content levels (Figure 3.1.1F). Additionally, we found that plasma 

FFAs at the end of the experiment were significantly increased in the NTS DEX group 

(Figure 3.1.1G). Of note, increased FFAs could be contributing to the increased VLDL-

TG with NTS DEX treatment since. FFAs are a substrate for TG synthesis and overall 

secretion by the liver26. Finally, the NTS DEX induced increase in plasma TG was 

independent of plasma glucose (Figure 3.1.1H), plasma insulin (Figure 3.1.1I) levels at 

the end of the experiment, or body weight at the start of the experiment (Figure 3.1.1J). 
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Figure 3.1.1. Acute NTS glucocorticoid infusion increases plasma triglycerides.  

A) Schematical representation of working hypothesis about NTS DEX's lipostimulatory 

effects. B) Plasma TG concentration for animals that received NTS Vehicle (white; n = 

10), NTS DEX (black; n = 9), NTS mifepristone (MIF) (light gray; n = 10), and NTS 

MIF+DEX (dark gray; n = 7). C) Hepatic triglyceride secretion rate. D) Triglyceride levels 

in very-low density lipoprotein fraction. NTS Vehicle and NTS MIF combined (white; n = 

4), NTS DEX (n = 5), and NTS MIF+DEX (dark gray; n = 3). E) Western blot for plasma 

ApoB100 and ApoB48 at beginning (t = 0 min) and end (t = 240 min) of experiment and 

quantification (NTS Vehicle n = 6; NTS DEX n = 6; NTS MIF n = 6; NTS MIF+DEX        

n = 5). F) Liver triglyceride levels. G) Plasma free fatty acids (FFAs), H) glucose, and I) 

insulin at end of experiment. J) Body weight at start of experiment. For B), NTS DEX vs 

NTS Vehicle, NTS MIF, NTS MIF+DEX **P < 0.01 for effect of time, treatment, and 

interaction between time and treatment (two-way ANOVA). ***P < 0.001 and **P < 0.01 

at t=240 and t=180min, respectively, using Fisher's posthoc test. For C), D), and G), 

one-way ANOVA was used prior to conducting a Fisher's posthoc test (*P < 0.05, and 

***P < 0.001 for NTS DEX vs NTS Vehicle, NTS MIF, NTS MIF+DEX). For E), ApoB100 

and ApoB48 graphs: *P < 0.05 for effect of time, treatment effect n.s., and interaction 

between time and treatment n.s. Data was measured as mean + SEM. 
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3.1.2   Assessement of changes in the nucleus of the solitary tract upon 

glucocorticoid administration. 

 To confirm that DEX infusions induced neural responses in the targeted region of 

infusion, we conducted qPCR on hindbrain DVC wedges (containing the NTS) analyzing 

for markers of GR activation (Figure 3.1.2). We measured the levels of two genes, 

Fkbp5 and Pdk4, which show increased levels of expression upon GR activation145,265. 

NTS DEX was able to significantly increase the expression of both Pdk4 (Figure 3.1.2A) 

and Fkbp5 (Figure 3.1.2B) compared to NTS Vehicle and NTS MIF. However, in the 

NTS MIF + DEX co-infusion group, MIF was only able to block the up regulation of the 

Pdk4 gene, and not Fkbp5 (Figure 3.1.2A, B). 

 

 

Figure 3.1.2. Assessment of glucocorticoid receptor activity markers. A) Relative 

expression of Pdk4 in dorsal vagal complex (DVC) tissue between NTS Vehicle (white; 

n = 5), NTS DEX (black; n = 5), NTS MIF (light gray; n = 5), and NTS MIF+DEX (dark 

gray; n = 3). B) Relative expression of Fkbp5 in DVC tissue between NTS Vehicle 

(white; n = 5), NTS DEX (black; n = 5), NTS MIF (light gray; n = 5), and NTS MIF+DEX 

(dark gray; n = 3). For A), *P < 0.05 NTS DEX vs NTS Vehicle, NTS MIF, NTS 

MIF+DEX. For B), ***P < 0.001 for NTS DEX vs NTS Vehicle and NTS MIF; ##P < 0.01 

for NTS MIF+DEX vs NTS Vehicle and NTS MIF. Data was measured as mean + SEM. 
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3.1.3   Investigation of hepatic mechanisms involved in the NTS DEX mediated 

increase in hepatic triglyceride-rich very-low density lipoprotein secretion via 

western blotting. 

 To begin to delineate a peripheral mechanism by which NTS DEX stimulates an 

increase in plasma TG, we first investigated lipid metabolic pathways within the liver 

through western blotting and PCR. The proteins and genes analyzed were related to 

hepatic lipogenesis, VLDL assembly and secretion, and fatty acid transport and 

oxidation (Figure 3.1.3A). 

 We first found that NTS DEX's ability to regulate VLDL-TG secretion is 

independent to changes in levels of phosphorylated-acetyl-CoA carboxylase (pACC) to 

total acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS), indicating de novo 

lipogenesis (DNL) is unlikely to be involved in the change of plasma TGs (Figure 3.1.3B, 

C). This was expected since in the fasting state (e.g. animals were 10h fasted prior to 

VLDL secretion studies), DNL is suppressed. Next, we probed for the levels of liver 

ApoB48 and ApoB100, microsomal TG transfer protein (MTP), or ADP-ribosylation 

factor 1 (Arf1) all of which are proteins involved in either the structure (ApoB48/100), 

assembly (MTP), or secretion (Arf1) of rat VLDL particles, but no difference was found 

between groups (Figure 3.1.3D-G). Lastly, protein levels for fatty acid transport protein 2 

and 5 (FATP2, FATP5) and CD36 were assessed to see if FFA uptake into the liver may 

have been enhanced with NTS DEX treatment since FFAs can be used as a substrate 

for TG synthesis (Figure 3.1.3H-J). Our results showed no significant change in the 

levels of any fatty acid transporters we looked at. 
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Figure 3.1.3. The increased VLDL-TG secretion induced by NTS glucocorticoid 

treatment was independent to hepatic lipid metabolism-related protein levels.     

A) Representative western blots from liver tissue. Levels of B) phosphorylated acetyl-

CoA carboxylase: acetyl-CoA carboxylase (pACC:ACC), C) fatty acid synthase (FAS), 

D) apolipoprotein 48 (ApoB48), E) apolipoprotein 100 (ApoB100), F) microsomal 

triglyceride transfer protein (MTP), G) ADP-ribosylation factor 1 (Arf1), H) fatty acid 

transport protein-2 (FATP2), I) fatty acid transport protein-5 (FATP5), and J) CD36. Data 

was given as mean + SEM. 

 

 

3.1.4   Investigation of hepatic mechanisms involved in the NTS DEX mediated 

increase in hepatic triglyceride-rich very-low density lipoprotein secretion via 

PCR. 

 Subsequently, we next conducted qPCR to measure if the expression of any 

hepatic genes were altered with NTS DEX infusion. Firstly, there were no changes in 

the mRNA expression of carbohydrate-responsive element-binding protein (ChREBP or 

MLXIPL) or hepatic sterol regulatory element-binding protein 1c (Srebf1c), which are 

considered master regulators of gene expression for genes involved in lipogenesis 

(Figure 3.1.4A, B). Additionally, the expression levels of stearoyl-CoA desaturase 1 

(Scd1), lipin 2 (Lpin2), diacylglycerol acyltransferase 1 and 2 (Dgat1, Dgat2), and Arf1 

(Arf1), which are genes involved in lipid synthesis and VLDL secretion, remained 

unchanged with NTS DEX treatment (Figure 3.1.4C-G). Finally, we also found no 

difference between treatment groups when analyzing genes involved in stimulating fatty 

acid oxidation, such as PPAR (Ppara), carnitine palmitoyltransferase 1 (Cpt1a), and 

AMP-activated protein kinase (Ampk) (Figure 3.1.4H-J). Taken together, these results 

indicate that the hyperlipidemic effects following NTS DEX treatment were independent 

to changes in the liver lipogenic proteins and genes involved in TG synthesis, VLDL-TG 

assembly and secretion, and fatty acid oxidation which we assessed. 
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Figure 3.1.4. The increased VLDL-TG secretion induced by NTS glucocorticoid 

treatment was independent to hepatic lipid metabolism-related gene expression. 

Relative expression levels for A) carbohydrate response element binding protein 

(ChREBP), B) sterol regulatory element-binding transcription factor 1c (Srebf1c), C) 

stearoyl-CoA desaturase 1 (Scd1), D) diacylglycerol acyltransferase 1 (Dgat1), E) 

Dgat2, F) lipin 2 (Lpin2), G) ADP-ribosylation factor 1 (Arf1), H) peroxisome proliferator-

activated receptor  (Ppara), I) AMP-activated kinase (Ampk), and J) carnitine 

palmitoyltransferase 1 (Cpt1a). Data measured as mean + SEM. 
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3.1.5   Investigation of white adipose tissue mechanisms involved in the NTS DEX 

mediated increase in hepatic triglyceride-rich very-low density lipoprotein 

secretion. 

 Since NTS GC treatment increased plasma FFAs, we next investigated the white 

adipose tissue (WAT) to better understand the underlying mechanisms of the changes 

in plasma TG. One major function WAT has in the fasted state is mobilizing its TG 

stores as FFAs into the circulation73. Thus, we probed for lipolytic enzymes in WAT 

which could have been upregulated in response to NTS DEX via western blotting 

(Figure 3.1.5A). The ratio of phosphorylated-hormone-sensitive lipase (pHSL) to total 

hormone-sensitive lipase (HSL) (Figure 3.1.5B) was significantly higher in the NTS DEX 

treated animals. Phosphorylation of this enzyme (pHSL) activates its lipolytic action 

which is consistent with increased lipolysis73, which leads to increased FFAs in the 

circulation. We also looked at the levels of adipose TG lipase (ATGL) (Figure 3.1.5C), 

comparative gene-identification 58 (CGI-58) (Figure 3.1.5D), and perilipin (Figure 

3.1.5E), but these remained unchanged. These results suggest that the changes in 

plasma FFAs observed with GC infusion into the NTS may be related to enhanced 

lipolysis in the WAT.  
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Figure 3.1.5. Changes in VLDL-TG secretion induced by NTS dexamethasone 

infusion altered lipolytic enzyme levels in white adipose tissue (WAT). A) 

Representative western blots from white adipose tissue. Levels of B) phosphorylated 

hormone sensitive lipase: total hormone sensitive lipase (pHSL:HSL), C) adipose 

triglyceride lipase (ATGL), D) comparative gene identification-58 (CGI-58), E) perilipin. 

For B), one-way ANOVA was done, followed by a Fisher's posthoc test; *P < 0.05 NTS 

DEX vs NTS Vehicle, NTS MIF, NTS MIF+DEX. Data was given as mean + SEM. 
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3.2   Glucocorticoid Receptor Knockdown in the Nucleus of the Solitary Tract 

3.2.1   Chronic glucocorticoid receptor knockdown in the nucleus of the solitary 

tract negates the ability of dexamethasone to stimulate hepatic triglyceride-rich 

very-low density lipoprotein secretion. 

 To alternatively test the requirement of NTS GRs to mediate DEX's ability to 

trigger hepatic VLDL-TG secretion, a subset of the SD rats received a lentivirus 

encapsulating a GR short-hairpin RNA sequence (GR shRNA) to genetically knockdown 

GRs selectively in DVC tissue two weeks prior to VLDL-TG experiments (Figure 

3.2.1A). Control animals were injected with a lentivirus containing a mismatch control 

(MM) shRNA sequence. Knockdown confirmation was achieved via western blotting, 

where the rats that received the GR shRNA into the NTS displayed significantly lower 

levels of GRs in their DVC tissues (Figure 3.2.1B). 

 As expected, NTS DEX's hyperlipidemic effects on plasma TG (Figure 3.2.1C) 

and VLDL-TG secretion (Figure 3.2.1D) were preserved in the NTS MM treated rats. 

Interestingly, chronic GR knockdown in the NTS did not affect basal plasma TGs which 

suggests that basal GC signaling in the NTS does not participate in regulating hepatic 

lipid metabolism. However, NTS DEX was no longer able to trigger an increase in 

plasma TG or VLDL-TG secretion in animals that received GR shRNA, further 

supporting the necessity of NTS GRs to modulate hepatic TG release (Figure 3.2.1C, 

D). Furthermore, NTS DEX treatment stimulated an increase in plasma FFAs in the 

control-virus rats (Figure 3.2.1E), similar to the non-virus treated rats. Both NTS GR 

knockdown animal groups also displayed higher FFAs at the end of the experiment; 

importantly, however, NTS DEX was unable to further increase plasma FFAs following 

GR shRNA (Figure 3.2.1E). All these changes were independent of plasma glucose 

(Figure 3.2.1F) and plasma insulin (Figure 3.2.1G) levels at the end of the experiment, 

and body weight at the start of the experiment (Figure 3.2.1H). Taken together, this data 

further reinforces the requirement of NTS GRs for NTS DEX to regulate hepatic TG 

secretion. 
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Figure 3.2.1. Chronic inhibition of NTS glucocorticoid receptors negates NTS 

glucocorticoid effects on plasma triglycerides. A) Schematical representation of 

working hypothesis for NTS GR knockdown assessment. B) Confirmation of 

glucocorticoid receptor knockdown in the dorsal vagal complex (DVC) via western blot 

analysis. NTS MM group (white bar; n= 4), and NTS GR shRNA group (black bar; n = 

4). C) Plasma TG concentration and D) hepatic triglyceride secretion rate for animals 

that received NTS MM Vehicle (white; n = 7), NTS MM DEX (black; n = 13), NTS GR 
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shRNA Vehicle (light gray; n = 5), and NTS GR shRNA DEX (dark gray; n = 8). Plasma 

levels for E) free fatty acids (FFAs), F) glucose, and G) insulin at end of experiment. H) 

Body weight at start of experiment. For B), *P < 0.05 for DVC MM vs DVC GR shRNA. 

For C), NTS MM DEX vs NTS MM Vehicle, NTS GR shRNA Vehicle, NTS GR shRNA 

DEX **P < 0.01 for effect of time, treatment, and interaction between time and treatment 

(two-way ANOVA); **P < 0.01 at t=240 min, *P < 0.05 at t=180 and t=150min using 

Fisher's posthoc test. For D), one-way ANOVA was done, followed by a Fisher's posthoc 

test; NTS MM DEX vs NTS MM Vehicle, NTS GR shRNA Vehicle, NTS GR shRNA DEX 

**P < 0.01. For E), one-way ANOVA was done, followed by a Fisher's posthoc test; NTS 

MM DEX vs NTS MM Vehicle *P < 0.05, NTS GR shRNA Vehicle vs NTS MM Vehicle 

†P < 0.05, and NTS GR shRNA DEX vs NTS MM Vehicle #P < 0.05. Data was 

measured as mean + SEM. 
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3.3   Heat Shock Protein 90 Inhibition in the Nucleus of the Solitary Tract 

3.3.1   Acute and chronic heat shock protein 90 antagonism in the nucleus of the 

solitary tract reverses glucocorticoids' hyperlipidemic effects. 

 To continue testing the necessity of NTS GRs to modulate hepatic VLDL-TG 

secretion, we then looked at heat shock protein 90 (Hsp90) (Figure 3.3.1A) This 

chaperone protein is required for the biological function and stability of the GR138,139; 

therefore, blocking its actions within the NTS would be expected to also block the 

lipostimulatory effects of NTS GCs.  

 To test whether acute inhibition of Hsp90 would alter NTS DEX's effects, we 

infused a pharmacological Hsp90 inhibitor,17-AAG (Hsp90i), which binds to the ATP-

binding site of Hsp90 to block its activity, into the NTS of a subset of animals. NTS 

Hsp90i blockade alone had no effect on plasma TG (Figure 3.3.1B) or VLDL-TG 

secretion (Figure 3.3.1C) relative to control rats, suggesting acute NTS Hsp90 inhibition 

does not alter hepatic lipid metabolism. However, when co-infused with DEX, Hsp90i 

blocked the NTS DEX-mediated increase in plasma TG and VLDL-TG secretion. Again, 

these changes were independent to plasma glucose end of experiment (Figure 3.3.1D) 

or body weight at start of experiment (Figure 3.3.1E).  

 We next assessed if a chronic 2-week knockdown of Hsp90 in the NTS would 

impact NTS GC action on lipid metabolism. Rats injected with a lentiviral containing 

Hsp90 shRNA and given a control saline infusion (NTS Hsp90 shRNA Vehicle) during 

VLDL experimentation, showed similar plasma TG and VLDL-TG secretion rate 

compared to their NTS MM Vehicle counterparts (Figure 3.3.1F, G), suggesting chronic 

inhibition of Hsp90 in the NTS does not affect hepatic lipid secretion, similar to that 

which was observed with NTS Hsp90i. However, NTS knockdown of Hsp90 was 

capable of suppressing the stimulatory effects of DEX (Figure 3.3.1F, G), similar to 

acute co-infusion of Hsp90i and DEX into the NTS of non-virus rats and NTS GR 

knockdown animals. There was also no significant difference between groups for 

plasma glucose at end of experiment (Figure 3.3.1H) or body weight at start of 

experiment (Figure 3.3.1I). Together, this data further supports the requirement of 

functional NTS GRs to modulate VLDL-TG release. 
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Figure 3.3.1. NTS glucocorticoid hyperlipidemic effects require functional NTS 

Hsp90. A) Schematical representation of working hypothesis on Hsp90 requirement for 

NTS GC hyperlipidemic effects. B) Plasma TG concentration and C) hepatic triglyceride 

secretion rate for animals that received NTS Vehicle (white; n = 10), NTS DEX (black; n 

= 9), NTS Hsp90i (light gray; n = 10), and NTS Hsp90i+DEX (dark gray; n = 10). D) End 
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of experiment plasma glucose, and E) start of experiment body weight for the 

aforementioned groups. F) Plasma TG concentration and G) hepatic triglyceride 

secretion rate for animals that received NTS MM Vehicle (light blue; n = 7), NTS MM 

DEX (red; n = 13), NTS Hsp90 shRNA Vehicle (yellow; n = 7), and NTS Hsp90 shRNA 

DEX (orange; n = 6). H) End of experiment plasma glucose and I) start of experiment 

body weight for the aforementioned groups. For B), NTS DEX vs NTS Vehicle, NTS 

Hsp90i, and NTS Hsp90i+ DEX **P < 0.01 for effect of time, treatment, and interaction 

between time and treatment using two-way ANOVA; **P < 0.01 at t=240 min using 

Fisher's posthoc test. For C), a one-way ANOVA test was conducted, followed by a 

Fisher's posthoc test; NTS DEX vs NTS Vehicle, NTS Hsp90i, and NTS Hsp90i + DEX 

**P < 0.01. For F), NTS MM DEX vs NTS MM Vehicle, NTS Hsp90 shRNA Vehicle, and 

NTS Hsp90 shRNA DEX *P < 0.05 for effect of time, treatment, and interaction between 

time and treatment using two-way ANOVA; **P < 0.01 at t=240 min and *P < 0.05 at 

t=180 min using Fisher's posthoc test. For G), a one-way ANOVA test was conducted, 

followed by a Fisher's posthoc test; NTS MM DEX vs NTS MM Vehicle, NTS Hsp90 

shRNA Vehicle, and NTS Hsp90 shRNA DEX *P < 0.05. Data was measured as mean + 

SEM. 
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3.4   FK506 Binding Protein 51 Down Regulation in the Nucleus of the Solitary 

Tract 

3.4.1   FK506 Binding Protein 51 (FKBP51) knockdown in the nucleus of the 

solitary tract induces a hyperlipidemic phenotype. 

 Another important protein involved in proper GR functioning is FKBP51140–142. 

This co-chaperone suppresses GR activity by stopping it from translocating into the 

nucleus in the absence of GCs140–142. FKBP51 therefore has an important role in the 

regulation of GR activity. Thus, we tested whether NTS GC effects on liver VLDL-TG 

secretion would be impacted by chronically knocking down FKBP51 selectively in the 

NTS (Figure 3.4.1A). To ascertain the knockdown, western blotting was performed on 

DVC tissues of rats infused with FKBP5 shRNA into the NTS. FKBP5 shRNA treated 

animals displayed a significant reduction in FKBP51 levels compared to MM control rats 

(Figure 3.4.1B).  

 Results from VLDL experiments indicate that knocking down FKBP51 specifically 

in the NTS (NTS FKBP5 shRNA Vehicle) resulted in significantly higher levels in plasma 

TG (Figure 3.4.1C) and VLDL-TG secretion rate (Figure 3.4.1D) compared to NTS MM 

controls. One explanation could be that due to the lack of FKBP51, basal NTS GR 

activity may be enhanced, and future studies will investigate the effects of chronic 

FKBP51 inhibition on GR activity. In support of this, previous studies have reported that: 

one, FKBP51 silencing leads to increased GR activation143; and two, that unliganded 

GRs also possess the ability to regulate gene transcription266,267. Importantly, infusing 

DEX in the FKBP5 shRNA-treated rats was no longer able to further increase plasma 

TG or VLDL-TG secretion (Figure 3.4.1C, D). This could potentially be explained by a 

higher basal NTS GR activation, where the liver's VLDL secretion rate is already at its 

maximum capacity. However, there was no difference in basal plasma TG levels 

between the FKBP51 knockdown and control virus groups (NTS MM Vehicle = 0.497 ± 

0.096mM; NTS FKBP5 shRNA Vehicle = 0.407 ± 0.071mM). Again, all these effects 

were independent to plasma glucose at end of experiment (Figure 3.4.1E) and body 

weight (Figure 3.4.1F). 
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Figure 3.4.1. Knockdown of NTS FKBP51 augments plasma triglyceride levels. A) 

Schematical representation of working hypothesis for role of FKBP51 on NTS GC 

hyperlipidemic effects. B) Confirmation of NTS FKBP51 knockdown via western blot 

analysis between DVC MM (white; n = 6) and DVC FKBP5 shRNA (black; n = 5). C) 

Plasma TG concentration and D) hepatic triglyceride secretion rate for animals that 

received NTS MM Vehicle (white; n = 7), NTS MM DEX (black; n = 13), NTS FKBP5 

shRNA Vehicle (light gray; n = 10), and NTS FKBP5 shRNA DEX (dark gray; n = 9). E) 

Plasma glucose at end of experiment. F) Body weight at start of experiment. For B), P < 

0.05 for DVC MM vs DVC FKBP5 shRNA using a Student's t test. For C), NTS MM 

Vehicle vs NTS MM DEX, NTS FKBP5 shRNA Vehicle, and NTS FKBP5 shRNA DEX *P 

< 0.01 for effect of time, treatment, and interaction between time and treatment using 
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two-way ANOVA; **P < 0.01 at t=240 min using Fisher's posthoc test for NTS MM DEX 

vs NTS MM Vehicle, †††P < 0.001 at t=240 min for NTS FKBP5 shRNA Vehicle vs NTS 

MM Vehicle, and ###P < 0.001 at t=240 min for NTS FKBP5 shRNA DEX vs NTS MM 

Vehicle. For D), a one-way ANOVA test was done, followed by a Fisher's posthoc test; 

*P < 0.05 for NTS MM DEX vs NTS MM Vehicle, †P < 0.05 for NTS FKBP5 shRNA 

Vehicle vs NTS MM Vehicle, and #P < 0.05 for NTS FKBP5 shRNA DEX vs NTS MM 

Vehicle. Data was measured as mean + SEM. 
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3.5   Effects of Glucocorticoids in the Nucleus of the Solitary Tract with 

Concomitant Peripheral Sympathetic Blockade 

3.5.1   Sympathetic nervous system antagonism negates the hindbrain 

glucocorticoid effects to trigger hepatic lipid secretion. 

 Thus far, we demonstrated that NTS GCs stimulate hepatic VLDL-TG secretion, 

and that this is associated with an increase in circulating FFAs and increased pHSL:HSL 

protein levels in WAT. With the knowledge that increased sympathetic activity stimulates 

WAT lipolysis and consequently increases FFA levels in the plasma, we postulated 

whether NTS GCs may activate the sympathetic nervous system (SNS), which may 

contribute to the hyperlipidemic effects of NTS GCs. Thus, our next goal was to 

examine if the NTS DEX hyperlipidemic effects were mediated via peripheral 

sympathetic outflow (Figure 3.5.1A). The requirement of the SNS was tested by 

administering an alpha- and beta-adrenergic antagonist cocktail (SNSi) intravenously, to 

pharmacologically inhibit the SNS, 10 minutes prior to the start of VLDL secretion 

experiments as described previously268,269. As expected, when given the control 15% 

dimethyl sulfoxide (DMSO) compound intravenously, NTS DEX effects to increase 

plasma TG (Figure 3.5.1B) is maintained along with a strong trend to increase VLDL-TG 

secretion rate (P = 0.057) (Figure 3.5.1C) compared to NTS Vehicle. Whereas 

intravenous administration of the SNSi alone did not influence plasma TG or VLDL-TG 

secretion rate (NTS Vehicle + i.v. SNSi), SNSi blocked NTS DEX's ability to increase 

plasma TG (NTS DEX + i.v. SNSi) (Figure 3.5.1B), and the VLDL-TG secretion rate 

(Figure 3.5.1C), suggesting that the SNS mediates the actions of NTS DEX to stimulate 

VLDL-TG secretion. When analyzing plasma FFAs, peripheral sympathetic inhibition 

prevented the NTS DEX-induced increase (Figure 3.5.1D). All changes observed were 

independent of plasma glucose at end of experiment (Figure 3.5.1E) and body weight 

(Figure 3.5.1F). Overall, this data suggests that NTS DEX triggers the SNS to induce its 

lipid-increasing effects.  
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Figure 3.5.1. Peripheral blockade of sympathetic nervous system negates NTS 

glucocorticoid effects. A) Schematical representation of working hypothesis. B) 

Plasma TG concentration and C) hepatic triglyceride secretion rate for animals that 

received NTS Vehicle + i.v. DMSO (white; n =8), NTS DEX + i.v. DMSO (black; n = 9), 

NTS Vehicle + i.v. SNSi (light gray; n = 6), and NTS DEX + i.v. SNSi (dark gray; n = 9). 

Plasma D) FFAs, and E) glucose at end of experiment. F) Body weight. For B), NTS 

DEX + i.v. DMSO vs NTS Vehicle + i.v. DMSO, NTS Vehicle + i.v. SNSi, and NTS DEX 

+ i.v. SNSi *P < 0.01 for effect of time, treatment, and interaction between time and 

treatment using a two-way ANOVA test; **P < 0.01 at t=240 min using Fisher's posthoc 

test for NTS DEX + i.v. DMSO vs NTS Vehicle + i.v. DMSO, NTS Vehicle + i.v. SNSi, 
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and NTS DEX + i.v. SNSi. For C), one-way ANOVA was conducted, before a Fisher's 

posthoc test; *P < 0.05 for NTS DEX + i.v. DMSO vs NTS Vehicle + i.v. SNSi, and *P < 

0.05 for NTS DEX + i.v. DMSO vs NTS DEX + i.v. SNSi, P = 0.057 for NTS DEX + i.v. 

DMSO vs NTS Vehicle + i.v. DMSO. D) a one-way ANOVA test was done, prior to 

conducting a Fisher's posthoc test; *P < 0.05 for NTS DEX + i.v. DMSO vs NTS Vehicle 

+ i.v. DMSO, NTS Vehicle + i.v. SNSi, and NTS DEX + i.v. SNSi. Data was measured as 

mean + SEM. 
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3.5.2   Investigation of white adipose tissue protein changes in sympathetically 

inhibited animals with hindbrain glucocorticoids. 

 Given that we observed a change pHSL:HSL in the NTS DEX group, we next 

wanted to assess this enzyme's protein levels for the pharmacologically sympathetic 

denervated animals. As expected, the NTS DEX + SNSi treated rats was able to reverse 

the pHSL:HSL changes induced by NTS DEX treatment (Figure 3.5.2A, B). Taken 

together with the data showing that SNSi reverses the increase in plasma FFA levels in 

the NTS DEX-treated rats (Figure 3.5.1F), this suggests that hindbrain GC action may 

activate the SNS to stimulate lipolysis in WAT. Thus, this data further supports that NTS 

DEX hyperlipidemic effects could be mediated through the sympathetic nervous system. 

 

Figure 3.5.2. Peripheral blockade of sympathetic nervous system blocks the NTS 

dexamethasone-induced increased levels of phosphorylated-hormone sensitive 

lipase in white adipose tissue A) Western blot chemiluminescent image for white 

adipose tissue. B) quantification of phosphorylated-hormone sensitive lipase (pHSL) to 

total hormone sensitive lipase (HSL) for animals that received NTS DEX + i.v. DMSO 

(white; n =6) vs NTS DEX + i.v.SNSi (black; n = 6). Using a Student's t test, *P < 0.05 

for NTS DEX + i.v. SNSi vs NTS DEX + i.v. DMSO. Data measured in mean + SEM. 
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Chapter 4: Aim 1 Discussion 
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4.1   Significance of Results  

 Obesity and diabetes affect a large number of individuals worldwide and are 

becoming a significant healthcare problem1,2,5,6,9. A common characteristic of these 

diseases is dyslipidemia, in part due to overproduction and circulating levels of VLDL-

TGs13,16,20,21,23,24. Research on dysregulation of hepatic VLDL-TG secretion has thus far 

primarily focused on peripheral mechanisms. However, the brain is emerging as a 

critical regulator of whole-body metabolism. Specifically, the hypothalamus and 

brainstem can sense nutrients (e.g. glucose206,227,228,249, fatty acids209,249, and amino 

acids233,234,256) and hormones (e.g. GCs237,238,240, insulin226,250,251, GLP-1268–271, 

NPY225,246,272) to regulate peripheral metabolism. It has been shown that if the central 

sensing mechanisms of these factors becomes disrupted, this can lead to dysregulated 

glucose and lipid metabolism, as well as the development of metabolic 

diseases231,273,274. Thus, the brain's ability to respond to circulating hormones and 

nutrients is a critical part of regulating metabolic homeostasis.  

 It is well known that excessive GC levels and action can negatively impact 

metabolism via direct action on peripheral organs110,116,177, however, central GC 

signaling effects on metabolism remain largely unexplored. This is particularly relevant 

given that the activity of these stress-related hormones are known to be elevated in 

metabolic diseases such as obesity110,118 and diabetes118,189 and may contribute to the 

dysregulated lipid homeostasis that is characteristic to both of these diseases. Here, we 

provide evidence for the first time that GCs within the NTS can regulate hepatic TG 

secretion by acting on NTS GRs or mGRs. Our research contributes to the knowledge 

of NTS regulation of peripheral lipid metabolism, and it furthers our understanding of 

central GC effects and potential mechanisms on the development of dyslipidemia. 

 

4.2   Discussion of Results  

4.2.1   Glucocorticoids act on canonical glucocorticoid receptors in the nucleus 

of the solitary tract to stimulate hepatic triglyceride secretion. 

 Our results revealed that direct, acute infusion of dexamethasone, a synthetic GC, 

in the NTS of 10-hour fasted, conscious, freely moving rats stimulates an increase in 
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VLDL-TG secretion from the liver via NTS GRs as both pharmacological (with GR 

antagonist mifepristone) and genetic knockdown (with GR shRNA) to selectively inhibit 

GRs in NTS negated this effect. To the best of our knowledge, this is the first study that 

assessed the effects of hindbrain GC action on lipid homeostasis and hepatic TG 

secretion. Previous work in the Yue laboratory demonstrated that acute infusion of GCs 

into the hypothalamus also triggers hepatic VLDL-TG secretion240 under similar 

conditions to the present study which supports the notion that GCs can act in various 

regions of the brain to affect lipid metabolism. Future studies may reveal whether GCs 

acting concurrently in both hypothalamic and brainstem regions simultaneously have 

additive or redundant effects and may uncover the relative contribution of GCs acting 

centrally within the brain versus peripherally on liver and adipose tissue on the 

regulation of lipid homeostasis. Additionally, in line with our results demonstrating a 

central role of GCs on metabolism, a study done by Zakrzewska et al. showed that a 

chronic, 3-day intracerebroventricular (ICV) GC infusion targeting the hypothalamus in 

rats induces increased plasma TG levels237. It should be noted that VLDL-TG secretion 

was not measured in this study, and food intake was also increased, which could have 

contributed to the elevated plasma TGs237. GCs can also affect glucose metabolism via 

central pathways. Studies have revealed GC action in the arcuate nucleus (ARC) can 

impair hepatic insulin resistance and induce endogenous glucose production under 

hyperinsulinemic-euglycemic clamp conditions238,243. On top of this, chronic ICV 

dexamethasone treatment leads to hyperinsulinemia237,246, suggesting that central GC 

action can contribute to the development of insulin resistance and impair glucose 

homeostasis. However, there remains a gap in literature as to whether GCs acting in the 

NTS can affect glucose homeostasis.  

 Interestingly, many central GC effects are dependent on NPY co-expression in the 

hypothalamus. For instance, Yi et al. confirmed that acute dexamethasone treatment in 

the ARC leads to insulin resistance, but this was reversed with a NPY receptor 

antagonist co-administered into the ARC243. Conversely, for ICV NPY infusion in 

adrenalectomized rats to induce hyperphagia, body weight gain, hypertriglyceridemia, 

and hyperinsulinemia, ICV GC must also be administered246. Importantly, in our follow-

up of the study by Cardoso et al. which looked at MBH GC infusion on VLDL-TG 
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secretion240, we also found elevated NPY expression in the hypothalamus, suggesting 

that in the hypothalamus, the effects of GCs to induce hypertriglyceridemia are also 

associated with an increase in hypothalamic NPY, although the necessity of NPY on 

MBH GC infusion to modulate hepatic VLDL-TG secretion was not tested directly240. 

These studies that looked at hypothalamic GC action to regulate peripheral metabolism 

reveal a link with NPY action. In contrast, our study which assessed NTS GC action on 

lipid metabolism revealed no change in NPY expression within the DVC in the hindbrain 

(see Chapter 5, Figure 5.1.2). Thus, this suggests that despite the same hormone 

having similar effects on metabolism, the underlying mechanisms may differ depending 

on the brain region it acts upon. 

 To confirm our data was indeed as a result of GR activation in the NTS, we 

measured GR activity markers in the DVC wedges (which contain the NTS), namely 

PDK4 and FKBP51 gene expression. Our results showed that DEX treatment in the 

NTS induces the expression for both of these genes, confirming that NTS GRs were 

activated. Of note, co-administration of mifepristone, the GR antagonist, was only able 

to negate PDK4 expression, but not FKBP51, suggesting that this GR antagonist may 

block some DEX-induced changes in GR activity but not others, which may occur via a 

mifepristone-independent effect. Mifepristone has been shown to reverse some, but not 

all, GC-induced increases in FKBP51 expression in both in vitro and in vivo studies275–

277. For example, one study found animals treated with dexamethasone expectedly 

experienced increases in FKBP51 expression in various tissues assessed, such as the 

liver, adrenal, pituitary gland, and hippocampus277. Prior treatment with mifepristone, 

however, was only able to reverse the increase in FKBP51 in the liver, adrenals, and 

within the brain's hippocampus, but not in the pituitary gland277. Additionally, our 

laboratory found that acute infusion of GCs into the MBH increases hypothalamic 

FKBP51 expression, but co-infusion with mifepristone does not reverse this. Thus, there 

could be areas in the brain where GCs induce FKBP51 expression through GR-

independent pathways, though more research on this is required. 

 This study confirmed the presence of GRs in the DVC through western blots, and 

others have indeed confirmed the expression of GRs in the NTS259,278,279. Another 
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question that remains is what neural populations in the NTS are responsible for 

mediating NTS GC action. The NTS is comprised of glutamatergic, GABAergic, 

dopaminergic, and noradrenergic neurons169,248,279–282. Multiple lines of evidence 

suggest that GCs interact with noradrenergic neurons in the NTS to mediate their 

effects. For instance, it was reported that GC infusion into the NTS modulated memory 

consolidation via the activation of GRs in A2-noradrenergic NTS neurons projecting to 

the amygdala283. Another study also investigated how elevated GC levels led to the 

activation of A2-noradrenergic neurons in the NTS as well281. Furthermore, despite the 

NTS predominantly being involved in suppressing food intake via glutamatergic 

neurons248,284,285, it is also able to stimulate food intake via noradrenergic neurons 

projecting to the ARC to activate local AgRP/NPY neurons286,287. In line with this, 

preliminary data generated in our laboratory has revealed that dexamethasone infusion 

into the NTS stimulates food intake (data not shown). This effect could therefore be 

induced by GR-expressing noradrenergic neurons in the NTS. Although there is 

evidence to suggest NTS noradrenergic neurons mediate NTS GC effects, there have 

been reports which indicate that NTS GCs can also modulate local GABA or glutamate 

signaling169,288. Thus, further investigation on the specific neuronal populations in the 

NTS that respond to GCs is needed, particularly in the context of NTS GCs to modulate 

hepatic VLDL-TG release. 

  Our results suggested that NTS GC action increased VLDL-TG levels by 

neurotransmission via the sympathetic nervous system (SNS). First, we found that 

plasma FFA levels were elevated with NTS dexamethasone treatment, and this was 

corroborated with an increase in phosphorylated-hormone sensitive lipase (pHSL) levels 

in the white adipose tissue (WAT) in the same animals. This data is characteristic with 

enhanced sympathetic outflow to the adipose tissue289,290. We next directly assessed 

the requirement of the SNS for NTS GCs to modulate VLDL-TG secretion by giving an 

i.v. injection of adrenergic receptor antagonists to the animals. Our results revealed that 

blocking peripheral alpha- and beta-adrenergic receptors negates NTS GC effects to 

increase plasma TG, which supports that NTS GC action to stimulate hepatic VLDL-TG 

secretion is dependent on the SNS. Importantly, peripheral SNS denervation was also 

able to reverse the increase in plasma FFAs and pHSL as well. In line with our data, 
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hormones and nutrients acting in the brain to regulate peripheral metabolism have been 

shown to mediate their effects through the autonomic nervous system (ANS). For 

example, insulin infusion into the MBH suppresses WAT lipolysis by dampening 

sympathetic innervation226. Mighiu et al. reported that glucagon acting in the MBH 

lowers hepatic glucose production via the parasympathetic vagus nerve214. ICV3 NPY 

infusion increases VLDL-TG release via hepatic sympathetic innervation225. Finally, 

dexamethasone acting in the ARC impairs hepatic insulin sensitivity through the SNS243. 

Though these studies focused on the hypothalamus, the NTS has also been shown to 

regulate metabolism through the parasympathetic nervous system in response to 

hormone and nutrient sensing. For example, leptin infusion into the DVC increased 

hepatic TG release via the vagus nerve223. It was also shown that glycine acting in NTS 

lowered VLDL-TG through parasympathetic outflow256. Of note, there is no literature 

currently that directly supports the NTS regulating peripheral metabolism through the 

sympathetic system, thus our study is the first, to our knowledge that demonstrates an 

effect of NTS regulation of metabolism via the SNS. Aside from metabolism, 

Shigematsu et al. revealed that the NTS can activate the SNS during heart failure291. A 

potential mechanism for this could be through the locus coeruleus (LC). Briefly, the LC 

is a brainstem nucleus that is the main producer of norepinephrine (NE) in the brain, 

and importantly, is involved in activating the SNS242,292. It is established that the NTS 

delivers extensive projections towards the LC293,294. Therefore, it is possible the SNS 

could be stimulated through some of these projections. Thus, we report for the first time 

that the NTS can also regulate peripheral lipid metabolism via the SNS.  

 Continuing, the hyperlipidemic effects of NTS GCs were found to be independent 

to changes in hepatic pACC to total ACC, FAS, and MTP protein levels. ICV3 NPY 

administration, which also results in increased VLDL-TG secretion in 4h fasted animals, 

also occurred independent of changes to liver pACC, FAS, or MTP protein levels224. In 

contrast, ICV3 leptin stimulated VLDL-TG via increased MTP, and decreased FAS levels 

in the liver in 6h fasted rats223. Moreover, when analyzing the mRNA expression of 

genes involved in hepatic lipid metabolism, we found no difference in Srebf1c, Scd1, 

Dgat1, Dgat2, Lpin2, Arf1, Ppara, Ampk, or Cpt1a. Opposite to our findings, a study on 

ICV3 NPY that triggers VLDL-TG secretion showed an increase in hepatic Scd1 and 
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Arf1 mRNA expression which supports VLDL assembly and release224. Another similar 

study that infused NPY into ICV3 in sham-operated rats elevated plasma TGs due to an 

increase in Arf1 mRNA expression, and decreased Cpt1a mRNA expression, which are 

consistent with increased VLDL-TG as well225. One potential explanation for the 

differences with our results is that in both of these studies, liver tissues were collected 2 

hours after giving NPY into the brains, whereas in the present study, tissues were 

collected at the end of the experiment following 6 hours of dexamethasone treatment. 

Thus, potential changes in gene expression may have occurred earlier to contribute to 

the NTS DEX-induced increase in hepatic VLDL-TG secretion. Despite not seeing a 

change in liver protein or mRNA levels, we cannot rule that some of these proteins may 

be more active post NTS GC action. Assessing SCD1 protein activity may be worthwhile 

as this protein is important for the synthesis of TGs and overall VLDL 

production209,256,295,296. Additionally, doing an MTP activity assay could prove valuable as 

it was reported that ICV GLP-1 infusion lowered postprandial chylomicron secretion due 

to a reduction in intestinal MTP activity268.  

 The liver relies on the availability of TGs to synthesize and secrete VLDL-TG. TGs 

come from various sources, such as hepatic lipid stores, de novo lipogenesis (DNL), or 

re-esterification of fatty acids into TGs. Our data showed that hepatic TG content did not 

change with NTS GCs despite the liver releasing more VLDL-TG, which indicates TG 

synthesis may be upregulated. Since the animals were fasted, liver ACC and FAS were 

both unchanged, and there was no difference in plasma glucose, DNL is unlikely to 

contribute to the increase in TG production. Recall, we found that NTS GCs elevated 

plasma FFAs by stimulating WAT pHSL-induced lipolysis. These FFAs could be used by 

hepatocytes and esterified into TGs for VLDL packaging297. Studies that used the 

intralipid-heparin i.v. infusion technique to raise plasma FFAs by heparin-induced 

activation of lipoprotein lipase to breakdown the infused TGs into FFAs revealed that 

elevations in circulating FFAs increases VLDL-TG secretion26,249. Therefore, this could 

potentially be a peripheral mechanism responsible for the increased VLDL-TG secretion 

observed with NTS GC treatment. In line with this hypothesis, we next assessed CD36, 

FATP2, and FATP5 levels in the liver as these are all fatty acid transporters involved in 

the uptake of FFAs, but we found no change. Previous work revealed that 
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overexpression of hepatic CD36 resulted in increased liver TG levels and VLDL-TG 

secretion298. The reverse is also true as liver-specific CD36 knockout mice experience 

lower hepatic VLDL-TG release299. Knocking out FATP in liver has also been shown to 

lower VLDL secretion300. In spite of us not finding a difference in the levels for these 

proteins, we cannot rule out that the liver is indeed taking-up more FFAs. A better 

confirmation of this would be to extract the acyl-CoAs (up-taken fatty acids are 

converted to acyl-CoAs before being shuttled to various biochemical pathways) from 

liver tissue using solid-phase extraction and quantify with high-performance liquid 

chromatography (HPLC)301,302. If our hypothesis is true, we would expect higher levels 

of acyl-CoAs in the livers of NTS GC animals. Our laboratory will undertake these 

analyses in the future. 

 Apolipoprotein B (ApoB) constitutes the major apoprotein component of VLDL 

particles86–88. In rat livers, VLDL particles are made with either one ApoB100 or one 

ApoB48 protein86, and therefore, measuring plasma ApoB levels provides an estimate 

for VLDL particle numbers in the circulation. In this study, we assessed the levels of 

ApoB in plasma collected from the VLDL secretion experiments. We found that plasma 

at time 0 (plasma obtained prior to poloxamer injection, but after a 90-minute pre-

infusion of dexamethasone in the NTS) displayed no difference between ApoB100 or 

ApoB48 levels compared to vehicle. This was also true for plasma at the end of the 

experiment (time 240). This data appears to suggest that NTS GCs increase VLDL-TG 

secretion not by increasing the number of VLDL particles secreted, but rather by 

increasing its lipid content. To verify this, we performed fast-protein liquid 

chromatography (FPLC) on plasma from our experiments. This technique has been 

used previously to fractionate plasma lipoproteins based on size, and then measure TG 

content in the VLDL-specific fractions224,303. Indeed, NTS GC animals displayed higher 

TG levels in their VLDL-containing fractions, supporting our theory. Importantly, work 

done in our laboratory that assessed MBH GC effects on VLDL-TG secretion revealed 

that after a pre-infusion with dexamethasone (time 0) into the MBH there was a 

significant increase in plasma ApoB100 compared to control240. Hence, this further 

supports that central GC action to regulate VLDL-TG secretion may have differing 

peripheral mechanisms based on the brain region they act on. It should be noted that 
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there are some caveats with these analyses. One, we do not have a loading control for 

our plasma ApoB western blots, so we could not confirm that each sample was diluted 

evenly. Albumin has previously been used as a loading control for plasma ApoB304,305, 

and this could be used in future studies. The other caveat is with FPLC, which is a 

technique that separates lipoproteins by their size303. VLDL particles vary in size and 

their ranges can overlap with chylomicron sizes306. Thus, our FPLC data may have 

some chylomicron-TG contamination. A more accurate assessment of lipoprotein size 

would require nuclear magnetic resonance (NMR) spectroscopy307–309.  

 Heat shock protein 90 (Hsp90) is a chaperone protein involved in maintaining 

cellular homeostasis through the regulation of various cellular functions310–312, including 

GR signaling138,139. Using pharmacological and genetic manipulations in the NTS, we 

revealed that NTS GC effects on VLDL-TG secretion are reliant on functional Hsp90. 

Similar to our results, studies that looked at the effects of MBH GCs to increase VLDL-

TG240 or induce hepatic insulin resistance238 were both negated by Hsp90 blockade. 

Recent advances in Hsp90 knowledge has also linked this chaperone protein to the 

pathophysiology of diabetes and obesity. For instance, inhibiting Hsp90 in insulin-

resistant myocyte cell lines improved insulin signaling by increasing phosphorylated-Akt 

(pAkt) levels313. Work by Jing et al. suggests that, at least in the muscles, it is the 

Hsp90 isoform that contributes to insulin resistance314. When challenged with 

inflammatory cytokine treatment, the INS-1 -cell line underwent increased apoptosis; 

however, this was significantly reduced with Hsp90 inhibition313. It was also reported 

that treating db/db mice (a mouse model of diabetes and obesity) with a Hsp90 inhibitor 

for 2 weeks resulted in lower glycemia, improved glucose and insulin tolerance313. In 

corroboration with this, Hsp90 antagonism in rat islets exposed to high concentrations of 

glucose led to increased insulin secretion due to an upregulation of genes related to 

glucose sensing, insulin production, and exocytosis315. Continuing, Hsp90 is also 

associated with obesity and lipid metabolism. To illustrate, Hsp90 inhibition was able to 

reverse body weight gain, dyslipidemia, and liver steatosis in mice fed a western-type 

diet316. Both diabetes in db/db mice and HFD-feeding are associated with higher levels 

of GCs, thus it would be intriguing to determine whether improved metabolic outcomes 

are associated with reduced GC action in the brain with whole-body Hsp90 inhibition. 
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Another study reported that treating mice on a high fat diet (HFD) with geldanamycin (a 

Hsp90 antagonist) reduces adipose tissue expansion, and this was associated with 

reduced adipocyte GR expression317. In addition, rats on a 3-day HFD experienced 

elevated GC levels and/or action which resulted in hypertriglyceridemia; however, acute 

and/or chronic Hsp90 antagonism in the MBH negated this effect, likely due to GR 

dysfunction240. Thus, inhibiting Hsp90 either peripherally or centrally may improve 

metabolic outcomes possibly through impairments in GR signaling. In fact, this could be 

a potential future therapeutic target for diseases such as diabetes and obesity. 

 Another accessory protein for the GR that we investigated was FK506 binding 

protein 51 (FKBP51). Giving this protein's role of repressing GR activation140–142, we 

hypothesized that knocking down FKBP51 in the NTS would lead to overactivated GRs 

which would increase VLDL-TG secretion. Indeed, NTS FKBP5 shRNA animals had 

significantly higher plasma TG levels and VLDL-TG secretion rate compared to NTS 

mismatch controls, indicative of increased NTS GR activation. Although, it's important to 

note that we did not directly confirm that NTS GRs were more active in FKBP5 shRNA-

treated animals in the present study. Our next step is to measure Pdk4 gene 

expression, a GR activity marker265, in DVC tissue of FKBP5 shRNA-infused rats to 

assess whether NTS GRs are in fact more active. In line with of our results, a study by 

Häusl et al. generated paraventricular nucleus (PVN)-specific FKBP51 knockout mice 

and found that this results in enhanced-negative feedback of the HPA axis as a 

consequence of greater GR activation in the PVN143. Similar findings on increased GR 

sensitivity were also reported in full FKBP51 knockout mice studies as well318,319. 

Beyond its role of regulating GR signaling, FKBP51 is also involved in 

immunoregulation, protein folding, and trafficking320. This protein is also expressed in 

various tissues, namely the brain, adipose tissue, and skeletal muscle320. Recent 

studies have also linked excessive FKBP51 expression to metabolic dysfunction321–325, 

as well as some psychiatric disorders141,326,327. Soukas and colleagues revealed that 

ob/ob mice (obese mouse model) had increased FKBP51 expression322. Later studies 

showed that FKBP51 activates peroxisome proliferator-activated receptor  (PPAR) 

which promotes adipogenesis320,321 and could contribute to adipose mass gain. As a 

corollary, FKBP51 knockout mice were protected against diet-induced obesity, 
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hypertriglyceridemia, hyperglycemia, and hyperinsulinemia323. Other studies with 

FKBP51 knockout mice showed increased phosphorylated-Akt levels in skeletal muscle 

compared to wild-type, indicative of enhanced insulin sensitivity325. Analyses on human 

diabetic WAT donor tissue with elevated FKBP51 levels corroborate those findings as 

these tissues experience decreased insulin sensitivity328. Finally, FKBP51 also has an 

interesting role in the brain. Fasting induces increased levels of FKBP51 in the arcuate 

nucleus (ARC), ventral medial nucleus (VMH), and PVN of the hypothalamus329. One 

theory is that central GC action promotes feeding behaviors, which is beneficial in a 

fasted state. By raising FKBP51 levels in the hypothalamus, you diminish GR sensitivity 

and dampen negative feedback on the HPA axis, resulting in a hyperactive axis and 

elevated GC levels. Indeed, when overexpressing FKBP51 in the hypothalamus, GC 

levels increase in the plasma143,329. However, hypothalamic FKBP51 has other 

mechanisms by which it affects metabolism, because it was found that overexpression 

of FKBP51 around the VMH and ARC led to an increase in body weight in mice on HFD 

and impaired glucose tolerance329. Continuing, higher mRNA levels of Fkbp5 specifically 

in the VMH is correlated to increased body weight and food intake330. Intriguingly, Brix et 

al. demonstrated that both overexpression or knockout of FKBP51 in the VMH causes 

increased body weight gain on a HFD331. To further showcase the complexity of 

hypothalamic FKBP51, mice overexpressing Fkbp5 in the MBH and fed a HFD are 

protected from diet-induced obesity and glucose intolerance and exhibit lower food 

intake332. Conversely, MBH Fkbp5 knockout mice fed a regular chow diet leads to 

obesity, increased food intake and glucose intolerance332. In contrast, we reported that 

knocking down FKBP51 in the NTS for 2 weeks does not affect body weight but does 

evoke hepatic TG secretion. Overall, there is sufficient data to suggest that high levels 

of FKBP51 in the periphery negatively impacts metabolism; however, it is more 

ambiguous for central FKBP51, and further research on this topic is warranted.  
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Chapter 5: Aim 2 Results 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   
                  

85 

The second aim for this thesis involved testing whether infusing a membrane-

impermeable DEX directly into NTS to activate NTS mGRs would also regulate hepatic 

VLDL-TG release. We also aimed to test potential downstream intracellular signaling 

mediators involved. We hypothesize that using membrane-impermeant DEX will activate 

mGRs, and require downstream intracellular signaling mediators, in the NTS to 

stimulate hepatic VLDL-TG secretion (Figure 1.5). 

 

5.1   Membrane-Associated Glucocorticoid Receptor Role in the Nucleus of the 

Solitary Tract to Regulate Lipid Metabolism 

5.1.1   Membrane-impermeant glucocorticoid action in the nucleus of the solitary 

tract stimulates very-low density lipoprotein secretion from the liver. 

 Given that NTS GCs were able to stimulate TG secretion from the liver, we next 

sought to see if novel membrane-bound GRs (mGRs) were also implicated (Figure 

5.1.1A). Since DEX theoretically binds with either the canonical GR in the cytosol or 

mGR150,153,154,262,333, we used a commercially available DEX-conjugated to bovine 

serum albumin (BSA-DEX) that has been previously tested and validated263,334 to isolate 

mGR action. The bovine serum albumin moiety prevents the DEX molecules bound to it 

from crossing the plasma membrane, and therefore limits their effects to the exterior of 

the cell165,170,262,334,335. 

 Our data shows that infusion of BSA-DEX into the NTS was able to recapitulate 

the lipostimulatory effects of regular NTS DEX for both plasma TG (Figure 5.1.1B) and 

VLDL-TG secretion (Figure 5.1.1C) compared to NTS saline-infused controls. Thus, 

mGRs may, at least in part, contribute to the NTS DEX's ability to modulate hepatic lipid 

homeostasis. Although we found that NTS BSA-DEX treatment trended to increase TG 

content in the VLDL-containing fractions (Figure 5.1.1D), we found no difference in 

plasma ApoB100 or ApoB48 protein levels (Figure 5.1.1E). Hepatic TG content was 

assessed as well, but no change was observed (Figure 5.1.1F). However, we did find 

that NTS BSA-DEX treatment significantly increased plasma FFAs (Figure 5.1.1G), 

similar to NTS DEX. We also measured end of experiment plasma glucose (Figure 

5.1.1H) and insulin (Figure 5.1.1I), and body weight (Figure 5.1.1J), but no differences 

between groups was found. 
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Figure 5.1.1. Acute NTS membrane-impermeant glucocorticoid infusion increases 

plasma triglycerides similar to NTS DEX. A) Schematical representation of working 

hypothesis. B) Plasma TG concentration and C) hepatic triglyceride secretion rate for 

animals that received NTS Vehicle (white; n = 10), NTS DEX (black; n = 9), and NTS 

bovine serum albumin-conjugated DEX (BSA-DEX) (light gray; n =12). D) Triglyceride 

levels in very-low density lipoprotein fraction; NTS Vehicle and NTS MIF were combined 

(white; n = 4), and NTS BSA-DEX (light gray; n = 4). E) Western blot for plasma 

ApoB100 and ApoB48 at beginning (t = 0) and end (t = 240) of experiment and 

quantification (NTS Vehicle n = 5; NTS DEX n = 5; NTS BSA-DEX n = 6). F) Liver 

triglyceride levels. G) Plasma free fatty acids (FFA), H) glucose (NTS Vehicle n = 10; 

NTS DEX n = 9; NTS BSA-DEX n = 12), and I) insulin at end (t = 240) of experiment. J) 

Body weight at the start of the experiment. For B) NTS Vehicle, NTS DEX, and NTS 

BSA-DEX **P < 0.01 for effect of time, treatment, and interaction between time and 

treatment using a two-way ANOVA, ***P < 0.001 at t=240min and **P < 0.01 at 

t=180min, *P < 0.05 at t=150 and t=120 minutes for NTS DEX vs NTS Vehicle using 

Fisher's posthoc test. ####P < 0.0001 at t=240min, ###P < 0.001 at t=180min, and ##P 

< 0.01 at t=150 and t=120 min for NTS BSA-DEX vs NTS Vehicle. For C), ANOVA was 

conducted prior to a Fisher's posthoc test; **P < 0.01 for NTS DEX vs NTS Vehicle; 

###P < 0.001 for NTS BSA-DEX vs NTS Vehicle. For G), ANOVA was conducted prior 

to a Fisher's posthoc test; *P < 0.05 for NTS DEX vs NTS Vehicle; ##P < 0.01 for NTS 

BSA-DEX vs NTS Vehicle. For E), ApoB100 and ApoB48 graphs: *P < 0.05 for effect of 

time only, treatment effect n.s., and interaction between time and treatment n.s. Data 

was measured as mean + SEM. 
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5.1.2   Assessement of changes in the nucleus of the solitary tract upon 

membrane-impermeant glucocorticoid treatment. 

 To measure whether BSA-DEX infusion into the NTS altered the expression of 

genes within neural cells compared with NTS vehicle or DEX infusions, we conducted 

qPCR on rat DVC tissues. Similar to NTS DEX, BSA-DEX administration was able to 

increase the mRNA of the Fkbp5 gene (Figure 5.1.2A). This data suggests that Fkbp5 

upregulation can be used as a marker of activity not just for the canonical GR, but 

mGRs as well. Expression for Npy in the DVC was also assessed due to its importance 

for hypothalamic DEX's ability to control metabolism236,237,240,243,244, but no significant 

difference among groups was found, indicating NTS GC effects on metabolism occur 

independently to NPY (Figure 5.1.2B). 

 

Figure 5.1.2. Assessment of genes related to glucocorticoid receptor action in the 

dorsal vagal complex. A) Relative expression of Fkbp5 in dorsal vagal complex (DVC) 

tissue between NTS Vehicle (white; n = 5), NTS DEX (black; n = 6), NTS BSA-DEX 

(light gray; n = 4). B) Relative expression of Npy in DVC tissue between NTS Vehicle, 

NTS DEX, NTS BSA-DEX. For A), One-way ANOVA was conducted, followed by a 

Fisher's posthoc; **P < 0.01 NTS DEX vs NTS Vehicle, and #P < 0.05 for NTS BSA-

DEX vs NTS Vehicle. Data was measured as mean + SEM. 
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5.1.3   Assessment of hepatic mechanisms involved in mediating the 

hyperlipidemic effects induced by membrane-associated glucocorticoid receptor 

agonism in the nucleus of the solitary tract via western blotting. 

 To try and start to delineate hepatic mechanisms which may underlie how BSA-

DEX acting in the NTS leads to higher plasma TG, we began to examine liporegulatory 

protein levels in the liver via western blots. Liver pACC to ACC (Figure 5.1.3B), FAS 

(Figure 5.1.3C), MTP (Figure 5.1.3D), and Arf1 (Figure 5.1.3E) were all unchanged 

between groups. This data implies that NTS BSA-DEX effects to increase VLDL-TG 

secretion is unrelated in these proteins involved in de novo lipogenesis, VLDL assembly 

or secretion. 
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Figure 5.1.3. NTS membrane-bound glucocorticoid receptor agonism effects on 

hepatic triglyceride secretion are independent to hepatic lipid metabolism-related 

protein levels. A) Representative western blots between NTS Vehicle, NTS DEX, and 

NTS BSA-DEX for liver tissue. Quantified levels of B) phosphorylated acetyl-CoA 

carboxylase: acetyl-CoA carboxylase (pACC:ACC), C) fatty acid synthase (FAS), D) 

microsomal triglyceride transfer protein (MTP), E) ADP-ribosylation factor 1 (Arf1). Data 

was given as mean + SEM. 
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5.1.4   Assessment of hepatic mechanisms involved in mediating the 

hyperlipidemic effects induced by membrane-associated glucocorticoid receptor 

agonism in the nucleus of the solitary tract via PCR. 

 Quantitative PCR analyses were also conducted on all the hepatic genes we 

previously assessed in Section 3.1.4. For most genes, no difference was found, 

however, Srebf1c (Figure 5.1.4B) and Ppara (Figure 5.1.4H) mRNA levels were 

significantly lowered by NTS BSA-DEX treatment, as compared to NTS vehicle controls. 

Notably, this is different from NTS DEX, in which NTS DEX likewise increased VLDL-TG 

secretion without affecting the hepatic mRNA levels of Srebf1c (Figure 3.1.4B) and 

Ppara (Figure 3.1.4H). Therefore, BSA-DEX may induce its hyperlipidemic effects by 

altering lipogenic and fatty acid oxidation pathways in the liver in a manner separate 

from that of NTS DEX. 
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Figure 5.1.4. Assessment of hepatic genes related to lipid metabolism to delineate 

the mechanisms of membrane-bound glucocorticoid receptor agonism in the 

NTS. Relative expression for A) carbohydrate response element binding protein 

(ChREBP), B) sterol regulatory element-binding transcription factor 1c (Srebf1c), C) 

stearoyl-CoA desaturase 1 (Scd1), D) diacylglycerol acyltransferase 1 (Dgat1), E) 

Dgat2, F) lipin 2 (Lpin2), G) ADP-ribosylation factor 1 (Arf1), H) peroxisome proliferator-

activated receptor  (Ppara), I) AMP-activated kinase (Ampk), and J) carnitine 

palmitoyltransferase 1 (Cpt1a) for NTS Vehicle (white; n = 6), NTS DEX (black; n = 6), 

and NTS BSA-DEX (light gray; n = 6). For B) and H), one-way ANOVA was conducted, 

followed by a Fisher's posthoc; *P < 0.05 NTS BSA-DEX vs NTS Vehicle and NTS DEX. 

Data was measured as mean + SEM. 
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5.1.5   Assessment of white adipose tissue mechanisms involved in mediating the 

hyperlipidemic effects induced by membrane-associated glucocorticoid receptor 

agonism in the nucleus of the solitary tract. 

 Since the increase of hepatic VLDL-secretion observed upon BSA-DEX infusion in 

the NTS was associated with significantly higher plasma FFAs, we next probed the 

WAT. Unlike NTS DEX (Figure 3.1.5B), NTS BSA-DEX treatment did not affect the 

levels of pHSL to total HSL (Figure 5.1.5B). Interestingly, NTS BSA-DEX did increase 

ATGL levels relative to control (Figure 5.1.5C), which corroborates the observed 

increase in plasma FFAs we also observed. NTS BSA-DEX did not affect CGI-58 

(Figure 5.1.5D) and perilipin (Figure 5.1.5E) protein levels in WAT. Thus, unlike NTS 

DEX, which increased pHSL:HSL in WAT, the increased plasma FFA levels observed 

with NTS BSA-DEX were associated with increased ATGL in WAT, potentially 

representing another difference by which DEX and BSA-DEX act differently within the 

NTS to induce hyperlipidemia.  
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Figure 5.1.5. Changes in VLDL-TG secretion induced by NTS BSA-DEX infusion 

altered lipolytic enzyme levels in white adipose tissue. A) Representative western 

blots for white adipose tissue. Levels of B) phosphorylated hormone sensitive lipase: 

total hormone sensitive lipase (pHSL:HSL), C) adipose triglyceride lipase (ATGL), D) 

comparative gene identification-58 (CGI-58), E) perilipin. For C), a Student's t test was 

done, *P < 0.05 NTS BSA-DEX vs NTS Vehicle. Data was given as mean + SEM. 
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5.2   Investigation of the Role of Glucocorticoid Receptor shRNA on the 

Membrane-Associated Glucocorticoid Receptor in the Nucleus of the Solitary 

Tract  

5.2.1. Genetically disrupting the glucocorticoid gene does not impact membrane-

associated glucocorticoid receptor action in the nucleus of the solitary tract. 

 As NTS GR shRNA, which reduced GR protein levels by ~50% (Figure 3.2.1B), 

reversed the hyperlipidemic effects of NTS DEX (Figure 3.2.1C, D), we next sought to 

find out whether NTS GR shRNA would also block the NTS BSA-DEX effects on hepatic 

TG secretion (Figure 5.2.1A). As expected, in animals that received a control shRNA, 

BSA-DEX infusion was still able to trigger increased plasma TG and hepatic VLDL-TG 

release (Figure 5.2.1B, C). Interestingly, the effects of BSA-DEX effects persisted in 

animals that received NTS GR shRNA (Figure 5.2.1B, C). These effects were 

independent to end of experiment plasma glucose levels (Figure 5.2.1D) and start of 

experiment body weight (Figure 5.2.1E). Taken together, this data shows that NTS GR 

shRNA blocks NTS DEX, but not NTS BSA-DEX, to stimulate VLDL-TG and suggests 

that the canonical GR (which is inhibited by GR shRNA) that mediates the effects of 

NTS DEX is different from the mGR that mediates the effects of NTS BSA-DEX on lipid 

regulation.  
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Figure 5.2.1. Knockdown of NTS glucocorticoid receptors does not negate NTS 

BSA-DEX effects on plasma triglycerides. A) Schematical representation of working 

hypothesis. B) Plasma TG concentration and C) hepatic triglyceride secretion rate for 

animals that received NTS control shRNA Vehicle (white; n = 7), NTS control shRNA 

BSA-DEX (black; n = 7), NTS GR shRNA Vehicle (light gray; n = 5), and NTS GR 

shRNA BSA-DEX (dark gray; n = 6). D) End of experiment plasma glucose. E) Start of 

experiment body weight. For B), NTS control shRNA BSA-DEX, NTS control shRNA 

Vehicle, NTS GR shRNA Vehicle, and NTS GR shRNA BSA-DEX **P < 0.01 for effect of 

time, treatment, and interaction between time and treatment (two-way ANOVA). Fisher's 

posthoc test: **P < 0.01 at t=240 and t=180 min for NTS control shRNA BSA-DEX vs 

NTS control shRNA Vehicle and NTS GR shRNA Vehicle. #P < 0.05 at t=240 min and 

##P < 0.01 at t=180 min for NTS GR shRNA BSA-DEX vs NTS control shRNA Vehicle 
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and NTS GR shRNA Vehicle. For C), **P < 0.01 for NTS control shRNA BSA-DEX vs 

NTS control shRNA Vehicle and NTS GR shRNA Vehicle, and #P < 0.05 for NTS GR 

shRNA BSA-DEX vs NTS control shRNA Vehicle and NTS GR shRNA Vehicle (one-way 

ANOVA, followed by a Fisher's posthoc test). Data was measured as mean + SEM. 

 

5.3   Investigation of the Role of Heat Shock Protein 90 on the Membrane-

Associated Glucocorticoid Receptor in the Nucleus of the Solitary Tract  

5.3.1. Heat shock protein 90 is not required for the membrane-associated 

glucocorticoid receptor. 

 Previously, we observed that blocking the action of Hsp90 blocked the 

lipostimulatory effects of NTS DEX (Figure 3.3.1B, C), demonstrating the importance of 

this chaperone protein on GR function. To the best of our knowledge, there have been 

no studies done assessing whether Hsp90 is also required for the mGRs, thus this was 

our next goal (Figure 5.3.1A).  

 Using in vivo VLDL secretion experiments, we again showed that administering 

our pharmacological antagonist of Hsp90 alone into the NTS had no effects on plasma 

TG or VLDL secretion (Figure 5.3.1B, C). However, unlike its inhibitory effect on NTS 

DEX, Hsp90i was unable to negate the NTS BSA-DEX effects on lipid metabolism when 

co-infused together, suggesting mGRs work through Hsp90-independent pathways 

(Figure 5.3.1B, C). End of experiment plasma glucose levels (Figure 5.3.1D) and start of 

experiment body weight (Figure 5.3.1E) remained unchanged as well.  
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Figure 5.3.1. Blocking Hsp90 in the NTS does not reverse NTS BSA-DEX effects 

on plasma triglycerides. A) Schematical representation of working hypothesis. B) 

Plasma TG concentration and C) hepatic triglyceride secretion rate for animals that 

received NTS Vehicle (white; n = 10), NTS BSA-DEX (black; n = 12), NTS Hsp90i (light 

gray; n = 10), and NTS Hsp90i + BSA-DEX (dark gray; n = 9). D) End of experiment 

plasma glucose levels. E) Start of experiment body weight. For B), NTS Vehicle, NTS 

BSA-DEX, NTS Hsp90i, and NTS Hsp90i + BSA-DEX ****P < 0.0001 for effect of time, 

treatment, and interaction between time and treatment (two-way ANOVA). Fisher's 

posthoc test: ***P < 0.001 at t=240 min, and **P < 0.01 at t=180 and t=150 min for NTS 

BSA-DEX vs NTS Vehicle and NTS Hsp90i. ####P < 0.0001 at t=240, t=180, and t=150 
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min for NTS Hsp90i + BSA-DEX vs NTS Vehicle and NTS Hsp90i. For C), **P < 0.01 for 

NTS BSA-DEX vs NTS Vehicle and NTS Hsp90i. ####P < 0.0001 for NTS Hsp90i + 

BSA-DEX vs NTS Vehicle and NTS Hsp90i (one-way ANOVA, followed by a Fisher's 

posthoc test). Data was measured as mean + SEM. 

 

5.4   Examination of Downstream Effectors for the Membrane-Associated 

Glucocorticoid Receptor Role in the Nucleus of the Solitary Tract  

5.4.1   Protein Kinase A is not required for hindbrain membrane-associated 

glucocorticoid receptor's ability to stimulate very-low density lipoprotein 

secretion from the liver.  

 The importance of PKA for the mGR's signaling has been documented in several 

studies154,157,336. Thus, we conducted in vivo experiments to test the necessity of NTS 

PKA on NTS BSA-DEX's effects on VLDL-TG secretion (Figure 5.4.1A). We first 

showed that inhibiting PKA alone in the NTS using Rp-CAMPs (Rp) had no impact on 

lipid metabolism (Figure 5.4.1B, C). This is analogous to a parallel study in our 

laboratory which examined the role of NTS PKA in mediating the effects of the hormone 

glucagon on hepatic VLDL-TG secretion253. Additionally, this separate project in our 

laboratory demonstrated that the same administration (concentration and duration) of 

Rp infused into the NTS of rats blocked both the effects of glucagon acting via its GPCR 

and direct PKA activation within the NTS, to modulate liver TG secretion, showing the 

efficacy of this compound to inhibit PKA-mediated signaling within the NTS. However, in 

the present study, co-infusing both Rp and BSA-DEX together into the NTS did not 

block the ability of BSA-DEX to stimulate VLDL-TG secretion (Figure 5.4.1B, C), 

indicating that PKA may not be a downstream effector for the NTS mGRs. Again, 

plasma glucose at the end of experiment (Figure 5.4.1D) and the body weight at the 

start of the experiment (Figure 5.4.1E) were not different between groups. It is possible 

that a higher concentration of PKA is required to block BSA-DEX, thus future studies to 

test additional doses of Rp, or direct assessments of Rp on NTS PKA activity to confirm 

PKA inhibition, are warranted.  
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Figure 5.4.1. NTS BSA-DEX effects on plasma triglycerides are independent to 

NTS PKA action. A) Schematical representation of working hypothesis. B) Plasma TG 

concentration and C) hepatic triglyceride secretion rate for animals that received NTS 

Vehicle (white; n = 10), NTS BSA-DEX (black; n = 12), NTS Rp-CAMPs (Rp) (light gray; 

n = 7), and NTS Rp + BSA-DEX (dark gray; n = 7). D) End of experiment plasma 

glucose levels. E) Start of experiment body weight. For B), NTS Vehicle, NTS BSA-

DEX, NTS Rp, and NTS Rp + BSA-DEX **P < 0.01 for effect of time, treatment, and 

interaction between time and treatment (two-way ANOVA). Fisher's posthoc test: ***P < 

0.001 at t=240 min for NTS BSA-DEX vs NTS Vehicle and NTS Rp. #P < 0.05 at t=240 

min for NTS Rp + BSA-DEX vs NTS Vehicle and NTS Rp. For C), a one-way ANOVA 
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was conducted, followed by a Fisher's posthoc test; **P < 0.01 for NTS BSA-DEX vs 

NTS Vehicle and NTS Rp. #P < 0.05 for NTS Rp + BSA-DEX vs NTS Vehicle and NTS 

Rp. Data was measured as mean + SEM. 

 

5.4.2   Hindbrain membrane-associated glucocorticoid receptor's ability to 

stimulate very-low density lipoprotein secretion requires protein kinase C.  

 Another downstream target that has been described for mGR's signaling is 

PKC155,168,337. Thus, we next tested the requirement of NTS PKC on mediating the 

effects of NTS BSA-DEX using a pharmacological PKC inhibitor, Bisindolylmaleimide I 

(BIMI) (Figure 5.4.2A). NTS BIMI did not impact VLDL-TG secretion (Figure 5.4.2B, C). 

However, concomitant infusion of both BIMI and BSA-DEX into the NTS blocked the 

stimulatory ability of BSA-DEX on VLDL-TG secretion, indicating that PKC is required 

for the effects of BSA-DEX and suggesting that PKC may be acting as a downstream 

effector of the mGRs (Figure 5.4.2B, C). End of experiment plasma glucose levels 

(Figure 5.4.2D) and start of experiment body weight (Figure 5.4.2E) remained 

unchanged between groups. In future studies, a PKC protein activity assay338,339 could 

be used to assess DVC tissues (which contain the NTS) to confirm the efficacy of BIMI 

on the inhibition of this kinase. 
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Figure 5.4.2. NTS BSA-DEX effects on plasma triglycerides require NTS PKC. A) 

Schematical representation of working hypothesis. B) Plasma TG concentration and C) 

hepatic triglyceride secretion rate for animals that received NTS Vehicle (white; n = 10), 

NTS BSA-DEX (black; n = 12), NTS BIMI (light gray; n = 12), and NTS BIMI + BSA-DEX 

(dark gray; n = 7). D) End of experiment plasma glucose levels E) Start of experiment 

body weight. For B), NTS BSA-DEX vs NTS Vehicle, NTS BIMI, and NTS BIMI + BSA-

DEX ***P < 0.001 for effect of time, treatment, and interaction between time and 

treatment (two-way ANOVA). Fisher's posthoc test: **P < 0.01 at t=240 min and *P < 

0.05 at t=180 and t=150 min for NTS BSA-DEX vs NTS Vehicle, NTS BIMI, and NTS 

BIMI + BSA-DEX. For C), a one-way ANOVA was conducted, followed by a Fisher's 

posthoc; *P < 0.05 for NTS BSA-DEX vs NTS Vehicle, NTS BIMI, and NTS BIMI + BSA-

DEX. Data was measured as mean + SEM. 
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5.4.3   Mitogen-activated protein kinase function is needed for membrane-

associated glucocorticoid receptor's ability to stimulate hepatic lipoprotein 

secretion.  

 The third and final kinase that was assessed for NTS mGR signaling is MAPK as 

this effector has also been linked to the mGR signaling cascade159,171,263 (Figure 

5.4.3A). To start, we infused the MEK inhibitor, PD98059 (PD), into the NTS of the 

animals and observed no changes in hepatic lipid secretion (Figure 5.4.3B, C). Using 

PD to block MEK, prevents MEK-induced activation of MAPK. Confirmation of the 

efficacy of PD is still required for this study, potentially with a MAPK activity assay340. 

Next, we tested a co-infusion of PD with BSA-DEX and observed that PD negated the 

lipostimulatory effects of NTS BSA-DEX (Figure 5.4.3B, C). This supports that MAPK 

signaling could be involved in mediating NTS mGR hyperlipidemic effects. The 

observed changes in lipid metabolism were also independent to the end of experiment 

plasma glucose levels (Figure 5.4.3D) and body weight (Figure 5.4.3E). 
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Figure 5.4.3. NTS BSA-DEX effects require NTS MAPK. A) Schematical 

representation of working hypothesis. B) Plasma TG concentration and C) hepatic 

triglyceride secretion rate for animals that received NTS Vehicle (white; n = 10), NTS 

BSA-DEX (black; n = 12), NTS PD98059 (PD) (light gray; n = 6), and NTS PD + BSA-

DEX (dark gray; n = 8). D) End of experiment plasma glucose levels. E) Start of 

experiment body weight. For B), NTS BSA-DEX vs NTS Vehicle, NTS PD, and NTS PD 

+ BSA-DEX **P < 0.01 for effect of time, treatment, and interaction between time and 

treatment (two-way ANOVA). Fisher's posthoc test: **P < 0.01 at t=240 and t=180 min, 

and *P < 0.05 at t=180, t=150, t=120, and t=90 min for NTS BSA-DEX vs NTS Vehicle, 

NTS PD, and NTS PD + BSA-DEX. For C), a one-way ANOVA was conducted, followed 

by a Fisher's posthoc; **P < 0.01 for NTS BSA-DEX vs NTS Vehicle, NTS PD, and NTS 

PD + BSA-DEX. Data was measured as mean + SEM. 
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Chapter 6: Aim 2 Discussion 
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6.1   Significance of Results 

 As mentioned earlier, excessive levels of GCs can contribute to the development 

of metabolic diseases, and importantly, there is an associated upregulation of GR 

expression110,111,114–118. Understanding how GCs signal and mediate their actions is an 

important step for the development of future therapeutics. Beyond their classical 

genomic mechanisms (via cGRs), GCs can also mediate nongenomic effects via 

putative membrane-associated GRs (mGRs)165,180. However, the relative contribution of 

cGRs and mGRs in development of metabolic disorders remains unresolved. Knowing 

the exact effects from each receptor and their relative contribution in diseased states 

will be crucial for the treatment of these conditions. An interesting report revealed that 

human monocytes derived from individuals with rheumatoid arthritis had increasing 

mGR levels with disease progression341, suggesting that mGRs are also implicated in 

pathophysiological states. In the present thesis, we report for the first time that 

administering a membrane-impermeant form of DEX, to specifically target the mGRs, 

into the NTS can induce hyperlipidemia, indicating that NTS mGRs may be implicated in 

the development of dyslipidemia in individuals experiencing excessive GC levels and/or 

action. Thus, our research furthers the knowledge on these putative mGRs and their 

role in regulating lipid metabolism via central hindbrain pathways. 

6.2   Use of the BSA-DEX compound 

 It has been revealed that GCs can mediate some of their effects via nongenomic 

mechanisms which involves a membrane-associated glucocorticoid receptor 

(mGR)342,343.  Literature suggests that dexamethasone is capable of interacting with 

either the cGR or mGR150,153,344,345. Future, it has been reported that the levels of mGRs 

present on a cell are much lower than cGRs, by about a 1000-fold less160,341. To 

discriminate between the activation of both receptors, we used a commercially available 

and previously validated membrane-impermeant dexamethasone conjugated to bovine 

serum albumin (BSA-DEX)334. This compound contains DEX molecules which are 

covalently linked to a BSA moiety. The ratio of DEX:BSA of the BSA-DEX compound 

used is 37:1 with a molecular weight of 83,233.61g/mol (where the molecular weight of 

BSA is 65,000g/mol). We used a dose of BSA-DEX analogous to that which was used in 

vivo in rats in which BSA-DEX [for mGR activation] was shown to mediate rapid 
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inhibition of the HPA axis when infused into the hypothalamus' PVN346. As stated in the 

Methods (Chapter 2), the concentration of our NTS DEX infusate was at 100µg/µL 

(255µM), whereas the concentration of the NTS BSA-DEX infusate was at 2.35µg/µL 

(28.2µM). Thus, the molarity of the BSA-DEX infusate was approximately one-tenth that 

of the DEX infusate. For this present study, we used a commercially available BSA-DEX 

(Steraloids P0516) that was previously validated through NMR studies334. Specifically, 

the BSA-DEX used in this thesis was shown to be stable over time and at increasing 

temperatures (i.e. DEX does not unbind BSA under varying conditions)334. This study 

also found that 95.5% of the total DEX molecules remain covalently bound to BSA, 

whereas only 4.5% are noncovalently bound 'free' DEX334. Importantly, the 'free' DEX 

was determined to not be biologically available as those molecules were trapped within 

hydrophobic pockets of the BSA protein334. While our laboratory is not specialized in 

molecular and cellular biological techniques to recapitulate the analyses to confirm the 

impermeant properties of this compound, a future direction to test whether this BSA-

DEX compound is indeed not activating cGRs and triggering genomic signaling, could 

be through a luciferase reporter assay on the GC-response elements. In one paper that 

performed this test, it was revealed that DEX increased the luciferase activity by 

activating cGRs, but BSA-DEX was unable to evoke a genomic response due to its 

inability to enter cells263. Overall, whilst most steroid-conjugated compounds are 

unstable, evidence suggests that the commercially available BSA-DEX utilized in the 

present study is a suitable agonist for the mGRs under acute conditions.  

 

6.3   Discussion of the liporegulatory effects of NTS BSA-DEX (Aim 2) results. 

 We report for the first time that acute infusion of BSA-DEX into the NTS stimulates 

VLDL-TG secretion. These results indicate that, at least in part, NTS GCs can trigger 

hepatic TG release via NTS mGRs. Further, we revealed that NTS BSA-DEX's 

hyperlipidemic effects are dependent on NTS PKC and MAPK, suggesting that these 

are downstream effectors of the NTS mGRs. Previous in vitro studies of nongenomic 

GC effects on skin wound healing168, spinal cord neuronal transmission347, and 

hippocampal neural excitability155 also implicated PKC to mediate mGR signaling. 
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Therefore, there is now both in vitro and in vivo evidence in different tissues and cell 

types suggesting that mGRs trigger PKC-dependent signaling cascades. We also found 

that pre-treatment with PD98059, a MEK inhibitor used to prevent MAPK activation, 

negates BSA-DEX effects. Briefly, MAPK is a kinase activated by the Ras-Raf-MEK-

ERK (ERK is another name for MAPK) pathway348. In support of this, Gutièrrez-Mecinas 

and colleagues subjected Wister rats to an acute stress challenge and found that 

phosphorylated-ERK levels were rapidly upregulated in the hippocampus via 

nongenomic GR signaling349, providing evidence for MAPK signaling downstream of 

mGR. Other in vitro analyses on myocytes171,345 and immune cells159 also reported an 

mGR - MAPK signaling cascade. While it is possible that mGRs trigger multiple 

cascades at the same time, it is also plausible that NTS mGRs activate a single 

pathway of mGR - PKC - MAPK arranged in series. It is well established that MAPK is 

activated by Ras/Raf signaling348,350–352. Importantly, PKC is capable of activating MAPK 

indirectly via Raf activation353,354. However, we have yet to directly test whether PKC 

activation precedes MAPK activation following BSA-DEX infusion, but future 

investigation is warranted. Interestingly, PKA was also reported to be a downstream 

effector for the mGRs in cultured rat hypothalamic neurons154,157, but our data did not 

support this since co-infusion of PKA inhibitor Rp-cAMPs into the NTS failed to block the 

hyperlipidemic effects of NTS BSA-DEX. It is possible that forebrain and hindbrain 

regions possess different signaling pathways for hormones, as has been shown for 

differential insulin signaling in the regulation of glucose metabolism in the hypothalamus 

as compared to the dorsal vagal complex250 . An additional potential explanation for 

different downstream targets for mGRs may be that different tissues or even different 

cell types within the same tissue possess different mGR isoforms each with their own 

cascades, such as adrenergic receptors355,356.  

6.4   Similarities and differences between NTS DEX and NTS BSA-DEX effects. 

6.4.1   Similarities and differences between NTS DEX and NTS BSA-DEX effects 

on lipid metabolic readouts. 

 As mentioned, BSA-DEX treatment in the NTS induced hepatic VLDL-TG 

secretion, similar to NTS DEX. Our data showed extensive similarities between both 

compounds. For instance, NTS DEX and NTS BSA-DEX each increased plasma TG 



 

   
                  

109 

and VLDL-TG secretion. We found that NTS DEX treatment increased TG content in 

VLDL fractions, and there was a strong trend (P = 0.056) for NTS BSA-DEX to also 

increase it. Plasma ApoB was unchanged in both groups as well. In Aim 1 (Chapter 3), 

we discussed our evidence which suggests that NTS DEX effects to increase VLDL-TG 

secretion likely involves elevations in circulating FFAs, and results from the studies 

performed to test Aim 2 suggest that NTS BSA-DEX's hyperlipidemic phenotype is also 

associated with increased FFAs.  

6.4.2   Similarities and differences between NTS DEX and NTS BSA-DEX effects 

on molecular analyses. 

 Furthermore, western blotting and PCR data also showed similarities and 

differences in different tissues between the two NTS infusates. First, both DEX and 

BSA-DEX elicited an upregulation in Fkbp5 expression in DVC wedges. While it has 

been established that DEX induces Fkbp5146,147,149, this is the first study that explored 

and reports an effect of BSA-DEX on FKBP51 expression.  

 For peripheral tissues, liver western blotting for proteins involved in DNL and VLDL 

assembly/secretion did not show any change with either DEX or BSA-DEX treatment at 

the end of VLDL-TG secretion experiments, suggesting that the increase in VLDL-TG 

secretion observed with both of these infusates is independent of these hepatic 

pathways. Gene expression assessment in liver tissue of NTS DEX treated animals was 

not changed; however, hepatic Srebf1c and Ppara mRNA levels were decreased with 

NTS BSA-DEX treatment, showing a liver-specific difference as a result of NTS 

treatments following VLDL-TG secretion experiments. Clinically, PPAR agonists are 

used to manage hypertriglyceridemia357–359, and these drugs have been reported to 

lower plasma VLDL-TG358,359. Furthermore, in vivo studies have reported that hepatic 

PPAR levels are reduced in insulin-resistant rats with dyslipidemia360. These results 

were corroborated in liver-specific PPAR knockout mice on a HFD, as these animals 

showed elevated plasma TG and ApoB, indicative of higher VLDL levels361. As PPAR 

is involved in -oxidation of fatty acids, a reduction in the levels of this protein could 

mean that the acyl-CoAs in the liver may be redirected to other pathways, such as VLDL 

packaging. On the other hand, Srebf1c mRNA was lower in the NTS BSA-DEX group. 
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This was surprising as SREBP1c is generally associated with VLDL-TG secretion362–365. 

We cannot explain how downregulation of hepatic SREBP1c relates to the 

hyperlipidemic effects of NTS BSA-DEX, thus more research is warranted. Since 

plasma FFAs were also increased in the BSA-DEX group, we next assessed lipolytic 

enzymes in WAT tissue. Surprisingly, we did not find any change in pHSL:HSL levels in 

this group, as was observed with NTS DEX. Instead, we found ATGL levels upregulated 

in the NTS BSA-DEX animals, further suggesting that NTS DEX and NTS BSA-DEX 

mediate their lipostimulatory effects through different mechanisms in WAT.  

6.4.3   Similarities and differences between NTS DEX and NTS BSA-DEX effects 

with different manipulations. 

 Infusing either DEX or BSA-DEX into the NTS, we found differences between both 

compounds during our in vivo experiments. For example, knocking down NTS GR 

protein levels, or antagonizing Hsp90, negated NTS DEX effects on lipid metabolism, 

whereas these manipulations did not alter NTS BSA-DEX effects, revealing differential 

mechanisms likely specifically related to the receptors for DEX and BSA-DEX. These 

findings were interesting since it is believed that DEX can act on either the cGR and/or 

mGR154,157,159,168. Our data suggests that DEX does not interact with the mGRs, given 

all the differences observed between the BSA-DEX and DEX groups. For instance, if 

DEX was able to activate the NTS mGRs to stimulate VLDL-TG secretion, it's 

lipostimulatory effects would not have been blocked with Hsp90 blockade, similar to 

how co-infusing a Hsp90 inhibitor did not negate the NTS BSA-DEX hyperlipidemic 

effects. Also, we would not have found any differences in our molecular analyses 

between DEX and BSA-DEX if DEX was able to stimulate mGRs. In support of this, 

Strehl et al. performed in vitro tests on HEK 293T cells and showed that applying BSA-

DEX to the cells induced MAPK activation, whereas DEX treatment did not263. Data 

from an ongoing project in our laboratory that investigates the effects of NTS GCs on 

modulating hepatic insulin sensitivity also suggests that DEX is unlikely to interact with 

mGRs366. In agreement with these results, Nahar et al. investigated the binding affinities 

of GCs to either the membrane GRs versus the cytosolic GRs335. Their data showed 

that DEX had a 25- and a 21-fold higher Kd for membrane binding compared to 

cytoplasmic binding in hypothalamic membrane fractions of mice and rats, 
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respectively335. The same trend was also seen with CORT, where CORT had a 4-fold 

(mouse) and 11-fold (rat) higher Kd for membrane binding compared to cytoplasmic 

binding in hypothalamic membrane fractions335. Given that the higher the dissociation 

constant (Kd) is, the lower the binding affinity is, these results suggest that endogenous 

or synthetic GCs preferentially bind to intracellular components (e.g. cGRs) compared 

to membrane components (e.g. mGRs). Therefore, there is a growing body of evidence 

that indicates DEX may not be able to trigger mGR signaling, or at least it prefers 

binding the cGR, however further research is needed. 

 

6.5   Potential identity of the mGR. 

 The identity of the mGR is yet to be elucidated; both the genetic and protein 

structures of this receptor remain a mystery. There has been three major hypotheses for 

the identity of the mGR: 1) it is a GPCR150,153–158; 2) it is the cGR interacting with cellular 

proteins to initiate signaling cascades prior to nuclear translocation159–164; 3) it is not a 

receptor itself, but rather GCs intercalating themselves in the membrane and altering 

the physicochemical properties of the plasma membrane to trigger signaling 

pathways109,367,368. Starting with the first of these three hypotheses, there are many 

studies that support the mGR being a GPCR. Though the papers did not specifically 

identify a G-protein, it was found that using GPCR inhibitors was able to negate GC 

effects153–155,157,158,347. For example, Malcher-Lopes and colleagues revealed that 

treating cultured hypothalamic neurons with GCs rapidly reduces their firing, however 

this can be negated by administering antibodies targeting the Gs-subunit, and this was 

further supported by Rp-CAMPs (PKA inhibitor) treatment also blocking the GC 

effects157. Furthermore, other studies showed that BSA-DEX can suppress the firing of 

pyramidal neurons from amygdala slices; however, direct intracellular application of 

DEX had no effect153. Thus, although there is evidence to support that mGRs may work 

through a GPCR, no study has been able to purify and determine its identity as of yet.  

 The second hypothesis is that the 'mGR' is the cGR, per se, activating signaling 

pathways. It has been reported that the cytosolic glucocorticoid receptors can associate 

with caveolin161. This is a protein which is required for the formation of caveolae 
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(invaginations in the plasma membrane), a type of lipid raft. One important role that 

plasma membrane lipid rafts do is signal transduction by recruiting signaling proteins369. 

Thus, it is feasible that some rapid nongenomic effects mediated by glucocorticoid 

receptors are dependent on the cytosolic receptor to interact with caveolae lipid rafts. 

Further supporting this hypothesis, is a study done by Lu et al. on the estrogen 

receptor370. Estrogen receptors are another steroid receptor that also mediate 

nongenomic actions172–174. It was discovered that activated cytosolic estrogen receptors 

(cERs) bind to caveolin on the membrane and lead to the activation of ERK upon 

posttranslational palmitoylation, whereas mutant cERs that cannot undergo 

palmitoylation could not bind the membrane and activate ERK, but were still able to 

translocate to the nucleus and mediate gene transcription371,372. Importantly, this 

palmitoylation event of cER occurred at a conserved amino acid sequence found in 

other steroid receptors, including glucocorticoid receptors371.  A third study supporting 

this hypothesis was done by Oppong and co., where they showed that activated cGRs 

first migrate towards the plasma membrane and increase the phosphorylation of ERK, 

before translocating into the nucleus to mediate genomic effects159. Overall, these 

results suggest that the cGR participates in nongenomic signaling of GCs prior to 

proceeding with genomic mechanisms. 

 Finally, the last hypothesis for what the 'mGR' might be is not an actual receptor. 

It has been suggested that GCs can intercalate into the plasma membrane and alter its 

physicochemical properties. In detail, due to GCs' hydrophobic structure and properties, 

they embed themselves between the phospholipid bilayer and affect the membrane 

fluidity, which in turn alters the functions of membrane-associated proteins109,367,368. 

Signaling from alterations in membrane fluidity has been previously reported regarding 

changes in membrane cholesterol levels373,374. Dindia et al. reported that treating trout 

liver cells with cortisol increased membrane fluidity, but not when treating them with 

estradiol or testosterone, suggesting a GC-specific effect, rather than steroid-specific 

effects367. These changes in membrane physicochemical properties were associated 

with activation of downstream signaling mediators: PKA, PKC, and AKT in response to 

cortisol-induced increased membrane fluidity367. These studies have helped us to 

appreciate the complexity of glucocorticoid action and extended the traditional view of 
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cytosolic GRs only. Of note, these is still a gap in our knowledge of how mGRs may 

regulate metabolism. Taking together the knowledge gained from the studies that 

corroborate these three hypotheses, our present data does not support the second 

hypothesis where the cGR is involved with mediating the nongenomic signaling. This is 

because we see an effect with BSA-DEX in the presence of Hsp90 inhibition (an 

important chaperone for the cGR). As for the first and third hypotheses, our data does 

not necessarily disprove either as of right now. For future tests, we could co-administer 

a G-protein antagonist alongside BSA-DEX to directly test the first hypothesis of 

whether BSA-DEX signals via a GPCR. 

 When we administered BSA-DEX into the NTS alongside an inhibitor of Hsp90, 

the effects of BSA-DEX to stimulate hyperlipidemia persisted, implying that mGRs work 

through a Hsp90-independent mechanism. To the best of our knowledge, this was the 

first study that looked at Hsp90 requirement for BSA-DEX effects. In line with our 

results, two other studies that investigated nongenomic GC signaling also reported that 

Hsp90 was not required161,163. To illustrate, in vitro analyses showed that 

dexamethasone treatment rapidly increased the phosphorylation of Akt, and this effect 

remained after Hsp90 inhibition161. In brief, there is now both in vivo and in vitro data 

that suggest mGRs do not require Hsp90.  

 One of our interesting findings was that GR shRNA injected into the NTS (which 

we confirmed was able to knockdown GRs and negate DEX effects) could not reverse 

NTS BSA-DEX's ability to trigger VLDL-TG secretion. This data implies that the genetic 

origin of the mGR may differ from that of the cGR. In contrast to our data, a previous 

report showed that various GR shRNA sequences targeting different exons was able to 

knockdown the levels on mGRs in HEK 293T cells as determined with an anti-GR 

antibody via flow cytometry with liposome-based immunofluorescence amplification263. 

This study concluded that cGRs and mGRs originate from the same gene and that 

posttranslational modifications allow the cGR to interact with the plasma membrane263. 

Furthermore, work which report the presence of mGRs on plasma membranes all use 

general anti-GR antibodies160,263,335,375, and all these studies conclude that there is high 

sequence homology between the mGR and cGR, supporting that both receptors come 
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from the same gene. In addition, no reports have indicated that the GR protein 

sequence contains a transmembrane domain to allow the GR to insert in the plasma 

membrane160,263. This suggests that the mGR could be the cGR interacting with the 

membrane directly (potentially via posttranslational palmitoylation). Overall, the genetic 

background and protein identity of the mGR remains unresolved and further 

investigation is warranted. 
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Chapter 7: General Discussion 
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7.1   Synopsis 

 Glucocorticoids are known to regulate metabolism via their direct actions on GRs 

in peripheral tissues (e.g. liver, adipose)189–191, but they can also modulate peripheral 

metabolism through central hypothalamic mechanisms237,238,240. The NTS in the 

hindbrain has emerged as another brain region that can also regulate 

metabolism209,223,250,253, but there remains a gap in literature as to whether GCs can 

regulate metabolism via the NTS. In the present thesis, we investigated the importance 

of GC signaling in the hindbrain of SD rats to regulate hepatic VLDL-TG secretion. 

Specifically, we tested two different types of GRs in the NTS, the cGR and mGR, and 

their roles in lipid metabolism. Our results revealed novel mechanisms in which central 

GC action can modulate hepatic VLDL-TG, and overall plasma TGs (Figure 7.1). 

 

 

Figure 7.1: Summary of Thesis Results. A) NTS DEX stimulates hepatic VLDL-TG 

secretion via NTS cGRs and increased sympathetic outflow. Adipose tissue lipolysis is 

also likely increased due to greater pHSL levels and elevated plasma FFAs. B) BSA-

DEX infused into the NTS interacts with NTS mGRs to trigger a PKC and MAPK-

dependent pathway in the NTS to stimulate VLDL secretion from the liver. While hepatic 

expression of SREBP1 and PPAR was reduced with NTS BSA-DEX treatment, ATGL 

levels were increased in the adipose tissue likely contributing to the greater plasma 

FFAs also observed in these animals. 
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7.2   Future Directions for Aim 1 

7.2.1   Further confirmation for the requirement for the sympathetic nervous 

system for NTS GC hyperlipidemic effects. 

 Despite the finding that pharmacological inhibition of the SNS negated the 

lipostimulatory effects of NTS GC action, additional investigation is needed to delineate 

the peripheral mechanism for the changes in VLDL-TG secretion, which would require 

knowing whether the liver or WAT or both, require sympathetic innervation to mediate 

the effects of NTS GCs. Our data suggests there is enhanced sympathetic tone in the 

WAT to stimulate lipolysis as i.v. administration of SNSi reversed the NTS GC-induced 

increase in pHSL and plasma FFAs. Measuring local norepinephrine (NE) levels in WAT 

tissue would support this hypothesis, as differences in local NE is indicative of changes 

to sympathetic innervation225,376. Other studies investigated the role of GCs in the ARC 

to reduce liver insulin sensitivity highlighted the requirement for the hepatic sympathetic 

branch243. Similarly, ICV NPY's effects to stimulate VLDL-TG secretion were also 

elicited by direct sympathetic innervation to the liver225. It is therefore possible that SNS 

innervation to the liver may also play a role in our study, and future studies will analyze 

whether severing the hepatic sympathetic branch alters NTS GC lipostimulatory effects.  

7.2.2   Test whether NTS GCs contribute to triglyceride hypersecretion in high fat 

diet animals. 

 So far, we have only tested how GCs acting in the NTS regulate VLDL-TG 

secretion in regular chow-fed animals. The next steps are to investigate if NTS GCs 

contribute to hepatic TG release in a pre-obese model. A 3-day HFD has previously 

been reported to induce mild hyperglycemia and insulinemia, as well as 

hypertriglyceridemia and elevated VLDL-TG, without inducing 

obesity209,214,238,240,253,254,256. A 3-day HFD also significantly increases plasma CORT in 

rats238. Recall that excessive GC action is associated with obesity and 

diabetes110,114,118. Interestingly, previous work that investigated the effects of MBH GCs 

on VLDL-TG secretion revealed that 3-day HFD-fed rats had increased plasma TG and 

hepatic VLDL-TG release, but chronic GR knockdown in the MBH negated this effect240. 

It was also found that a 3-day HFD induced hepatic insulin resistance, although MIF 

application to the MBH or MBH GR knockdown reversed this238. Thus, future 
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investigation on the effects of NTS GCs to modulate lipid metabolism under a 3-day 

HFD are warranted. 

 

7.3   Limitations of Aim 1 

7.3.1   VLDL-TG may not be the only source for the increase in plasma TG. 

 Our results revealed that acute NTS GCs increase plasma TG under a 10-hour 

fast. Though majority of these plasma TGs are VLDL-TGs, a part of them may be 

chylomicron (CM)-TGs. CMs are generally released during the absorptive state, 

however it has been reported that delayed CMs can also be secreted under fasting 

conditions as well377,378. In fact, one study showed that acute elevation of plasma FFAs 

can trigger CM secretion under fasting conditons378. Recall we found that 

dexamethasone treatment in the NTS increases circulating FFAs, thus it is possible that 

CMs may contribute to the increase in plasma TG. To mitigate this limitation, we could 

perform the same in vivo TG secretion experiments in the fed state to assess whether 

NTS GCs alter CM production and secretion.  

7.3.2   Lack of confirmation of FFA fluxes to the liver. 

 As described above, NTS GC's hyperlipidemic effects are possibly related to 

changes in circulating FFAs. The level of FFAs in the plasma represents the net effect of 

FFA release (via lipolysis) and uptake by peripheral tissues. Given that we found an 

upregulation of phosphorylated-HSL levels in WAT, and elevated plasma FFAs, we 

concluded that FFA release was increased. However, we hypothesize that these FFAs 

are also being taken up by the liver to be used for VLDL packaging. Although we do not 

have confirmation that FFA fluxes to the liver are altered with NTS GC action, we are 

planning on measuring acyl-CoA levels in liver tissue to shed light on this. Another 

important thing to consider with the measuring of acyl-CoAs is if uptake is increased, 

that does not necessarily mean that these acyl-CoAs are being used up to TG synthesis 

and overall VLDL production. It is possible that those acyl-CoAs are being shuttled to 

different biochemical pathways within the hepatocyte such as -oxidation. Therefore, it 

would be also beneficial to measure plasma ketones as well to rule that possibility out, 
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since ketone levels in the plasma are proportional to the rate of mitochondrial -

oxidation379. 

7.3.3   Hsp90 inhibition. 

 To pharmacologically block the actions of Hsp90 in vivo, we used 17-AAG, which 

is a less toxic derivative of geldanamycin380. 17-AAG antagonizes Hsp90 by 

competitively binding to its ATP-binding site and inducing a conformational change in 

Hsp90 which results in its ubiquination and degradation by the proteasome381. Despite 

being less toxic than galdanamycin, 17-AAG still possesses cytotoxic and pro-apoptotic 

properties380–382. Since we administer this inhibitor acutely however, and no behavioral 

or metabolic changes are observed with 17-AAG infusion alone, it is unlikely that cell 

death in the NTS is occurring or that 17-AAG toxicity is affecting our measured 

outcomes. Additionally, Hsp90 is one of the most abundant molecular chaperones in 

eukaryotes, and participates in numerous physiological pathways as a result of its 

involvement in protein folding, stability, and transport383. Due to its diverse actions, 

Hsp90 has also been associated with cancer381, neurodegenerative diseases384,385, 

obesity316, and diabetes313. Thus, our Hsp90 inhibition may not have been specific to 

the GRs only, although both pharmacological and shRNA inhibition of Hsp90 blocked 

the effects of NTS DEX. Another limitation is that we are yet to confirm whether our 

Hsp90i worked, besides its effects to block NTS DEX. One test we could do is measure 

Hsp70 or Hsp40 levels in DVC tissue following NTS Hsp90i infusion, where the animals 

receiving the Hsp90i would be expected to have greater Hsp70 and Hsp40 levels 

compared to control. Once Hsp90 is blocked, it unbinds heat shock factor-1 which then 

enables this protein to upregulate the expression of Hsp70 and Hsp40380. Another 

method we employed to block Hsp90 action in the NTS in vivo is through the genetic 

loss-of-function technique using Hsp90 shRNA. Here, we induced a chronic, 2-week 

knockdown of Hsp90 protein in the NTS. Given the length of time which Hsp90 was 

knocked down, feasibly there could have been cell death that occurred in the NTS of 

these animals, however we have not assessed for this. Measuring the plasma levels of 

lactate dehydrogenase, a biomarker for cell death386, can be used to see if cell death 

may be occurring in our Hsp90 shRNA-infused animals. Finally, we were unsuccessful 

at confirming whether the knockdown of Hsp90 indeed occurred. Possibly, this was due 
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to us analyzing the DVC wedge which might have diluted the effect, as our virus 

injections are very localized to the NTS with minimal spread. It is worth mentioning 

though that both pharmacological inhibition and knockdown of Hsp90 negated the NTS 

GC effects to increase VLDL-TG suggesting Hsp90 was indeed blocked, but 

confirmation of decreased Hsp90 specifically in the NTS may be warranted. 

7.3.4   Sex difference. 

 In the present study, our in vivo experiments were exclusively done on male 

Sprague Dawley rats. We cannot rule out the potential involvement of sex hormones in 

the regulation of VLDL-TG secretion. It is known that estrogen, the major sex hormone 

in females, can regulate lipid metabolism387,388. For instance, women have higher rates 

of VLDL-TG secretion with greater clearance of these lipoproteins and estrogen 

signaling in the liver was shown to promote fatty acid oxidation387. Furthermore, 

estrogen acting on its receptor in various brain regions (e.g. hypothalamus and NTS) 

can control metabolism389. When knocking out the estrogen receptors in the brain's 

hypothalamus, female mice were shown to develop obesity and hyperphagia390. Another 

study which investigated the role of estrogen receptors in the NTS in female rats 

revealed these receptors play a role in regulating food intake391. Thus, it is possible that 

the hormonal differences between females and males could impact the metabolic 

effects induced by glucocorticoid signaling in the NTS.  

 

7.4   Future Directions for Aim 2 

7.4.1   Further confirmation for the requirement of PKC and/or MAPK for NTS 

BSA-DEX hyperlipidemic effects. 

 Our in vivo data revealed that NTS BSA-DEX triggers hepatic lipid secretion via 

NTS PKC and MAPK signaling. Future experiments will test the requirements for both of 

these kinases. Studies will include direct stimulation, as well as knockdown of PKC or 

MAPK in the NTS. We will also test whether PKC and MAPK are arranged in a series 

fashion, and if so, which kinase is upstream or downstream of one another. Equally, we 

would like to determine the specific isoform of PKC which leads to the hyperlipidemic 
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effects. The PKC isoform has been extensively shown to be involved in metabolic 

disorders392–396. 

7.4.2   More tests to support the validity of our BSA-DEX and further probe 

whether DEX can activate the membrane glucocorticoid receptor.  

 One way we can show our BSA-DEX compound is not inducing genomic changes 

due to 'free' DEX, is by co-administering a gene transcription inhibitor (e.g. actinomycin 

D) or a protein synthesis inhibitor (e.g. cycloheximide) with BSA-DEX. This would 

theoretically negate any 'free' DEX that may arise from unbinding BSA. In detail, 

assuming that 'free' DEX will cross the membrane and activate cGRs, blocking gene 

transcription or protein synthesis would negate the effects of any 'free' DEX. As 

discussed above, a luciferase reporter assay is another analysis that could be 

performed to see if our BSA-DEX is not entering inside the cells. Finally, our findings 

suggest that DEX cannot interact with mGRs. One other test that could be conducted is 

to administer both DEX and BSA-DEX in the NTS at the same time to see whether that 

can increase VLDL-TG even more than either compound by itself. Although, this would 

only work as long as either compound does not max out VLDL-TG secretion when 

infused alone. 

 

7.5   Limitations for Aim 2 

7.5.1   Insufficient understanding of membrane glucocorticoid receptors. 

 A major limitation in our study is the lack of understanding and knowledge on this 

putative mGR. One reason for this is the contrasting and inconsistent data reported in 

literature, as highlighted throughout this thesis. Another example is with mifepristone, a 

GR antagonist, where some papers report that it can block mGR effects164,168, whereas 

other studies show that it does not150,153,368. Nonetheless, it is generally accepted that 

GRs can signal through nongenomic mechanisms. Although the data we presented in 

this thesis also had inconsistencies with other literature reports, we were able to show 

that mGR signaling in the NTS could contribute to GC-induced dyslipidemia.  

 Along the same line is a lack of proper tools to selectively block just the mGR or 

cGR. This could be achieved once the identity of the mGR is known. Being able to 
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specifically block one or the other could allow us to better study the contributions of that 

receptor to mediate GC actions on lipid metabolism. This could consequently provide 

the groundwork for future investigations into how GC-mediated actions are affected in 

metabolic disease conditions where elevated GCs contribute to dysregulated lipid 

metabolism. 

7.5.2   BSA-DEX compound. 

 Another reason why the studies on the mGR are limited, is because of the lack of 

reliable methods to discriminate between the activation of the mGR and cGR. In this 

study, we use commercially available BSA-DEX, and although this compound was 

found to have a small percentage (4.5%) of 'free' DEX associated with the BSA moiety 

which is believed to be biologically unavailable334, one wonders if traces of DEX 

unbound to BSA may permeate the cell and act on cGRs. In addition to our current 

control groups, another control could be a BSA alone infusate at the same concentration 

of BSA that is administered to our BSA-DEX group. Other in vitro studies have shown 

that BSA administration has no effect, however160,397. Furthermore, parallel in vivo 

studies in our laboratory demonstrate that whereas NTS BSA-DEX infusion induces 

hepatic insulin resistance and inhibits the suppressive actions of insulin on glucose 

production during hyperinsulinemic-euglycemic clamp experiments, NTS BSA 

administration per se at the same concentration as that which is administered into the 

NTS in our BSA-DEX infusions has no effect on whole-body insulin sensitivity or 

glucose metabolism as assessed in hyperinsulinemic-euglycemic clamp experiments 

compared to NTS vehicle administration. Although NTS BSA was observed to have 

vehicle-like effects on glucose metabolism, future studies to confirm this in VLDL-

secretion experiments is warranted, given that compounds within the NTS may 

differentially affect glucose and lipid metabolism. 

7.5.3   No confirmation for kinase or Hsp90 inhibition. 

 We tested the requirement of three kinases in the NTS for the lipostimulatory of 

effects of BSA-DEX. While both PKC and MAPK inhibition showed an effect to block 

BSA-DEX, we have not directly confirmed that our inhibitors specifically inhibited the 

kinase activity of these kinases. Commercially available kits exist to test the activity of 
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these kinases. We also tested the requirement of PKA but found that Rp-CAMPs co-

infusion had no effect, again, we did not assess whether our PKA inhibitor worked. As 

mentioned, our laboratory has previously used the same NTS administration (dose and 

time) of Rp-CAMPs and confirmed its efficacy to block the actions of a different 

hormone253, although we have yet to do so for this project. PKA activity kit assays could 

be used to mitigate this limitation. Similar to Aim 1, Hsp90 inhibition has not been 

confirmed, though measuring the levels of Hsp70 or Hsp40 in the DVC wedges via PCR 

or western blotting may help to provide validation of Hsp90 inhibition. Performing this is 

crucial as our results indicated that Hsp90 blockade did not negate NTS BSA-DEX 

effects. 

 

7.6   Conclusion 

 In summary, we report for the first time that hindbrain GC action triggers hepatic 

lipid secretion mediated via both NTS cGRs or mGRs. Additionally, we demonstrate that 

mGRs require both PKC and MAPK downstream signaling to regulate lipid metabolism 

in the liver. We also provide evidence to suggest that mGRs may arise from a different 

gene than the canonical GR, as well as that these novel receptors work through Hsp90-

indepedent pathways. Given that excessive GC levels and/or actions are linked with 

metabolic diseases, including states of dyslipidemia110,114,115,118, this research sheds 

new information about the potential mechanisms involved. The pathways we elucidated 

in this thesis could potentially provide targets for future therapeutics to look at when 

developing therapies for dyslipidemia. 
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