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Aldosterone is responsible for sodium retention, thus increased blood 

volume and pressure. Excessive production of aldosterone results in high blood 

pressure, as well as renal disease, stroke, and visual loss via its effects on blood 

pressure. 

Although weight gain is associated with increased blood pressure, it 

remains unclear how excess fat deposits increase blood pressure. Indeed, 

overweight and obesity issues are correlated with serious health risks. In addition 

to hypertension, obese patients typically have high lipoprotein levels; moreover, 

some studies have suggested that aldosterone levels are also elevated and 

represent a link between obesity and hypertension. 

Very low density lipoprotein (VLDL) functions to transport triglycerides 

from the liver to peripheral tissues. Previous studies have demonstrated that 

VLDL can stimulate aldosterone production. By analogy with the signaling 

pathways activated by Angll , including the finding that VLDL increases cytosolic 

calcium levels, here we show that both phospholipase C (PLC) and 

phospholipase 0 (PLD) are involved in VLDL-induced aldosterone production. 

The effects of VLDL on steroidogeneses are mediated via an ability of 

these signaling pathways to result in the induction of steroidogenic acute 

regulatory (StAR) protein and aldosterone synthase (CYP11 82) expression, the 

early and late limiting steps in aldosterone biosynthesis, presumably by 
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increasing the phosphorylation (activation) of their regulatory transcription factors, 

such as the cAMP response element binding (CREB) protein family of 

transcription factors. 

INDEX WORDS: Aldosterone, Hypertension, Very low density lipoprotein , VLDL, 

Phospholipase D. 
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Chapter 1: Introduction 

A. Specific Aims 

Aldosterone is a mineralocorticoid that stimulates the kidneys to retain 

sodium and excrete potassium. Agonists such as angiotensin II (Angll) induces 

aldosterone secretion from the cells that synthesize this hormone, adrenal zona 

glomerulosa cells, through the regulation of steroidogenic acute regulatory (StAR) 

protein and aldosterone synthase (CYP11 82) expression, the rate limiting steps 

in acute and chronic aldosterone synthesis, respectively. This regulation is very 

important for the maintenance of the body's fluid volume such that a deficiency 

can lead to hypotension (primarily in infancy). On the other hand, excessive 

production of aldosterone can result in high blood pressure and may be 

responsible for as much as 10% of essential hypertension cases. Overproduction 

of aldosterone not only causes hypertension but contributes to the development 

of cardiac fibrosis and congestive heart failure, leading to high morbidity and 

mortality in patients. In addition, studies have shown that aldosterone may be an 

important link between hypertension and obesity, although how obesity is 

associated with increased aldosterone levels leading to hypertension is unclear. 
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Very low density lipoprotein (VLOL) functions to transport fatty acids and 

triglycerides from the liver to peripheral tissues. Previous studies in my mentor's 

laboratory have shown that VLDL increases CYP11 82 expression and 

aldosterone production in adrenocortical carcinoma cells and primary cultures of 

bovine zona glomerulosa cells. Here, we hypothesize that VLDL activates 

phospholipase C (PLC) and phospholipase 0 (PLD) to mediate, at least in part, 

aldosterone production by inducing the expression of the genes encoding the two 

rate-limiting steps in aldosterone biosynthesis. Thus, our specific aims were to: 

1. Define the mechanisms of VLDL-mediated aldosterone production in 

HAC 15 cells. 

a. To determine whether VLDL activates phospholipase C (PLC) 

and/or downstream signaling (DAG and PKC) to increase 

aldosterone production. 

b. To determine whether VLDL stimulates phospholipase 0 (PLO) 

activity to increase aldosterone production. 

c. To determine whether VLDL-mediated PLC and PLD activation 

increases aldosterone production by regulating the expression of 

aldosterone synthase (CYP11 82) and/or StAR. 

We will use chemical inhibitors to inhibit PLC, PKC, PLD, and CaMK as 

well as PLD isoforms overexpression of inactive to determine if the 

indicated signaling enzymes mediate VLDL-induced aldosterone 

production. 
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2. Define which component of VLDL (protein or lipid part) regulates VLDL

mediated aldosterone production. 

-To determine whether the lipid or protein component (or both) of VLDL 

regulates aldosterone production. 

The working model shown in Figure 1 illustrates signaling pathways known to 

mediate aldosterone production in response to various aldosterone agonists. The 

question marks indicate the experiments we propose to test whether VLDL 

induces aldosterone production by activting these particular signaling pathways. 



Figure 1: Signaling pathways potentially mediating aldosterone production in 

response to VLOL. 

We hypothesize that VLOL can activate phospholipase C (PLC) to increase 

steroidogenic acute regulatory protein (StAR) and aldosterone synthase 

4 

(CYP11 82) levels to induce aldosterone production by generating diacyglycerol 

(OAG) which activates protein kinase C (PKC) as well as releasing inositol1,4,5-

trisphosphate (IP ~ to increase the cytosolic calcium concentration. In addition, 

VLOL can also activate phospholipase 0 (PLO) to increase StAR and 

aldosterone CYP11 82th us stimulating aldosterone production. Abbreviations 

used are: VLOLR (VLDL receptor) ; PLC[J (phospholipase C[J); PL02 

(phospholipase 02); PC (phosphatidylcholine); PA (phosphatidic acid); DAG 

(diacylglycerol); PKD1 (protein kinase 01); CREB (cAMP response element

binding protein family members); StAR (steroidogenic acute regulatory protein); 

ERK112 (extracellular signal-regulated kinase-112); CEH (cholesterol ester 

hydrolase. 12-HETE (12-Hydroxyeicosatetraenoic acid); OAX1 (dosage-sensitive 

sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1); SF1 

(Steroidogenic factor 1) 

Abbreviations only need to be mentioned once in legendary. 
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Adrenal Glomerulosa Cell 
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B. Background 

Aldosterone 

Aldosterone is the major mineralocorticoid hormone produced by the 

adrenal gland and specifically within the outer adrenocortical cells of the zona 

glomerulosa (ZG) layer. The adrenal glands are located above each kidney and 

are divided into two endocrine organs of different origins: the outer adrenal cortex 

and the inner adrenal medulla. The adrenal cortex is derived from mesoderm 

cells while the adrenal medulla arises from neural crest cells. The cortex is 

further divided into three distinct zones: the zona glomerulosa (ZG), the zona 

fasciculata (ZF) and the zona reticularis (ZR). The ZG produces the 

mineralocorticoid, aldosterone, which is responsible for sodium homeostasis. The 

ZF produces the glucocorticoid , cortisol , which regulates glucose metabolism. 

The ZR, at least in humans, produces the adrenal androgens, 

dehydroepiandrosterone (DHEA) and DHEA-sulfate (DHEA-S). On the other 

hand, the medulla is mainly composed of chromaffin cells that produce the 

catecholamines, epinephrine and norepinephrine, which are involved in the fight

or-flight response to stress. 

Aldosterone is responsible for sodium retention (and potassium excretion) 

to increase blood volume and pressure under physiological conditions. Since 

excess aldosterone causes hypertension and can contribute to diseases such as 
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congestive heart failure, kidney disease and stroke [45], the question arises: why 

do humans need to produce aldosterone and retain sodium? A billion years ago 

during the course of evolution, life offered challenges to orgamsms when they 

moved from the sea to fresh (electrolyte-poor) water, and eventually to the land , 

and even to the air. Organisms were faced with the problem of maintaining their 

internal environment, for example, maintaining sodium levels in the body to 

ensure volume regulation; this is the possible reason why aldosterone evolved [1 ], 

coincident with the adoption of terrestrial life. 

Aldosterone binds to the mineralocorticoid receptor (MR) in the cytoplasm 

of target cells to induce the expression of various genes such as the epithelial 

sodium channel (ENaC) [2, 3], the sodium/potassium ATPase [4], the sodium

hydrogen antiporter 1 (NHE) (ref), the serum- and glucocorticoid-induced kinase 

(SGK) [5-7], and neural precursor cell expressed , developmentally down

regulated 4 (Nedd4) [8, 9]. These genes are involved in aldosterone to retain 

sodium and excrete potassium. On the other hand, the production of aldosterone 

is mainly regulated by the renin/angiotensin II (Angll)/aldosterone system (RAAS) 

via binding of Angll to the Angll receptor, type I (AT-1 receptor) . Low blood 

pressure causes decreased renal perfusion, triggering renin release from the 

juxtaglomerular apparatus of the kidney. Renin then cleaves liver-originating 

angiotensinogen to angiotensin I which can be further converted to Angll by 

angrotensin-converting enzyme (ACE) in the lung [1 0, 11 ]. An gil can increase 

sympathetic activity, tubular sodium reabsorption, arteriolar vasoconstriction , 

anti-diuretic hormone (ADH) secretion from the posterior lobe of the pituitary 



gland, and aldosterone production, all of which tend to increase blood pressure. 

The increased blood pressure then negatively feeds back to decrease the 

secretion of renin by the kidney. 
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Excessive production of aldosterone results in high blood pressure and 

may be responsible for as many as 10% of hypertension cases [12]. 

Overproduction of aldosterone also contributes to renal disease, stroke, and 

visual loss via its effects on blood pressure [13]. In addition, aldosterone leads to 

myocardial and coronary inflammation, which exacerbates cardiac fibrosis and 

congestive heart failure [14]. Indeed, previous studies have shown that adding 

mineralocorticoid receptor antagonists within standard treatments can reduce 

morbidity and mortality in congestive heart failure and acute myocardial infarction 

patients, suggesting the potential importance of aldosterone in cardiac 

pathologies [15]. 

Aldosterone can also induce vascular damage by stimulating the 

generation of reactive oxygen species (ROS) and activating pro-inflammatory 

and pro-fibrotic pathways in endothelial cells, leading to chronic vascular 

dysfunction [16]. These signaling events induced by aldosterone can be MR

dependent or MR-independent [17]. Furthermore, some studies suggest that the 

interactions between aldosterone and Angll can enhance inflammation, fibrosis 

and cell proliferation (ref). Because of the profound effects that aldosterone can 

exert on the cardiovascular system, understanding the regulation of its 

biosynthesiS is important, particularly since aldosterone may function 



independently of the MR such that MR antagonists may not completely inhibit all 

of aldosterone's adverse effects. 

Biosynthesis of Aldosterone 
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Aldosterone biosynthesis is performed by four enzymes: cholesterol side

chain cleavage (CYP11A 1 }, type II 3 beta-hydroxysteroid dehydrogenase 

(HSD382}, 21-hydroxylase (CYP21) and aldosterone synthase (CYP11 82). 

CYP11A 1 and CYP11 82 are localized to the inner side of the mitochondrial 

membrane while CYP21 and HSD382 are in the endoplasmic reticulum. The 

three CYP enzymes (CYP11A 1, CYP21 and CYP11 82) belong to the 

cytochrome P450 family, which can accept electrons from NADPH and use 

molecular oxygen to perform hydroxylation or oxidative conversion reactions [45]. 

HSD382 belongs to the short-chain dehydrogenase family and is localized to the 

endoplasmic reticulum. The first reaction in aldosterone biosynthesis is the 

conversion of cholesterol to pregnenolone by CYP11A in the mitochondria. 

However, in order for cholesterol to access this enzyme on the inner 

mitochondrial membrane, the cholesterol must be carried by StAR from the outer 

membrane of the mitochondria to the inner membrane where CYP11A is located 

[18]. This step is the rate-limiting reaction. 

Pregnenolone, on the other hand, is more water-soluble than cholesterol 

and can move by passive diffusion to the endoplasmic reticulum where it is 

converted to progesterone by HSD382. Progesterone is then hydroxylated to 
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deoxycorticosterone by CYP21 and then to aldosterone by three oxidation 

reactions: an 11 beta- and 18-hydroxylation, followed by an 18-oxidation, all of 

which are catalyzed by aldosterone synthase CYP11 82 (in human). The 

expression of CYP11 82 occurs only in the zona glomerulosa, which prevents 

aldosterone production in the other adrenocortical zones [19-22] and is thus 

limiting. Thus, the two most important proteins in the biosynthesis of aldosterone, 

because they are rate-limiting, are steroidogenic acute regulatory (StAR) protein 

and aldosterone synthase (CYP11 82). 

Previous studies have shown that StAR is co-translationally 

phosphorylated in response to cAMP, thus converting StAR to the active form of 

the protein (phospho-StAR) [23]. StAR moves cholesterol from the outer to inner 

mitochondrial membrane, but acts on the outer membrane [24, 25]. However, the 

mechanism by which StAR acts on the outer mitochondrial membrane to 

stimulate the flow of cholesterol to the inner membrane remains unclear. One 

hypothesis is that when StAR interacts with protonated phospholipid head groups 

on the outer mitochondrial membrane, it changes its conformation opening and 

closing its cholesterol-binding pocket; this conformational change is presumably 

requ1red for cholesterol binding and translocation and subsequent steroid 

synthesis [26]. 

Previous studies here suggested that StAR expression in COS-1 cells 

induces cholesterol conversion to pregneneolone by translocating it to the inner 

mitochondrial membrane where the CYP11A1 enzyme is located and catalyzes 

this reaction [27]. StAR mutation leads to a severe form of congenital lipoid 



11 

adrenal hyperplasia, a group of autosomal recessive disorders resulting from 

deficiency of enzymes (especially 21-hydroxylase) but also StAR mutations 

required for the synthesis of steroid hormones in the adrenal gland [28-30]. 

Transcription factors such as cAMP-response element-binding protein (CREB), 

steroidogenic factor 1 (SF-1 ), and adrenal hypoplasia critical region on 

chromosome X gene 1 (DAX-1 or NROB1), may regulate StAR expression by 

acting directly or indirectly on the promoter region [31-36]. On the other hand, the 

transcription factors for CYP11 82 have been demonstrated to include members 

of the activating transcription factor (ATF)/CREB family of transcription factors, 

such as ATF-1 , ATF-2, CREB and cAMP-responsive element modulator (CREM), 

as well as nerve growth factor-induced clone B (NGFIB) also known as NR4A 1 

[37]. 

Mechanisms of Aldosterone Production 

1. Angiotensin II (Angll) 

Angll binding to the AT-1 receptor activates phosphoinositide-specific 

phospholipase C (PLC), which hydrolyzes the membrane phospholipid, 

phosphatidylinositol 4,5-bisphosphate (PIP2) to generate two second 

messengers, inositol 1 ,4,5-trisphosphate (IP 3) and diacylglycerol (DAG) (38, 39]. 

IP3 then releases Ca
2
• from the endoplasmic ret1culum (ER) to transiently 

increase the cytosolic calcium concentration, thereby activating Ca
2
./calmodulin

dependent protein kinase (CaMK) [38, 40, 41]. On the other hand, DAG 
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stimulates protein kinase C (PKC) activity, which has been suggested to sustain 

aldosterone production from bovine adrenal glomerulosa cells [38, 41 ]. Another 

study has shown that PKC can mediate aldosterone production by blocking 

CYP17 gene expression to inhibit this zona fasciculata/reticularis-expressed 

enzyme [42] and shunt steroid hormone synthesis instead along the aldosterone 

synthetic pathway. There are two additional pathways activated by Angll binding 

to the AT-1 receptor (although the mechanisms are not completely defined yet). 

The first is that Angll can also increase calcium influx into glomerulosa cells by 

depolarizing the cell membrane to activate voltage-dependent calcium channels 

that regulate the activity of PKC and CaMK to stimulate steroidogenesis and 

maintain aldosterone production [38-40, 43, 44]. In addition to regulating calcium 

influx via voltage-dependent calcium channels, Angll also increases calcium 

influx by inducing store-operated calcium (SOC) influx and the related calcium 

release-activated calcium (CRAC) entry, or so-called capacitative calcium influx. 

SOC influx is stimulated by the IP3-induced emptying of the intracellular calcium 

store in the ER in response to Angll stimulation ; while CRAC causes the flow of 

extracellular calcium ions through the plasma membrane into the ER where they 

can be released into the cytoplasm in response to the continued IP3 generation 

[45] Mimick1ng the PKC and Ca2
• influx signals with pharmacologic agents can 

induce aldosterone production [43, 46], as well as the protein phosphorylation 

pattern produced by Angll [47], suggesting that the aldosterone secretory 

response to Angll requires both a PKC activation event and a Ca2
• influx 

stimulus. 
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The other signaling system activated by Angll , through a partially defined 

mechanism [48, 49]. is phospholipase D (PLD), which can also increase 

diacylglycerol (indirectly) and presumably activate PKC (40, 49]. Furthermore, 

Angll can regulate sodium retention and membrane potential (since the Na+-K+ 

ATPase is electrogenic) by inhibiting the Na • -K• ATPase through the AT -1 

receptor [50]. A previous study suggested that Angll inhibits the pump by 

activating a tyrosine phosphatase [51]; on the other hand, activation of the pump 

by calcium via CaMKII [52] may provide a negative feedback mechanism during 

Angll stimulation. 

2. Potassium 

Slight elevations in extracellular potassium levels can acutely increase 

aldosterone production via stimulation of calcium influx occurring through 

depolarization of the plasma membrane and activation of voltage-dependent T

type calcium channels in freshly isolated glomerulosa cells at physiologically 

relevant concentrations. Potassium also can activate voltage-dependent L-type 

calcium channels at higher potassium (6 mM and greater) concentrations in rat 

adrenal glomerulosa cells [53]. Moreover, rising potassium concentrations 

increase cell volume, which can also enhance T-type calcium current [53]. This 

Influx of calc1um IS thought to activate CaMK to induce aldosterone production 

[39]. Furthermore, it has been shown that a moderate elevation in extracellular 

potassium levels can trigger the phosphorylation of MARCKS [54], which is an 

endogenous PKC substrate and serves as a marker for PKC activation when it is 
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phosphorylated [55]. Thus, potassium may also stimulate PKC activity. In terms 

of chron1c effects of potassium on aldosterone production, this agonist can also 

increase CYP11 82 expression by depolarizing the membrane to cause calcium 

influx through T-and L-type channels in mice in vivo model and primary human 

and rat adrenal cells in vitro as well [56, 57]. Indeed, studies have shown that 

elevated serum potassium levels stimulate CYP11 82 expression in both rat and 

human glomerulosa cell models [58-60]. 

3. ACTH 

ACTH can bind to melanocortin 2 receptors (MC2R), which are highly 

expressed in the adrenal cortex, including the zona glomerulosa, to activate 

adenylate cyclase via the heterotrimeric G-protein, Gs. Activated adenylate 

cyclase then produces cAMP to stimulate the activity of the cAMP-dependent 

protein kinase, protein kinase A (PKA). PKA can induce StAR phosphorylation to 

increase cholesterol mobilization and pregnenolone production [61]. Also, 

members of the CREB family, transcription factors that appear to regulate StAR 

expression [62], can be activated by PKA [63]. In addition, ACTH can induce a 

PKA-independent pathway involving cAMP-elicited activation of a guanine 

nucleotide exchange protein, exchange protein activated by cAMP (Epac), to 

induce aldosterone production [64]. Finally, ACTH has been reported to induce 

aldosterone secretion by a mechamsm involving CaMK but independent of either 

PKA or Epac [65] 

4. Other aldosterone regulators: 
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Many other factors have also been reported to stimulate aldosterone 

production in glomerulosa cells. Of potential importance to this research 

examining the link between obesity and aldosterone levels, several studies have 

demonstrated that adipose tissue can secrete an aldosterone-releasing factor 

(ARF) to increase aldosterone levels in an obese population [66-68]. In addition, 

some lipids and fatty acids such as 12-hydroxyeicosatetraenoic acid (12-HETE), 

sphingosine-1-phosphate (S 1 P) and epoxy-keto derivative of linoleic acid 

(EKODE), have been suggested to induce aldosterone production in humans (69-

72]. 

Adrenal Steroidogenesis and Hypertension 

Hypertension is a common disease and a chronic medical condition for 

which there are about 50 million people with the diagnosis in the United States, 

and an additional 30% of individuals with hypertension are undiagnosed [73, 74]. 

Hypertension is classified as primary or secondary depending on the origin of the 

disease. Primary hypertension, which presumably results from dysfunction of the 

vessels, represents about 90-95% of hypertension cases [75], while secondary 

hypertension results from the dysfunction of other organs such as the kidney or 

adrenal gland [76-78]. Long- term hypertension causes heart attacks, heart 

fa1lure, arterial aneurysms, and strokes, all of which can lead to death [79]. 

People w1th severe high blood pressure (BP>180/120 mmHg) have an increased 

risk for a shortened life span, and moderate elevation of arterial pressure can 
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also decrease life expectancy. Prehypertension is defined as blood pressure 

within the range of 120/80 mmHg to 140/90 mmHg, and the prevalence of 

prehypertension is about 31% among adults in the United States [80-85]. 

Although there are many studies of hypertension, the mechanisms underlying 

this disorder are not fully understood. Interestingly, hypertension can be caused 

by dysfunction of the adrenal cortex, especially with primary aldosteronism (PA), 

which is suggested to cause 1 0% of hypertension cases (65% as a result of 

idiopathic adrenal hyperplasia or IHA and 35% arising from aldosterone

producing adenoma or APA) [77, 85, 86]. 

Another adrenal-related disease, Cushing's disease or syndrome, which is 

caused by high levels of glucocorticoid in the blood, can also lead to 

hypertension. Cushing's disease/syndrome is caused by tumors that produce 

cortisol or ACTH, resulting in increased serum levels of adrenal gland-produced 

cortisol. Patients with Cushing's syndrome develop obesity, moon face, buffalo 

hump, hirsutism, sweating, anxiety, and hypertension [87-89]. A Cushing's like 

syndrome can also be triggered by high doses of drugs with glucocorticoid action. 

In addition to PA and Cushing's disease or syndrome, glucocorticoid

remediable aldosteronism (GRA) can also cause hypertension. GRA results in 

elevated aldosterone levels by a mechanism involving DNA exchange between 

the CYP1182 and CYP1181 promoters such that the CYP1181 promoter 

regulates CYP11 82 gene expression. This results in increased CYP11 82 gene 

expression in response to ACTH in the zona fasciculata [90, 91]. In addition, 

mutation of the gene encoding 11 beta-hydroxysteroid dehydrogenase type 2 will 
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prevent cortisol from being metabolized to inactive cortisone, and the cortisol will 

then bind to mineralocorticoid receptors, leading to aldosterone-like effects and 

resulting in hypertension [92-94]. 

Many medications used to treat hypertension antagonize some aspect of 

the renin-Angll-aldosterone pathway. For example, angiotensin-converting 

enzyme (ACE) inhibitors, antagonists of aldosterone action (amiloride and 

triamterene), angiotensin receptor blockers (ARBs), and mineralocorticoid 

receptor blockers (spironolactone and eplerenone) interfere with the secretion or 

action of aldosterone. Although these medications are important for treating 

various cardiovascular conditions, these therapies can have serious side effects, 

and their control of blood pressure is often sub-optimal. Thus, it is necessary to 

1dent1fy additional selective agents for the treatment of hypertension. 

Obesity and Hypertension 

More and more people have issues with overweight and obesity, which 

have reached epidemic proportions. The World Health Organization (WHO) 

reports that there are currently 1 billion overweight adults and 300 million of 

these are obese, the trend is similar In the United States. Obesity is correlated 

w1th serious health risks including type II diabetes, hypertension, vascular 

d1sease, stroke and cancer. Obese people with metabolic syndrome (MSX) 

usually have salt-sensitive hypertension and about one third of them have 

increased aldosterone levels in the plasma [95]. In addition, obese individuals 
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typically have dyslipidemia characterized by increased circulating plasma 

triglycerides, VLDL and low-density lipoprotein (LDL), while high-density 

lipoprotein (HDL) levels are decreased [96]. This atherogenic dyslipidemia is an 

important contributor to the deleterious effects and to the accompanying high risk 

of hypertension and cardiovascular disease. Although weight gain is associated 

with increased blood pressure, it remains unclear how excess fat deposits 

increase blood pressure. Activation of the sympathetic nervous system and/or 

the RAAS has been proposed as a possible mechanism. In addition, over

secretion of adipocytokines and physical compression of the kidneys, especially 

with increased visceral adiposity, may also be involved. Previous studies have 

suggested that aldosterone may be the link between obesity and hypertension 

[97-99]. Aldosterone is well known for its influence on blood pressure, and long

term exposure to aldosterone will cause target-organ damage [1 00]. However, 

the increased aldosterone levels often observed in obese individuals may not 

solely be caused by an activated RAAS, since aldosterone levels in these 

patients are higher than what would be predicted by the serum renin 

concentrations. Thus, aldosterone/renin ratios are increased in obese patients 

[1 01 , 1 02]. This association is more obvious in obese patients receiving a high

salt diet, in whtch renin activity is further suppressed [1 03] These observations 

ratse the possibility that in obese patients there is an alternative aldosterone 

regulatory system m addition to the conventional agonists Angll , ACTH and 

potassium. 
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Previous studies have indicated that triglyceride levels are positively 

correlated with serum aldosterone levels in subjects with both normal and 

metabolic syndrome (MSX) [1 04, 1 05]. Visceral fat is also suggested to increase 

aldosterone production [66, 67, 95, 106]. Also, some fatty acids can directly 

increase aldosterone production from the adrenal gland [99]. Furthermore, it is 

becoming clear that the adipocyte is not just an inert organ for energy storage but 

can also secrete factors that interact with each other to increase blood pressure. 

Adiponectin secreted by adipose tissues is likely to regulate adrenocortical 

function [68]. In addition, adipose tissue can secrete a variety of adipokines, such 

as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), complement-C1q TNF

related protein 1 (CTRP1) and fatty acids. These adipokines are suggested to be 

the aldosterone-releasing factor (ARF) that stimulates aldosterone production 

from the adrenal gland [107, 108]. 

Lipoprotein and Very Low Density Lipoprotein (VLDL) 

Lipoproteins are macromolecules that are composed of protein and lipid. 

The mam function of lipoproteins is to transport lipids and cholesterol throughout 

the body. The outside part of lipoproteins is composed of phospholipids, 

cholesterol and apo-proteins, which possess hydrophilic groups; and the inside 

port1on of these particles is formed of triglyceride (TG) fats and cholesterol esters. 

There are five major groups of lipoproteins, which are divided by their densities 

and are listed in order of increasing density: 1) chylomicrons, which are TG-rich 
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(virtually 100%) and with the primary apolipoproteins apolipoprotein 8-48 (apoB-

48) and apolipoprotein E (apoE). Chylomicrons are produced in the gut and carry 

triglyceride from the intestine to the adipose tissue, liver and skeletal muscle; 2) 

very low density lipoproteins (VLDL), which are TG-rich (90%) with limited 

cholesterol (10%) and apoB-48 and apoE as the primary apolipoproteins. VLDL 

particles are produced by the liver and carry triglyceride from the liver to the 

adipose tissue; 3) intermediate-density lipoproteins (IDL), which are about 50% 

TG and 50% cholesterol with the primary apolipoproteins apoB-48 and apoE. IDL 

are formed following the degradation of VLDL and can carry cholesterol from the 

liver throughout the body; IDL is the intermediate between VLDL and LDL and 

persists in circulation for only a very short t1me and is usually not detectable in 

the blood; 4) low-density lipoproteins (LDL), which are cholesterol-rich (90%) with 

limited TG (10%) and apoB-100 as the primary apolipoprotein; LDL are the end

product of VLDL catabolism as well as the most abundant lipoprotein in the 

serum with the longest circulating half-life. LDL also carries cholesterol from the 

liver to other tissues of the body; and 5) high-density lipoproteins (HDL), which 

are the most dense and smallest lipoprotein. The cholesterol composition of HDL 

varies with the increasing size of its subclasses, following progressive cholesterol 

uptake (reverse cholesterol transport) . The primary apolipoprotein of HDL is 

apoA-1 but these lipoprotein particles can have other apolipoproteins; HDL 

collects cholesterol from the peripheral tissues of the body and returns it to the 

liver. 
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The transformation of lipoproteins is regulated by lipases. When lipases 

hydrolyze the lipids contained in the lipoproteins the particles lose lipid, and 

change their composition and density. As lipid is removed from these lipoproteins, 

progressively smaller lipoprotein particles are produced. This "delipidation" also 

causes an increasing density of the resulting fractions. Lipoprotein lipase (LPL) 

is the major lipase (triglyceridase) that hydrolyzes TG and is commonly 

expressed in the vascular endothelial cells of muscle and adipocyte 

tissues. Hepatic lipase (HL) hydrolyzes both TGs (triglyceridase) 

and phospholipids (phospholipase). Endothelial lipase (EL) is primarily a 

phospholipase that hydrolyzes HDL-associated phospholipids, remodeling HDL 

into smaller HDL particles. 

The two major lipoproteins involved in lipid transport to the periphery are 

chylomicrons from the intestinal tract and VLDL from the liver. After their 

formation (secretion}, both chylomicrons and VLDL exhibit a specific 1:1 ratio 

with a specific apoprotein, apoB. These lipoproteins may also be formed with 

other attached apolipoproteins or subsequently acquire additional apolipoproteins, 

which are commonly transferred from HDL. These apoproteins include apoA-1 , 

apoA-11 , apoA-V, apoC-1, apoC-11, apoC-111, apoD, apoE, apo(a) and cholesteryl 

ester transfer protein (CETP). All of these attached apoproteins can affect 

metabolic function by up-regulating or down-regulating the hpolysrs of VLDL and 

chylomicrons. 

Lrpoprotern metabolism and lipid transport are involved in two major 

functions: (1) providing TG as an energy substrate (for ATP production) to 
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adipose and muscle tissue or for energy storage, and (2) transporting cholesterol 

for cellular membrane and steroid hormone synthesis. These lipoproteins can 

also help to clear the body of non-essential fats from the circulatory system 

through HDL metabolism. 

LDL and HDL are both involved in aldosterone biosynthesis [18, 1 09]. LDL 

is suggested to provide the bulk of cholesterol to the glomerulosa cells, and HDL 

may also be an important source of cholesterol for aldosterone biosynthesis [11 0], 

depending on the species. Also, studies have shown that HDL and LDL have 

equivalent effects in terms of enhancing Angll-induced aldosterone production in 

bovine adrenal glomerulosa and human adrenocortical carcinoma cells [111]. 

LDL binds to the LDL receptor (LDLR), with the LDULDLR complex internalized 

by endocytosis ([112] to enter the zona glomerulosa cell. LDLR levels can be 

regulated by the cAMP signaling system but not by Angll [111]. In addition, 

scavenger receptor class B type 1 (SRB1), required for uptake of cholesterol 

from HDL, is also expressed in adrenal glomerulosa cells, and its levels can be 

increased by An gil stimulation [111] 

In the current study we focused on VLDL, which is synthesized by the liver 

and is responsible for transporting fatty acid and triglyceride to peripheral tissues. 

When nascent VLDL enters the circulation, it picks up apoC-11 and apoE proteins 

from HDL and then converts into its mature form. Once VLDL circulates through 

the body, the triglyceride is removed by lipoprotein lipase for storage or energy 

production. VLDL generally contains more sphingomyelin phospholipid but less 

phosphatidylcholine (lecithin) than other lipoproteins [113-115]. Also, previous 
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studies show that VLDL has more oleic acid in the cholesterol ester fraction [114). 

These data suggest that the unique phospholipids and cholesterol esters carried 

by VLDL may have specific functions other than lipid transport. Indeed, previous 

studies have shown that VLDL can regulate signaling cascades in several tissue 

types, such as inhibiting Src-dependent assembly of fibronectin and type I 

collagen in smooth muscles [116]. VLDL also activates mitogen-activated protein 

kinase and Akt signaling pathways via a G protein-coupled receptor to stimulate 

the proliferation of PC-3 prostate cancer cells. This effect was suggested to be 

mediated by a G protein-coupled receptor (GPCR) since the effects of remnant 

lipoprotein could be blocked by the G, inhibitor, pertussis toxin, wh1le a PKC 

inhibitor did not have an effect [117, 118). VLDL and remnant lipoprotein have 

been shown to activate the coagulation pathway and support prothrombinase 

complex assembly. VLDL up-regulates the expression of the plasminogen 

activator inhibitor-1 gene and plasminogen activator inhibitor-1 antigen in 

macrophage cells [119]. VLDL and other lipoproteins are suggested to prime the 

inflammatory response by increasing sensitivity to cytokine stimulation [120]. In 

addition, VLDL has been proposed to stimulate ERK1/2 activity in a PKC

dependent manner leading to increased VLDL receptor expression in RAW 264.7 

macrophage cells [118, 121). 

A recent study has shown that VLDL induces aldosterone production in 

pnmary bovine adrenal zona glomerulosa cells and H295R human adrenocortical 

carcinoma cells. In the H295R cells, VLDL can stimulate aldosterone production 

by increasing CYP11 82 expression through a calcium signaling pathway via T-
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or L- type channels, since inhibition of these channels with nifedipine can 

completely block the effects of lipoprotein. VLDL can further increase the levels 

of a transcription factor regulating CYP11 82, Nurr1 , which binds to the promoter 

of CYP11 82 and initiates transcription. Moreover, VLDL can stimulate 

steroidogenic acute regulatory (StAR) protein expression [122]. Although Xing et 

al. suggested that VLDL stimulates aldosterone production through a calcium 

signaling pathway in which calcium influx through T- or L- type channels 

activates CaMK to increase StAR and CYP11 82 levels, similar to the mechanism 

by which potassium regulates aldosterone production. There is another 

possibility that VLDL, like Angll , may activate phospholipase C (PLC) to increase 

IP31evels that trigger calcium release from endoplasm reticulum (ER). 

Furthermore, another study incubating adrenocortical cells of diabetic subjects in 

vitro with modified lipoprotein (glycoxidized VLDL) and pharmacological inhibitors 

indicated that VLDL promotes prediabetic hormonal dysregulation by modulating 

adrenocortical steroidogenesis via Jak-2-ERK dependent pathway [123, 124]. 

Both glycoxidized, oxidized, and native VLDL can induce aldosterone production 

by recruiting PKA, ERK1/2 and Jak2 in H295R cells [125]. These pathways are 

similar to the pathways utilized by Angll to induce aldosterone production 

(reviewed in [45]), suggesting the possibility that VLDL might stimulate 

aldosterone production by inducing the tissue renin-angiotensin system to 

increase paracrine Angll production. Taking these studies together, we 

hypothesized that VLDL can stimulate PLC activity to generate IP3 and trigger 

calcium release from the ER as well as the parallel downstream DAG signaling 
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pathway to increase StAR and/or CYP11 82 expression, thus stimulating 

aldosterone production. Importantly, in rats fed a high fat diet serum triglyceride 

levels (a surrogate for VLDL levels) correlate with adrenal gland CYP11 82 

expression [122], suggesting that VLDL may also stimulate aldosterone 

production in vivo. 

Phospholipase D 

Angll not only activates phosphoinositide-specific phospholipase C (PLC) 

but also phospholipase D (PLD) [49], which has two well-characterized isoforms, 

PLD1 and PLD2. PLD hydrolyzes phosphatidylcholine to yield phosphatidic acid 

(phosphorylated diacylglycerol}, which can then be converted to diacylglycerol 

(DAG) by lipid phosphate phosphatases and lipins. Phosphatidic acid is a second 

messenger and may function as a slow-release reservoir of diacylglycerol (DAG) 

for sustained cellular responses. Phosphatidic acid can also be deacylated by 

phospholipase A2 to produce lysophosphatidic acid (LPA), a lipid message that 

activates G protein-coupled LPA receptors. The released fatty acid can also be 

metabolized to additional lipid signals, particularly if this fatty acid IS arachidonic 

acid , which serves as a precursor for the production of lipid messengers, such as 

12-hydroxyeicosatetraenoic acid (12-HETE) and eicosanoids. These arachidonic 

acid metabolites have been reported to stimulate aldosterone production [126]. 

My mentor 1nit1ally found that treatment of glomerulosa cells w1th exogenous PLD 

alone or in comb1nat1on with the Ca2• channel agonist, BAY K8644, can induce a 
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sustained increase in aldosterone secretion without an increase in 

phosphoinositide hydrolysis, suggesting that PLD activity is sufficient to stimulate 

aldosterone secretion [40]. Previous studies from our laboratory have shown that 

PLD mediates lipid signal generation is important in Angll-elicited 

steroidogenesis using the primary alcohol 1-butanol, which diverts production 

away from phosphatidic acid and diacylglycerol [127] and instead forms 

phosphatidylbutanol (versus the control tert-butanol, which does not affect PLD

generated lipid signals). This previous study found that 1-butanol inhibits the 

Angll-induced mcrease in diacylglycerol and phosphatidic acid levels [128], as 

well as Angll-elicited aldosterone secretion in bovine adrenal glomerulosa cells 

[128] and H295R human adrenocortical carcinoma cells [129], whereas tert

butanol does not [129]. Furthermore, our laboratory showed that PLD plays an 

important role in Angll-induced aldosterone production such that PLD2 can 

enhance acute aldosterone production upon stimulation with Angll in bovine 

adrenal glomerulosa cells [130]. Also, PLD can mediate Angll-induced 

aldosterone production and CYP11 82 expression in the human adrenocortical 

cell line (HAC15) as well as Angll-mduced protein kinase 0 activity in HAC15 and 

primary bovine adrenal glomerulosa cell models [130). Smce studies have shown 

that PLD signaling is important to Angll-induced aldosterone production , we also 

hypothesize that, like Angll , VLDL may also induce aldosterone production via a 

PLD signaling pathway. 
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Chapter 2: Specific Methods 

Cell Culture 

We used the human adrenocortical cell line (HAC 15), which is a clone of the 

H295R cell line developed by Dr. Rainey's laboratory [122]. Briefly, HAC15 cells 

were supposedly isolated from a adrenocortical carcinoma surgically removed 

from a 11- month old female patient with hypertension and hirsutism. After 

isolation the carcinoma tissue was digested to release cells which were then 

frozen. The frozen aliquots were later suspended and plated at cloning density. 

After 3 weeks the clones were isolated for characterization. Subsequent 

characterization of the HAC 15 cells, however, revealed that they were derived 

from H295R cells, which had originally been isolated from an adrenocortical 

carcinoma removed from a 48-year-old female and deposited in the American 

Type Culture Collection (ATCC). Whether the original cells became contaminated 

w1th H295R cells or an H295R frozen aliquot was originally accidently selected 

for thawing is unclear. Nevertheless, although H295R cells have been widely 

used to study steroid hormone production and can produce all the adrenocortical 

steroids (mineralocorticoids, glucocortico1ds, and adrenal androgens), HAC15 

cells seem to have a better aldosterone secretory response to agonists such as 

Angll [49]. 
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HAC15 cells were cultured in DMEM/F12 with 10% Cosmic calf serum, 

1% penicillin/streptomycin (life Technologies) and 0.1% gentamicin (Invitrogen). 

Cells were plated in 6-well or 12-well plates in the density of 400,000 cells per 

well and incubated at 3rC in a 5% C02 incubator for 2 days. Cells were then re

fed with low-serum experimental medium (0.1% Cosmic calf serum) for 24 hours 

before experimentation. p82-Luc cells are HAC15 cells stably expressing a 

reporter construct in which a CYP11 82 promoter drives the expression of a 

secreted luciferase. These cells were cultured in the same manner as HAC 15 

cells. Cells were plated in 24-well plates and incubated at 3]0C in a 5% C02 

incubator for 2 days. Cells were then re-fed with low-serum experimental medium 

(0.1% Cosmic calf serum) for 24 hours before experimentation. 

For inhibitor studies, cells were pre-incubated with inhibitors for 30 

minutes before VLDL (Kalen Biomedical, LLC) or Angll (Sigma-Aldrich) 

stimulation. For the VLDL treatment, unless otherwise specified , we used a 

concentration of 100 J.Jg/ml, which 1s within the physiological range of VLDL 

concentrations observed in human plasma. 

Bovine adrenal glomerulosa cells were isolated from the adrenal glands of 

near-term fetal calves, which were provided by a local meat-packing plant. Zona 
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glomerulosa-enriched tissue slices were dissected from the adrenal glands. Cells 

were released from collagenase-digested slices using mechanical agitation, 

collected by centrifugation and cultured with 300,000 cells per well in a 

DMEM/F12 medium containing 10% horse serum (v/v), 2% fetal bovine serum 

(v/v), ascorbate (1 00 ~M) , a-tocopherol (1 .2 ~M) , Na2Se03 (0.05 ~M) , butyrate 

hydroxyanisole (50 ~M), metyrapone (5 ~M), penicillin (1 00 U/ml), streptomycin 

(1 00 ~g/ml) , and amphotericin-8 (0.25 IJg/mL). After replacing the serum

containing medium with serum-free medium (with the serum substituted for by 

0.2% bovine serum albumin (BSA)], the cells were incubated overnight [131). 

After th1s time the cells were pre-treated with PLD inhibitors for 30 minutes before 

a 2-hour VLDL stimulation. 

MTT Assay 

Because we used several inhibitors in this study, we wanted to confirm 

that the inhibitors were not toxic to the HAC 15 cells. We used the MTT assay to 

rule out cytotoxicity since MTT is converted to formazan by the action of 

mitochondrial reductase, which is only active in healthy cells [132]. Therefore, 

with the MTT assay we not only can check the cells' viability but also their health 

status. Cells were plated in 96 wells microplates for 48 hours followed by 

pretreatment with or without inhibitors for 30 minutes and stimulation with or 

without Angll for an additional 24 hours. After the treatment, cells were subjected 

to a Vybrant MTT assay kit (Molecular Probes) according to the protocol of the 



manufacturer. Absorbance was then read at 540 nm using a BMG FLUOstar 

Omega Reader (BMG Labtech, Ortenberg, Germany). 

Aldosterone Production 
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After cells were treated for 24 hours with VLDL or Angll (plus or minus 

inhibitors), the supernatants were collected and assayed with a solid-phase 

radioimmunoassay kit (Siemens Products, Los Angeles, CA) as per the supplier's 

directions. Briefly, aldosterone standards or supernatants and 1251-labeled 

aldosterone were added into the supplied tubes coated with anti-aldosterone 

antibodies and allowed to incubate for 18 hours. The liquid was then decanted 

from the tubes and the radioactivity remaining counted using a Gamma counter 

(Gamma C-12, DPC) to determine the aldosterone levels in comparison to the 

standard curve. 

Luciferase Assay 

For the luciferase assay, pB2-Luc cells were treated for 18 hours with 

VLDL or Angll (plus or minus inhibitors), and the supernatants were collected for 

assay of the gaussia luciferase using the substrate coelenterazine (Gold 

Biotechnology, St. Louis, MO). CYP11 B2 expression was determined by 

measuring luminescence values with a BMG FLUOstar Omega Reader (BMG 

Labtech, Ortenberg, Germany). 

Production of Virus 



Adenovirus particles expressing the PLD1 and PLD2 lipase-inactive 

mutants were infected into HEK293 cells. After reaching 90% confluence the 

cells were harvested and broken with three freeze-thaw cycles (freezing with 

liquid nitrogen followed by warming to 3rC) and the virus particles purified by 

cesium chloride ultracentrifugation and subsequent dialysis with storage buffer 
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[1 0% glycerol, 10 mM Tris base, 0.9% NaCI (pH 8.1 )] every hour for three times. 

Purified viral titers were determined by measurement at 00260. Cells at 90% 

confluence were then infected with the adenoviral constructs at multiplicities of 

infection (MOl) of 40 in serum-free medium. After 5 hours of incubation at 3rC, 

the cells were refed with fresh serum free medium for a 20-hour recovery. PLD1 

and PLD2 lipase-dead mutant overexpression was verified by western blotting as 

shown in the appropriate figures. 

RNA Extraction. eDNA Synthesis, and Real-Time and Semi-Quantitative RT-PCR 

RNA was extracted from treated cells with an RNeasy kit (Qiagen, 

Valencia, CA) according to the protocol of the manufacturer. Cells were 

harvested using lysis buffer for 5 minutes and the lysate transferred to 

purification columns, which were centrifuged at 14,000 rpm for 1 minute. The 

purification columns were washed with "solution 1" of the kit and centrifuged at 

14,000 rpm for 1 minute, before addition of DNAse solution to the purification 

column and incubation at room temperature for 15 minutes. After incubation the 

purification columns were washed with DNAse washing solution and centrifuged 

for 2 minutes, and this procedure was repeated two t1mes Again, the purification 
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columns were washed with "solution 2" and centrifuged two times; then the 

elution solution was added to the purification columns to elute RNA. The RNA 

concentration was determined using a Nanodrop instrument (NanoDrop 

Technologies, Wilmington, DE). Total RNA was reverse transcribed with a high

capacity eDNA archive kit (Applied Biosystems, Foster City, CA) following the 

manufacturer's protocols. Briefly, 1000 ng RNA were incubated with "iScript 

reverse transcription supermix" constituted with the appropriate amount of water 

and then incubated in a thermal cycler for a cycle of 5 minutes at 25 oc for 

priming, 30 minutes at 42 oc for reverse transcription and 5 minutes at 85 oc for 

RT inactivation. Primers for the amplification of target sequences were designed 

using Primer Express 3.0 (Applied Biosystems), and PCR amplifications were 

performed using the ABI Step One Fast Real-Time PCR System (Applied 

Btosystems) following the reaction parameters recommended by the 

manufacturer, using a 20 J.JI total volume consisting of Fast Reagent Master Mix 

(Applied Biosystems) and the primers/probes mix. Cyclophilin (PPIA; Applied 

Biosystems) was used as an endogenous normalization control gene, and water 

instead of eDNA served as the negative control The relative gene expression 

was calculated by the ddCt method and the resultant values normalized to a 

calibrator. In every experiment the calibrator was the control (untreated) sample. 

Final results were expressed as folds difference in gene expression relative to 

PPIA and calibrator. For semi-quantitative RT-PCR, PCR amplifications were 

performed using eDNA and CREB primers (Forward 

TGAAAACCAACAAA TGACAGTICA/Reverse GCTGTGTAGGAAGTGCTGAAG). 



Western analysis 

Human adrenocortical carcinoma cells (HAC15) were pre-incubated 

with/without inhibitors for 30 minutes prior to stimulation with VLDL or Angll for 
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30 minutes, 3 hours, or 6 hours. The cells were harvested with warm lysis buffer 

[0.1875M Tris-HCI (pH 8.5), 3% SDS, 1.5 mM EGTA]. Sample buffer was 

constituted by adding 3X loading buffer consisting of 15% mercaptoethanol (v:v), 

30% glycerol (v:v) and 0.1% bromophenol blue (v:v). Volumes with equal protein 

amounts were subjected to SDS-PAGE and then transferred to lmmobilon-FL 

membrane. After blocking with LI-COR blocking buffer (at a 1:1 dilution with PBS) 

for 1 hour, the membranes were incubated with appropriate antibodies (1: 100,00 

anti-actin, 1 500 anti-C REM, 1:500 anti-CREB, 1:500 anti-pCREB, 1:10,000 anti

StAR, 1:1,000 anti-ERK, 1:1,000 anti-pERK) overnight at 4°C, followed by the 

appropriate secondary antibody (goat-anti mouse or goat-anti rabbit, 1:3,000, LI 

COR) for 45 minutes. Signal development and quantitation were performed using 

an Odyssey imaging system (LI-COR, Biosciences, Lincoln, NE). Since H295R 

cells, from which the HAC15 are derived, are reported to lack CREB [133], we 

also used CREM antibodies to determine whether the CREB and pCREB 

anttbodies also recognized CREM and pCREM tn the HAC15 cells. As shown in 

Figure 2A, we found that, like the H295R cells from which they are derived, the 

HAC15 do not appear to express CREB. The immunoreactive band in HAC15 

cells recognized by both the anti-pCREB and anti-CREB antibodies appears to 

be pCREM and CREM, respectively (Figure 28). 
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PLD activity assay 

PLD activation was measured as an increase in radiolabeled 

phosphatidylethanol (PEt) levels as described in a previous article [39]. Briefly, 

HAC15 cells were radiolabeled in growth medium containing 5 1JCilml [3H]oleic 

acid for 20 hours. The prelabeled cells were then equilibrated for 30 minutes in 

low-serum medium before pre-incubation with the PLD inhibitor fluoro-2-indolyl 

des-chlorohalopemide (FIPI). After a 30-minute pre-incubation with FIPI , the cells 

were stimulated with 10 nM Angll or 100 IJg/ml VLDL with/without FIPI for 30 

minutes in the presence of 0.5% ethanol. Reactions were terminated by adding 

0.2% SDS containing 5 mM EDTA, and then phospholipids were extracted into 

chloroform/methanol containing acetic acid (1 :2:0.04 vol/vol/vol). After drying the 

chloroform extract under nitrogen gas, the samples were resuspended in 50 IJI 

chloroform/methanol (2:1 vol:vol) containing 2.5 IJI PEt and 2.5 IJI PA (10 mg/ml) 

per sample and spotted onto heat-activated silica gel 60 thin-layer 

chromatography plates (0.25 mm thickness aluminum-backed with concentrating 

zone). Phospholipids were separated using a mobile phase consisting of the 

upper phase of a solvent system of ethyl acetate/isooctane/acetic acid/water 

(13 2 3 10 vol/vol/vol/vol) and visualized with autoradiography using En3Hance 

(PerkinEimer, Waltham, MA). Spots corresponding to phosphatidic acid and PEt, 

1dent1fied by comigration with authentic standards VIsualized with iodine vapor, 

were cut, placed in liquid scintillation fluid and counted. 
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Measurement of DAG levels 

HAC 15 cells were prelabeled in low-serum medium containing 5 J.JCilml 

[
3H]oleic acid for 20 hours. The prelabeled cells were then equilibrated for 30 

minutes in low-serum medium before pre-incubation with or without the PLC 

inhibitor U73122. After this 30-minute pre-incubation with U73122, the cells were 

stimulated with 100 J.Jg/ml VLDL with/without inhibitor for 30 minutes. Reactions 

were terminated by adding 0.2% SDS and then phospholipids were extracted into 

chloroform/methanol containing acetic acid (1 :2:0.04 vol/vol/vol). After drying the 

chloroform extract under nitrogen gas, the samples were resuspended in 

chloroform/methanol (2: 1 vol:vol) and spotted onto heat-activated silica gel 60 

thin-layer chromatography plates as above. Lip1ds were separated using a mobile 

phase consisting of benzene/ethyl acetate (7:3 vol/vol) and visualized with 

autoradiography using En3Hance (PerkmEimer, Waltham, MA). Spots 

corresponding to 1,2-DAG, identified by comigration with authentic standards 

visualized with iodine vapor, were cut, placed in liquid scintillation fluid and 

counted . 

Statistical Analysis 

All experiments were repeated at least 3 times, and w1thin each 

experiment, conditions were performed at least in duplicate. Statistically 

significant differences were determined by ANOVA using the computer program 

Prism (Graph Pad Software, San Diego, CA) with a Newman-Keuls post-hoc test. 



Figure 2: VLDL induces the phosphorylation/activation of CREM, not CREB, in 

HAC15 cells. 
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HAC15 cells were incubated in low-serum medium for 20 to 24 hours and then 

were treated with 100 J)glmL VLDL for 30 minutes and were harvested for RT

PCR and western analysis. (A) RT-PCR showed that HAC15 cells do not express 

CREB, as compared to the positive control MCF7 cells. (B) Western blotting 

showed that bovine zona glomerulosa cells (BAG) express CREB while HAC15 

cells express CREM. The pCREB antibody not only recognizes CREB (43 kDa) 

but also CREM (37 kDa) due to their close homology with one another. Results 

are representative of 3 separate experiments. 
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Chapter 3: VLDL Activates Phospholipase D to Underlie Aldosterone 

Production in Response to the Lipoprotein 
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Previous studies [122, 124, 125] have demonstrated that VLDL can 

stimulate aldosterone production; however, the mechanisms underlying this 

effect are largely unclear. Here we show for the first time that phospholipase D 

(PLD) is involved in VLDL-induced aldosterone production in both a human 

adrenocortical cell line (HAC15) and primary cultures of bovine zona glomerulosa 

cells. Our study also reveals that PLD mediates steroidogenic acute regulatory 

(StAR) protein and aldosterone synthase (CYP11 82) expression, likely via 

increasing the phosphorylation (activation) of their regulatory transcription factors 

such as members of the cAMP response element binding protein. Finally, by 

using selective PLD inhibitors following an experiment to rule out possible 

cytotoxicity to the cells using an MTT assay as indicated in Fig 3, and mutant 

lipase-inactive PLD1 and PLD2 adenovirus, our studies suggest that both PLD1 

and PLD2 isoforms play an important role in VLDL-induced aldosterone 

production. 



VLDL does not act through the Angll receptor, type 1 (AT-1 receptors) to 

stimulate CYP11B2 mRNA expression and aldosterone production in 

HAC15 cells 
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Aldosterone production is mainly regulated by Angll via Angll type 1 (AT-1) 

receptors. To examine whether VLDL also act through AT1 receptors to induce 

aldosterone production, HAC 15 cells were pretreated with the inhibitor of AT -1 

receptors, candesartan (CV, 10 nM) for 30 min, then stimulated with either Angll 

(1 0 nM) or VLDL (1 00 j.Jg/ml) for 24 h in low-serum medium. Cell lysates were 

collected for qRT-PCR and the supernatants were collected for aldosterone 

assay As a positive control , candesartan was able to block Angll-induced 

aldosterone production (Fig 4A) and CYP11 82 expression (Fig. 4C). However, 

candesartan did not inhibit VLDL-induced aldosterone production (Fig 48) and 

CYP11 82 mRNA expression (Fig 4C), indicating that VLDL does not act through 

the AT-1 receptor to induce aldosterone secretion. 
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Figure 3: An MTT assay suggests that none of the inhibitors used in this study 

exhibited non-specific cytotoxicity to HAC15 cells. 

Cells were pre-treated with inhibitors for 30 minutes and then treated with or 

without 10 nM Ang/1 for 24 hours in the presence or absence of the inhibitors. 

Results represent the means ± SEM of data from 3 independent experiments. No 

values were significantly different from the control value. 
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Figure 4: VLDL does not act through the Ang/1 receptor, type 1 (A T-1 receptor) to 

stimulate CYP11 82 mRNA expression and aldosterone production in HAC15 

cells. 

HAC15 cells were pretreated for 30 min with or without 10 J.iM candesartan (or 

the DMSO vehicle) prior to incubation in the presence or absence of 10 nM Ang/1 

or 100 J.JglmL VLDL for 24 h. Aldosterone levels (A, B) in the supernatant were 

measured using a radioimmunoassay. CYP11 82 expression (C) was measured 

using qRT-PCR. Results represent the means ± SEM of 3 separate experiments. 

Statistical analyses were performed using one way ANOVA followed by a 

Newman-Keuls post-hoc test; *p<O.OS, **p<0.01, ***p<0.001 versus the control, 

tp<O.OS, tttp<0.001 versus Ang/1 alone. 
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The PLD inhibitor FIPI attenuates VLDL-induced CYP11B2 mRNA 

expression and aldosterone production in HAC15 cells 

43 

To determine whether PLD activity underlies VLDL-induced 

steroidogenesis, we first examined whether VLDL induces PLD activity by 

treating eH]oleate-prelabeled cells with or without 1 00 IJg/mL VLDL in the 

presence of 0.5% ethanol for 30 min and monitoring the levels of 

[
3H]phosphatidylethanol, a marker of PLD activity. As expected the positive 

control Angll induced an approximate 70% increase in PLD activity (Fig 5). After 

30 min of stimulation with 100 IJg/mL VLDL, PLD activity was also increased in 

approximately 40% (Fig 5). To determine whether PLD is involved in VLDL

induced aldosterone production, we first used a pan-PLD inhibitor. The novel 

PLD inhibitor, fluoro-2-indolyl des-chloro-halopemide (FIPI), has been reported to 

significantly block PLD activity in HAC 15 cells at a dose of 750 nM [62]. Using 

this dose for a 30 minute pretreatment and incubating with VLDL for 24 h, we 

showed that FIPI significantly inhibits VLDL-induced CYP11 82 mRNA expression 

(Fig 6A) and aldosterone production (Fig 68). With a luciferase reporter assay 

using the CYP11 82-luciferase cells, similar results were also obtained and 

demonstrated that FIPI inhibits VLDL-induced CYP11B2 promoter activity (Fig 

6C) at a concentration of 150 IJg/mL VLDL (18 h treatment). 



The PLD1-selective inhibitor CAY10593 and the PLD2-selective inhibitor 

CAY10594 inhibit VLDL-induced CYP11B2 mRNA expression and 

aldosterone production in HAC15 cells 

44 

To investigate which PLD isoform, PLD1 or PLD2, mediates VLDL

induced aldosterone production, we used the PLD1 - and PLD2-selective 

inhibitors, CA Y1 0593 and CAY1 0594, respectively. A previous study [134] has 

shown that at a dose of 0.3 IJM CAY10593 and 1 IJM CAY10594, both inhibitors 

significantly and selectively block their respective PLD isoform whi le exhibiting 

little cross reaction to inhibit the other isoform in intact cells. When used at these 

concentrations both CAY1 0593 and CAY1 0594 inhibited VLDL-induced 

CYP11 82 mRNA expression (Fig 7 A) and aldosterone production (Fig 78). 

Lipase-dead PLD1 and PLD2 mutants inhibit VLDL-induced CYP11B2 

mRNA expression and aldosterone production in HAC15 cells 

Lipase-dead PLD1 and PLD2 mutant adenoviruses were used to confirm 

the role of PLD in VLDL-induced aldosterone production. After infecting the cells 

with lipase-dead PLD1 or PLD2 mutant adenovirus for 5 h and recovery in fresh 

serum-free medium overnight, cells were then treated with VLDL for 24 h. As 

shown 1n Fig 8A, both PLD mutants were successfully overexpressed. In the PLD 

mutant-overexpressing cells, aldosterone levels (Fig 88, 80) and CYP11 82 
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mRNA expression (Fig 8C, 8E) were decreased compared with the cells infected 

with vector-expressing adenovirus. 
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Figure 5: VLDL increases PLD activity in HAC15 cells. 

[
3H]Oieate-prelabeled HAC15 cells were treated with 10 nM Ang/1 (as a positive 

control) or 100 pglmL VLDL for 1 h. Gel/lipids were extracted using chloroform-

methanol and analyzed by thin-layer chromatography. Results represent the 

means± SEM of 3 separate experiments. **p<0.01 , ***p<0.001 versus the 

control. 
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Figure 6: FIPI inhibits VLDL-induced aldosterone production and Ang/1- and 

VLDL elicited CYP11 82 expression in HAC15 cells. 

HAC15 cells were pretreated for 30 min with or without 750 nM FIPI (or the 

OMSO vehicle) prior to incubation in the presence or absence of 100 JlglmL 

VLDL for 24 h. Aldosterone levels (A) in the supernatant were measured using a 

radioimmunoassay. CYP11 82 expression (B) was measured using qRT-PCR. (C) 

p82-Luc cells were pretreated for 30 min with or without 750 nM FIPI (or the 

OMSO vehicle) prior to incubation in the presence or absence 10 nM Ang/1 or 

150 JlglmL VLDL for 18 h. The luciferase activity was then measured as 

described in Materials and Methods. Results represent the means ± SEM of 3 

separate experiments. Statistical analyses were performed using one way 

ANOVA followed by a Newman-Keuls post-hoc test; *p<0.05, ***p<0.001 versus 

the control, tp<0.05, ttp<0.05 versus Angll or VLDL alone. 
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Figure 7: The PL01 inhibitor CAY10593 and the PLD2 inhibitor CAY10594 inhibit 

VLDL-induced aldosterone production and CYP11 82 expression in HAC15 cells. 

HAC15 cells were pretreated for 30 min with or without 0.3 JiM CAY10593 or 1 

JiM CAY10594 (or the DMSO vehicle) prior to incubation in the presence or 

absence of 100 J.JglmL VLDL for 24 h. Aldosterone levels (A) in the supernatant 

were measured using a radioimmunoassay. CYP11 82 expression (B) was 

measured using qRT-PCR. Results represent the means ± SEM of 3 separate 

experiments. Statistical analyses were performed using one way ANOVA 

followed by a Newman-Keuls post-hoc test; **p<0.01, ***p<0.001 versus the 

control, fp<0.05 versus VLDL alone. 
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Figure 8: Overexpression of a lipase-dead PLD1 (PLD1-U) or PLD2 (PLD2-L/) 

mutant inhibits VLDL-induced aldosterone production and CYP1182 expression. 

HAC15 cells were infected with GFP or lipase-dead (LD) PLD1 or PLD2 mutants-

expressing adenoviruses for 5 h and the medium then replaced with serum free 

medium for an overnight recovery. Cells were treated with or without 100 J..lglmL 

VLDL for 24 hand haNested. PLD1 and PLD2 protein levels were measured by 

western blotting (panel A). Aldosterone levels (panels 8 and D) in the 

supernatant were measured using a radioimmunoassay. CYP11 82 expression 

(panels C and E) was measured using qRT-PCR. Results represent the means ± 

SEM of 3 separate experiments performed in duplicate. Statistical analyses were 

performed using one way ANOVA followed by a Newman-Keuls post-hoc 

test, **p<0.01, ***p<0.001 versus the GFP vector, tp<0.05, ttp<0.01 versus 

VLDL alone 
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PLD act ivity underlies VLDL-induced steroidogenic acute regulatory 

protein expression and transcription factor phosphorylation (activation). 

In a previous study [122] it was shown that VLDL increases the levels of 

steroidogenic acute regulatory protein (StAR), which regulates the early rate

limiting reaction of steroidogenesis and is involved in transporting cholesterol 
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from the outer to the inner mitochondrial membrane during aldosterone synthesis. 

Here we further explored the effect of PLD on VLDL-induced StAR levels as well 

as the activity of the CRE8 transcription factor family, which regulates StAR 

expression [135]. After treatment with the PLD1 inhibitor CAY10593 or the PLD2 

inhibitor CAY1 0594 for 30 min, cells were treated with VLDL for either 30 min 

(Fig 9A) or 3 h (Fig 98), StAR protein levels and the phosphorylation (activation) 

of the transcription factor CREM were significantly decreased with the inhibitors. 

Similar results were also shown in cells expressing the lipase-dead PLD1 (Fig 

1 OA, 1 OC) and PLD2 mutants (Fig 108, 1 00), indicating that PLD is involved in 

VLDL-induced StAR protein expression and CREM phosphorylation (activation). 
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Figure 9: The isoform-selective PLD inhibitors inhibit VLDL-stimulated StAR 

protein levels and the phosphorylation (activation) of the transcription factor 

CREM. 

HAC15 cells were pretreated for 30 min with or without 0.3 JJM PLD1 inhibitor 

CAY10593 or 1 JJM PLD2 inhibitor CAY10594 (or the DMSO vehicle) prior to 

incubation in the presence or absence of 100 j.JglmL VLDL for 30 min for 

examining phospho-CREM (A) and 3 h for StAR protein levels (B). 

Representative western blots are shown; western analysis of multiple 

experiments were quantified , normalized to the loading control (total CREM for 

panel A and actin for panel B) and cumulative results expressed as means ± 

SEM from 3 separate experiments performed in duplicate. Statistical analyses 

were performed using one way ANOVA followed by a Newman-Keuls post-hoc 

test; ***p<0.001 versus the control, ttp<0.001 , tttp<0.001 versus VLDL alone. 
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Figure 10: Overexpression of the lipase-dead PLD 1 and PLD2 mutants inhibits 

VLDL-stimulated StAR protein levels and the phosphorylation (activation) of 

CREM. 

HAC15 cells were infected with GFP or lipase-dead PLD1 or PLD2 mutant-

expressing adenoviruses for 5 h and then changed to serum free medium for 

overnight recovery. The next day cells were treated with or without 100 J.lg/mL 

VLDL for 30 min (phosphor-CREM) (panel A) or 3 h (StAR) (panel B) and were 

haNested for western analysis. Representative western blots are shown; western 

analysis of multiple experiments were quantified, normalized to the loading 

control (total CREM for panel A and actin for panel B) and cumulative results 

expressed as means ± SEM from 3 separate experiments performed in duplicate. 

Statistical analyses were performed using one way ANOVA followed by a 

Newman-Keuls post-hoc test; *p<0.05 versus control, ***p<0.001 versus the 

control, tp<0.05, ttp<0.01 versus VLDL alone. 
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PLD1 and PLD2 inhibitors inhibit VLDL-induced aldosterone production in 

primary bovine glomerulosa cells 

We further used primary cultures of bovine zona glomerulosa cells to 

examine whether PLD also mediates the aldosterone secretory response to 

VLDL in these cells. We first determined whether VLDL activates PLD in bovine 

zona glomerulosa cells by treating [3H]oleate-prelabeled cells with or without 100 

IJg/mL VLDL in the presence of 0.5% ethanol for 30 min and monitoring the 

levels of [3H]phosphatidylethanol, a marker of PLD activity. We found that VLDL 

increased radiolabeled phosphatidylethanollevels from a basal value of 1.0 ± 0.1 

to 1.3 ± 0.1-fold over control (means± SO of 6 samples from 3 separate 

experiments; p<0.05 versus control) (data not shown). We then examined the 

effect of PLD inhibition on VLDL-induced aldosterone secretion from these cells. 

After incubating in serum-free medium for 20-24 h, bovine zona glomerulosa 

cells were pretreated with the PLD1 inhibitor CAY10593 or the PLD2 inhibitor 

CAY10594 for 30 min and then treated with VLDL for 2 h. As expected, both of 

the PLD inhibitors significantly inhibited VLDL-induced aldosterone production in 

the primary cultures of bovine zona glomerulosa cells (Fig 11) as we observed 

inHAC15 cells. 

In summary, then, in two glomerulosa cell models, both PLD1 and PLD2 

isoforms appear to mediate VLDL-induced aldosterone production by inducing 

CYP11 82 and StAR expression. This effect 1s likely the result of an ability of 
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these enzymes to mediate the phosphorylation and activation of the CREB family 

member, CREM, which is known to stimulate StAR and CYP11 82 expression. 
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Figure 11: The PLD1 inhibitor CA Y1 0593 and the PLD2 inhibitor CA Y1 0594 

inhibit VLDL-induced aldosterone production in bovine zona glomerulosa cells. 

Bovine zona glomerulosa cells were pretreated for 30 min with or without 0.3 JiM 

CAY10593 or 1 JiM CAY10594 (or the DMSO vehicle) prior to incubation in the 

presence or absence of 100 JlglmL VLDL for 2 h. Aldosterone levels in the 

supernatant were measured using a radioimmunoassay. Results represent the 

means ± SEM of 3 separate experiments. Statistical analyses were performed 

using one way ANOVA followed by a Newman-Keuls post-hoc test; **p<0.01 

versus the control, tp<0.05 versus VLDL alone. 



Chapter 4: VLDL Activates Phospholipase C to Increase Diacylglycerol 

Levels, and This PLC/Protein Kinase C Pathway Mediates, in Part, VLDL

induced Aldosterone Production 

62 

A previous study [122] has shown that VLDL can increase intracellular 

calcium levels, suggesting the possibility that, like Angll , VLDL might induce 

phosphoinositide hydrolysis. Indeed, here we demonstrate that in human 

adrenocortical carcinoma (HAC15) cells at lower (sub-maxmal) doses Angll and 

VLDL stimulate aldosterone production in an additive fashion, suggesting 

possible overlapping signal transduction mechanisms. In addition, we use PLC 

and PKC inhibitors (after ruling out potential cytotoxicity effects to cells by an 

MTI assay) to show that VLDL-induced aldosterone production is mediated by 

the phospholipase C (PLC)/protein kinase C (PKC) signaling pathway. Previous 

studies have suggested [136] that VLDL can increase the activity of extracellular 

signal-regulated kinase (ERK) to induce aldosterone production, and our results 

show that PLC and PKC may be the upstream signals mediating this ERK 

activation 



VLDL and Angiotensin II acted in an additive manner to induce CYP11 82 

expression and aldosterone production 

Both VLDL and angiotensin II can induce aldosterone production in 
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HAC 15 cells. Here we want to determine whether the two agonists can act 

together to induce greater steroidogenesis. We treated HAC 15 cells with different 

doses of Angll (0, 0.1, 1 and 10 nM) and with/without VLDL (0, 30 and 100 IJg/ml) 

for 24 hours in low-serum medium and then harvested cells for qRT-PCR and 

collected the medium for aldosterone assay. Our data showed that at lower 

concentrations, VLDL and Angll act in an additive fashion to stimulate CYP11 82 

expression and aldosterone production (Fig 13A and 138). This result suggested 

that VLDL and Angll induce aldosterone via similar pathways. 
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Ftgure 12: An MTT assay showed that the PLC and PKC inhibitors used were not 

toxic to HAC15 cells. 

Cells were pre-treated with inhibitors for 30 minutes and then treated with or 

without 10 nM Ang/1 in the presence or absence of the inhibitors for 24 hours. 

Results represent the means ± SEM of data from 3 independent experiments. No 

values were significantly different from the control. 
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Figure 13: VLDL and angiotensin II acted in an additive manner to induce

CYP11B2 expression and aldosterone production.

HAC15 cells were treated with VLDL (30 or 100 g/mL) and/or Angll (0.1, 1 or 10

nM) for 24 hours. CYP11B2 expression (A) was measured using GRT-PCR.

Aldosterone levels (B) in the supernatant were measured using a

radioimmunoassay. Results represent the means + SEM of 3 separate

experiments. Statistical analyses were performed using one-way ANOVA

followed by a Newman-Keuls post-hoc test; *p<0.05, versus the control, tp<0.05

versus Angll alone.
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The PLC inhibitor U73122 inhibited VLDL-induced CYP11B2 mRNA 

expression and aldosterone production in HAC15 cells 

To determine whether PLC is involved in VLDL-induced aldosterone 

production, fi rst we used the PLC inhibitor U73122. After pretreatment and 

incubation with or without VLDL in the presence or absence of U73122 for 24 

hours, we showed that U73122 significantly inhibited VLDL-induced CYP1182 

mRNA expression (Fig. 14A) and aldosterone production (Fig. 148). 
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VLDL induced an increase in radiolabeled DAG levels and the PLC inhibitor 

U73122 prevented this increase in HAC15 cells 

It is known that Angll binds to the Angll receptor, type 1 (AT-1 receptor) 

and activates PLC. PLC then increases the levels of DAG, which promotes PKC 

association with the cell membrane and its activation [130]. Here we showed that 

after 30 minutes stimulation of HAC 15 cells by VLDL, an increase in radiolabeled 

OAG levels was observed and was inhibited by the PLC inhibitor U73122 (Fig. 

15). This result suggests that VLDL induced aldosterone production by regulating 

PLC and OAG signaling. 
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Figure 14: A PLC inhibitor inhibited VLDL-induced aldosterone production and 

CYP11 82 expression. 

HAC15 cells were pretreated for 30 minutes with or without the PLC inhibitor 

U73122 (1 0 JJM) or the DMSO vehicle, prior to incubation in the presence or 

absence of 100 Jlglml VLDL or 10 nM Angll for 24 hours. (A) CYP1182 

expression (3A) was measured with qRT-PCR. (B) Aldosterone levels in the 

supernatant were measured using a radioimmunoassay. Results represent the 

means ± SEM of 3 separate experiments; *p<O. 05, ***p<O. 001 versus the control, 

tp<0.05 versus Angll alone, ttp<0.01 versus VLDL alone. 
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Figure 15: The PLC inhibitor U73122 inhibited VLDL-increased DAG levels in 

HAC15 cells. 

[3H] oleic acid-prelabeled HAC15 cells were pre-treated with or without 10 J.1M 

U73122 for 30 minutes and then treated with or without 100 J.Jg/ml VLDL. Cell 

lipids were extracted with chloroform-methanol and analyzed by thin-layer 

chromatography. Results represent the means ± SEM of data from 3 

independent experiments. *p<O. 05 versus the control, tp<O. 05 versus VLDL 

alone. 
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The PKC inhibitors Ro31-8220 and Go6983 inhibited VLDL-induced 

CYP1182 mRNA expression and aldosterone production in HAC15 cells 
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Next, we used two PKC inhibitors, Ro31-8220 and G66983, to determine 

whether PKC, as a downstream mediator of PLC, also regulates VLDL-induced 

aldosterone production. As with the PLC inhibitor, we showed that the two PKC 

inhibitors significantly decreased VLDL-induced CYP11 82 mRNA expression 

(Fig. 16A) and aldosterone production (Fig. 168). 

PKC mediated VLDL-stimulated steroidogenic acute regulatory protein 

levels and transcription factor phosphorylation (activation) 

A previous study [122] suggested that VLDL increases the levels of 

steroidogenic acute regulatory protein (StAR), which is involved in transporting 

cholesterol from the outer to the inner mitochondrial membrane and regulates the 

early rate-limiting reaction during aldosterone synthesis. We further explored the 

role of PKC in this VLDL-induced increase in StAR levels as well as the 

phosphorylation (activation) of the transcription factor CREM, which can regulate 

StAR expression [137]. After pretreatment with the pan PKC inhibitors Ro31-

8220 and classic PKC inhibitor G66983 for 30 minutes, cells were treated with 

VLDL for either 30 minutes (Fig. 17A) or 3 hours (Fig 178); the phosphorylation 

(activation) of the transcription factor CREM and the levels of StAR protein were 

monitored. The PKC inhibitors significantly reduced VLDL stimulated CREM 
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phosphorylation (activation). Similarly, VLDL-induced StAR protein levels were 

also significantly decreased with the inhibitors, indicating that PKC is involved in 

VLDL-induced CREM phosphorylation and StAR protein expression. 



73 

Figure 16: The PKC inhibitors inhibited VLDL-induced aldosterone production 

and CYP11 82 expression. 

HAC15 cells were pretreated for 30 minutes with or without the novel/classic 

PKC inhibitor Ro31-8220 (5 J.JM) or the classical PKC Inhibitor Go6983 (5 J.JM) or 

the DMSO vehicle, prior to incubation in the presence or absence of 100 J.Jg/ml 

VLDL or 10 nM Ang/1 for 24 hours. (A) CYP1182 expression was measured with 

qRT-PCR. (B) Aldosterone levels in the supernatant were measured using a 

radio-immunoassay. Results represent the means ± SEM of 3 separate 

experiments; *p<0.05, ***p<0.001 versus the control, tp<0.05 versus Ang/1 alone, 

ttp<0.01 versus VLDL alone. 
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Figure 17. The PKC inhibitors inhibited VLDL-stimulated phosphorylation 

(activation) of the transcription factor CREM and StAR protein levels. 

HAC15 cells were pretreated for 30 minutes with or without the PKC inhibitors 

Ro31-8220 (5 JJM) or G66983 (5 JJM) or the DMSO vehicle prior to incubation in 

the presence or absence of 100 J.lglmL VLDL for 30 minutes to examine the 

phosphorylation of CREM (A) and 3 hours for monitoring StAR protein levels (B). 

Results represent the means ± SEM of 3 separate experiments. Statistical 

analyses were performed using one way ANOVA followed by a Newman-Keuls 

post-hoc test; **p<0.01, ***p<0.001 versus the control, fp<0.05, 

ttp<0.001, tttp<0.001 versus VLDL alone. 
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PKC inhibitors inhibited VLDL-Induced ERK activation in HAC15 cells. 

A previous study [138] revealed that Angll can recruit and activate ERK1/2 

as a downstream signaling molecule to transmit signals for regulating the 

expression of different genes and activating cholesterol ester hydrolase [139], 

thereby inducing aldosterone production. Also, another study [125] suggested 

that VLDL can induce ERK1/2 activity. Here we pretreated the cells with the PKC 

inhibitors Ro31-8220 and Gd6983 for 30 minutes and then cells were treated with 

VLDL for an additional 30 minutes. Our results showed that treatment with the 

PKC Inhibitors resulted in a significant reduction in VLDL-induced 

phosphorylation (activation) of ERK1/2 (Fig. 18). 

In summary, then, our results indicate that VLDL stimulates aldosterone 

production by inducing the expression of CYP11 82 and increasing levels of StAR. 

These effects appear to be mediated by an ability of VLDL to activate 

phosphoinositide-specific PLC to increase IP3 levels and trigger calcium release 

from the ER to raise intracellular calcium levels, as observed previously [122]. 

PLC-mediated phosphoinositide hydrolysis also generates DAG to activate PKC. 

PKC, m turn, plays a role in regulating CYP11 82 expression and aldosterone 

production, as well as in activating ERK1/2. 
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Figure 18· The PKC inhibitors inhibited VLDL-induced ERK phosphorylation 

(activation) in HAC15 cells. 

HAC15 cells were pre-treated with the PKC inhibitors Ro31-8220 or G66983 for 

30 minutes and then treated with or without VLDL (1 00 JJg/mL) for 1 hour and 

harvested for analysis of ERK phosphorylation. Results represent the means ± 

SEM of data from 3 independent experiments. Statistical analyses were 

performed using one-way ANOVA followed by a Newman-Keuls post-hoc 

test; **p<0.05 versus the control, ttp<0.001 versus VLDL alone. 
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Chapter 5: Discussion and Summary 

Aldosterone contributes to the maintenance of body fluid , thus helping to 

regulate blood pressure, and excessive production of aldosterone causes 

hypertension. On the other hand, VLDL, as a light (low density) lipoprotein with 

h1gh triglyceride content, is usually found at elevated levels in the plasma of 

obese people. Previous studies have shown that VLDL induces aldosterone 

production in several glomerulosa cell models [122, 125], indicating a potential 

link between obesity and hypertension 

Increasing evidence indicates that VLDL can function as a signaling 

molecule and activate various signaling pathways, in addition to its role as a lipid 

shuttling particle. For example, VLDL activates NFKB and ERK2 to increase 

adhesion and lipid droplet formation in human monocytes [140]. It has been 

previously shown that VLDL elicits aldosterone production in multiple 

glomerulosa cell models and that it does so in part by activating various signaling 

pathways [122 , 125]. Thus, studies have shown that VLOL can induce 

aldosterone production through a calc1um signaling pathway [122] or by recruiting 

PKA, ERK1/2 and Jak2 [125]. Other than PKA, these pathways are similar to the 

pathways ut1lized by Angll to induce aldosterone production (reviewed in [45]), 

suggesting the possibility that VLDL m1ght stimulate aldosterone production by 



inducing the tissue renin-angiotensin system to increase paracrine Angll 

production (reviewed in [141]) and/or by activating the AT-1 receptor. 
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To determine whether VLDL induces aldosterone via the AT-1 receptor 

pathway, we used the AT -1 receptor inhibitor candesartan and found that 

candesartan had no effect on VLDL-stimulated aldosterone levels while inhibiting 

Angll-induced aldosterone production. This result indicates that VLDL did not 

exert its aldosterone stimulatory effects through the AT-1 receptor. Although our 

data suggested that unlike Angll , VLDL did act via the AT-1 receptor to increase 

aldosterone production, we found that VLDL and Angll did interact in that they 

Induced aldosterone production in an additive manner. Thus, we observed 

add1t1ve effects ofVLDL and Angll on steroidogenesis upon treatment of HAC15 

cells with different doses of VLDL (0, 30 and 100 ~g/ml) in combination with 

various Angll concentrations (0, 0.1, 1 and 10 nM), suggest1ng that VLDL and 

Angll share similar signaling pathways to mediate aldosterone production . 

Again, a previous study showed that calcium signaling pathways mediate, 

at least in part, VLDL-induced aldosterone production in the H295R glomerulosa 

cell model. Thus, Xing et al. [122] demonstrated that VLDL increases intracellular 

free calcium levels in these cells. However, in th1s study it was not determined 

whether the 1ncrease in cytosolic calcium concentration occurred as a result of 

VLDL-enhanced calcium influx and/or release from an intracellular store, as 

might be 1nduced by activation of the PLC s1gnallng pathway and generation of 

IP3. In the current studies we showed that like Angll , VLDL activated 

phospholipase C (PLC) to increase diacylglycerol and presumably calcium 
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release from ER stores. In addition, the current study shows that also like Angll , 

VLDL also activated phospholipase D (PLD) to induce aldosterone production. 

PLD elicited VLDL-induced aldosterone production in HAC15 adrenocortical cells 

by stimulating CYP11 82 expression, inducing the phosphorylation and activation 

of the CREM transcription factor and increasing StAR protein levels. 

The role of phospholipase D (PLD) in VLDL-induced aldosterone 

production 

Our study showed that, similar to Angll , VLDL act1vated PLD to induce 

aldosterone production. To demonstrate this role of PLD in VLDL-induced 

aldosterone production, we used different inhibitors including the novel PLD 

inhibitor, fluoro-2-indolyl des-chlorohalopemide (FIPI) [142]. which inhibits both 

PLD1 and PLD2 isoforms. The ability of FIPI to inhibit Angll-elicited PLD 

activation in the HAC15 cells was previously demonstrated [62] by monitoring 

Angll-increased radiolabeled phosphatidylethanol (PEt) levels in eH]oleate

prelabeled cells in the presence and absence of 750 nM FIPI (Figure 19A). We 

also used the PLD isoform-selective inhibitors CAY10593 and CAY10594 [134] 

to exam1ne the role of PLD1 and PLD2, respectively, in the response to VLDL. 

Our data showed that all of these PLD inh1b1tors s1gmficantly inhibited VLDL

induced aldosterone production, suggesting that both PLD isoforms may play a 

role 1n VLDL-induced steroidogenesis. Base on a prev1ous report [134], we used 

a concentration of 0.3 IJM for the PLD1 1nh1b1tor CAY10593 and 1 IJM for the 
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PLD2 inhibitor CA Y1 0594. At these doses, these inhibitors exhibit isoform 

selectivity with little cross reactivity with the other PLD isoform, although it is 

poss1ble that CAY1 0593 and CA Y1 0594 are not as isoform-selective as reported. 

Nevertheless, in addition to inhibitors, we used lipase-inactive PLD1 and PLD2 

mutant-expressing adenoviruses to overexpress the PLD1 and PLD2 mutants as 

an alternative approach to confirm the involvement of the two PLD isoforms in 

VLDL-induced aldosterone secretion. Consistent with the inhibitor results, the 

data showed that VLDL-induced aldosterone production and CYP11 82 

expression were decreased in HAC 15 cells overexpressing either of the PLD 

mutants These results demonstrate a role for both PLD 1soforms in VLDL's 

aldosterone stimulatory effect. 

In related experiments, cells were stimulated with (or without) Angll in the 

presence or absence of FIPI and PKD activation monitored by western analysis 

of autophosphorylation of serine910, a marker of PKD activation [143] PKD 

activity has been shown to underlie Angll-induced aldosterone production in 

H295R and primary bovine zona glomerulosa cells [131 , 144]. FIPI was observed 

to significantly (p < 0.05, n = 3) inhibit Angll-elicited PKD activation (Fig. 198 and 

C), ind1cat1ng that PLD underlies PKD activity in response to Angll stimulation. 

Our data in bovine zona glomerulosa cells show that VLDL also increased PKD 

activation, but to a lesser extent than Angll (F1g 20) However, VLDL seemed to 

have only minimal effects to elicit PKD act1vat1on in HAC15 cells (data not 

shown), at least at 30 minutes and 1 h. Thus, although it IS poss1ble that PKD is a 

downstream mediator of PLD activity, further investigation (for example, examing 
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different time points) is required to determine the possible role of PKD in VLDL

induced aldosterone production. 

As in the human adrenocortical cell line (HAC15), we also found that both 

PLD isoforms appear to be involved in VLDL-induced aldosterone production in 

primary bovine adrenal zona glomerulosa cells. Our results showing that PLD2 

underlies VLDL-induced aldosterone production in the HAC15 cells are 

consistent with our previous results in bovine zona glomerulosa cells, in which 

we demonstrated the ability of wild-type PLD2 overexpression to enhance Angll

induced aldosterone production [130] However in this study no effect of 

overexpression of wild-type PLD1 was observed, and so the ability of the PLD1 

inhibitor to reduce VLDL-induced aldosterone secretion from the bovine zona 

glomerulosa cells 1s perhaps unexpected. Furthermore, in th1s previous report 

overexpress1on of the lipase-dead PLD mutant (either isoform) m primary 

cultures of bovme zona glomerulosa cells d1d not affect Angll -

induced aldosterone secretion [130]. This result suggests that in bovine zona 

glomerulosa cells endogenous molecules that regulate the activity of the PLD 

isoforms (e.g., PKC and small GTPases [145]) are not rate limiting, such that 

when the lipase-dead mutants are overexpressed and scavenge these factors , 

suff1c1ent quantities remain to stimulate PLD activity On the other hand, our 

results suggest that in HAC15 cells these factors must be rate-llm1ting such that 

the overexpressed non-productive mutants bind and prevent the regulatory 

molecules from activating endogenous PLDs Consistent with the regulatory 

factors being rate-limiting, overexpress1on of wild-type PLD1 or PLD2 m HAC15 
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cells had no effect on VLDL-induced aldosterone production (data not shown). 

These disparate results could be due to differences in the secretagogue (Angll 

versus VLDL). to species differences or to differences between dedifferentiated, 

transformed cells (HAC15) and normal cells (bovme zona glomerulosa cells). 

PLD not only regulates the late (chronic) rate-limiting reaction by inducing 

CYP11 82 expression but is also involved in increasing steroidogenic acute 

regulatory (StAR) protein, which regulates the early (acute) phase. Our studies 

with PLD inhibitors and the lipase-inactive PLD1 and PLD2 mutants support the 

1dea that PLD regulates VLDL-induced StAR protein levels and the 

phosphorylation/activation of the transcription factor CREM. Since 

phosphorylated CREM binds to the StAR promoter [36, 137], PLD's effect on 

CREM phosphorylation (activation) likely promotes StAR transcription thereby 

resulting in the observed increase in StAR levels. 

The role of phospholipase C (PLC) in VLDL-induced aldosterone 

production 

A previous study has shown that VLDL mcreases intracellular calcium 

levels to med1ate VLDL-induced aldosterone production in H295R cells [122]; 

however, it was not clear whether the change m cytosollc calc1um concentration 

resulted from release from intracellular stores or from entry through calcium 

channels We hypothesized that VLDL can act1vate PLC, like Angll, through 

interacting with its receptor to generate two second messengers. IP3 and DAG. 
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IP 3 releases calcium from an intracellular calcium store to raise the levels of this 

ion and activate CaMK; the other second messenger produced, DAG activates 

PKC. An increased intracellular calcium concentration and activated PKC then 

increase aldosterone production by stimulating the expression of StAR and/or 

CYP11 82, the two rate-limiting steps in aldosterone biosynthesis. We used the 

PLC inhibitor U733122 to inhibit PLC activation in HAC15 cells stimulated with 

VLDL or Angll (as a positive control) . After a 24-hour treatment we measured 

aldosterone levels by solid phase radioimmunoassay and CYP11 82 gene 

expression by qRT-PCR. Our data suggest that VLDL activates PLC, since the 

PLC Inhibitor decreased VLDL-induced aldosterone production and CYP11 82 

mRNA expression without affecting HAC15 cell viability. 

Next, we focused on one of the second messengers generated by the 

PLC signaling pathway, DAG. To measure DAG levels, we treated eHJoleate

prelabeled HAC15 cells with VLDL for 30 minutes, then extracted lipids and 

separated DAG by thin-layer chromatography as described in Methods. Our 

results showed that VLDL significantly increased DAG levels, and this increase 

was inhibited by the PLC inhibitor U73122. We also determined whether PKC, 

which is a downstream effector activated by DAG, was involved in VLDL-induced 

aldosterone production. Our results demonstrated that upon treatment with either 

of the two PKC mh1b1tors, Ro31-8220 (a pan-PKC mh1b1tor) and Go6983 (a 

classical PKC inhibitor), aldosterone production and CYP11 82 expression were 

inh1b1ted, suggesting that PKC is involved m VLDL-induced aldosterone 

production. 
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In addition to the late-rate limiting enzyme aldosterone synthase 

(CYP11 82), we also showed that VLDL increased the levels of the early-rate 

limiting protein StAR. Based on previous studies indicating the involvement of the 

ATF/CREB family of transcription factors in Angll-induced StAR mRNA and 

protein expression [146], we postulated the involvement of one of these factors in 

VLDL-stimulated steroidogenesis. Although HAC15 cells lack CREB protein or 

mRNA expression, the current study suggests that CREM substitutes for CREB 

to regulate StAR protein levels. Furthermore, our findings demonstrated that the 

transcription factor CREM is phosphorylated (activated) in response to activation 

of the PKC signaling pathway, as the two PKC inhibitors inhibited this process. 

These results, together with data in bovine adrenal glomerulosa cells indicating 

that activated CREB can associate w1th the StAR promoter [64], suggest that 

VLDL Increases StAR expression and thus prote1n levels by activating CREM. 

Extracellular signal-regulated kinase-1 and -2 (ERK1/2) is reported to 

activate cholesterol ester hydrolase, also known as hormone-sensitive lipase [64]. 

Previous studies have indicated that ERK1/2, which is activated by both VLDL 

[122] and LDL [136], can regulate aldosterone production . Here we showed that 

the two PKC inhibitors reduced VLDL-induced ERK1/2 phosphorylation 

(activation), suggesting that PKC may control ERK1/2 activity thereby regulating 

aldosterone biosynthesis. On the other hand, we tested the PLD inhibitors FIPI , 

CAY1 0593 and CAY1 0594 as well as the CaMK rnh1b1tor KN93 for their effects 

on ERK1/2 phosphorylation/activation, but none of these agents inhibited VLDL

induced ERK1/2 phosphorylation (data not shown). Taken together with data in 
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the literature obtained in RAW 264.7 cells [116, 117]. our results confirm that 

VLDL can stimulate ERK1/2 activity in a PKC-dependent manner. However, 

controversy remains as to whether ERK1/2 mediates aldosterone production, as 

some investigators have found no effect of ERK pathway inhibitors on agonist

induced steroidogenesis [1 47]. Nevertheless, ERK1/2 has been shown to 

phosphorylate StAR on serine 232 and stimulate its cholesterol-transporting 

activity (reviewed in [148]), suggesting that this signaling pathway likely does 

promote aldosterone production. In conclusion , the present study showed that 

VLDL mduces aldosterone production via PLC-DAG-PKC (and possibly ERK) 

signaling to increase StAR and CYP11 82 expression 

Growth medium also induced aldosterone production but VLDL 

nonetheless amplified the effect 

A concern arose as to whether the pretreatment of the HAC15 cells with a 

low-serum medium would result, due to the low levels of lipoproteins in the 

medium, in up-regulation of cholesterol uptake mechanisms and/or lipoprotein 

receptors, to exaggerate the response upon subsequent exposure to VLDL. Our 

current data show that, like VLDL, growth med1um containing 10% calf serum 

has steroidogenic effects to induce aldosterone production (about 5- to 6-fold 

compared to control) . However, when VLDL was added to the growth medium 

and incubated with HAC15 cells, aldosterone levels were further increased to 

about 13-fold compared to the control value, confirming that even cells that are 



not subjected to low-serum, low-lipoprotein conditions, can be induced to 

produce aldosterone (Fig 21A) and CYP11 82 mRNA expression (Fig 21 B) by 

VLDL. 

The protein portion of VLDL was not required for its aldosterone

stimulating capacity 
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We hypothesized that the lipid component of VLDL regulates aldosterone 

secretion, based on our preliminary studies suggesting that denaturation of the 

protem portion of VLDL with a 1 0-minute pre-incubation at 60°C does not affect 

VLDL's ability to increase CYP1182 expression in H295R cells (data not shown). 

In the current study, we denatured the protein portion of VLDL using three 

freeze-thaw cycles (freezing at -20°C followed by warming to 3rC) (Fig 22) as 

well as proteolyzed the protein portion via incubation with trypsin (Fig 23). The 

VLDL molecules treated under these conditions were then used to determine 

whether they still retained their capacity to stimulate aldosterone production and 

CYP11 82 expression. Our results showed that following denaturation by freeze

thawing, VLDL still induced aldosterone production to a similar extent as 

untreated VLDL (Fig 22). Similarly, incubation With trypsm, which was sufficient to 

cause degradation of the proteins compnsing VLDL, as shown by silver-stained 

SDS-PAGE separation of VLDL protems (Fig 23A) had no effect on the ability of 

VLDL to induce steroidogenesis and CYP11 82 expression (Fig 238 and C). 



These results suggest that the protein portion of VLDL is not required for its 

aldosterone-stimulating capacity. 
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The lipid portion of VLDL might interact with other components to stimulate 

aldosterone production 

We then extracted the lipid portion of VLDL, using a chloroform/methanol 

extraction technique similar to the method that we used to extract lipids for the 

PLD actrv1ty assay, and dried the chloroform layer under nitrogen. The lipids 

were then resuspended by sonication of the dried chloroform layer in the 

presence of low-serum medium. The resuspended lipid was then added to 

culture medium and incubated with HAC 15 cells to determine if the extracted 

lipids could stimulate aldosterone secretion and CYP11 82 expression. Our data 

showed that the lipid portion of VLDL, extracted and resuspended in this manner, 

did not significantly induce aldosterone production (Fig 24), although the lipids 

were able to increase CYP11 82 expression slightly but not significantly. This 

result suggests that the lipid portion of VLDL may need to cooperate with other 

components m the lipoprotein, perhaps to allow interaction of the particle with its 

receptor, to stimulate aldosterone production It is also possible that the 

procedure we used to extract the lipids and/or to resuspend them may not be 

1deal for retaming the aldosterone-stimulating activity of these molecules, 

resulting in a decreased capacity of the lipids to stimulate aldosterone production. 
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Other methods, such as applying VLDL to a Sep-Pac C 18 column followed by 

lipid elution with methanol, may need to be used in order to retain maximal 

activity of the VLDL lipids. Alternatively, the lipids may need to be suspended in a 

medium containing fatty-acid free BSA. If by using other procedures to extract 

lipid from VLDL and resuspend them in media for administration to HAC 15 cells, 

the stimulatory effect of lipid is retained, the next step would be to determine the 

active molecule by first determining the lipid molecules comprising active VLDL 

by mass spectrometry. Then the individual VLDL lipid components could be 

obtained from Avanti Polar Lipids (Alabaster, AL) and used to determine whether 

these ind1v1duallipids can induce aldosterone secretion and CYP1182 

expression. Finally, lipid metabolizing enzymes [e.g., phospholipase to 

metabolize phospholipids, lipases to metabolize neutral hp1ds, lipid phosphate 

phosphatase to metabolize sphingosine 1-phosphate, cholesterol ester hydrolase 

(hormone-sensitive lipase) to metabolize cholesterol esters, etc.) could be used 

to deplete VLDL of the various lipids and monitor whether this manipulation 

inhibits the effect of the treated VLDL on aldosterone production and CYP11 82 

expression. VLDL could also be depleted of cholesterol using pre-incubation with 

methyl-beta-cyclodextrin to determine whether cholesterol is responsible for 

VLDL's aldosterone agonist effect. Similar expenments could be performed in 

pnmary bovine zona glomerulosa cells to determ1ne 1f acute aldosterone 

synthesis 1s regulated similarly to chronic production. 

In summary, the current study suggests an Important role for VLDL in 

regulating aldosterone production. Ou results imply that treatment of obesity-
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induced hypertension with agents that target the renin-angiotensin system (e.g., 

ACE or renin inhibitors or angiotensin receptor blockers) may not be effective, 

since VLDL itself (even in the absence of Angll) can stimulate aldosterone 

production to cause sodium retention, thereby increasing blood volume and 

blood pressure. Also our results indicate that PLC and PLD are involved in VLDL

induced aldosterone production (Fig 25), which in turn may lead to new 

therapeutic strategies by identifying novel targets, such as PLD or its 

downstream signaling molecules, for the development of pharmaceuticals that 

could be used to combat the hypertension associated with obesity. 
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Figure 19: FIPI inhibited Ang/1-induced PLD and PKD activation in the human 

adrenocortical carcinoma cell line, HAC15. 

(A) [3H]Oieate-prelabeled HAC15 cells were pretreated for 20-30 min with or 

without 750 nM FIPI (or the DMSO vehicle) prior to incubation in the presence or 

absence of 10 nM Ang/1 for 30 min. Cell lipids were extracted using 

chloroform/methanol and analyzed by thin-layer chromatography. (B) HAC15 

cells were pretreated for 30 min with or without 750 nM FIPI (or the DMSO 

vehicle) prior to incubation in the presence or absence of 10 nM Ang/1 for 30 min. 

Autophosphorylation of PKD at serine910 was determined by western analysis, 

with a representative blot of duplicate samples shown in panel B. (C) 

Phosphoserine910 levels were normalized to total PKD levels and expressed as 

fold relative to control. Values represent the means ± SEM of three separate 

experiments performed in duplicate; *p < 0. 05 versus the control, tp < 0. 05 

versus Ang/1 alone. 
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Figure 20: VLDL induced PKD activation in primary bovine glomerulosa cells. 

Cells were treated with100 J.lglmL VLDL or 10 nM Ang/1 for 20 minutes. Values 

represent the means ± SEM of three separate experiments performed in 

duplicate; *p < 0.05, ***p < 0.001 versus the control, ttt p<O 001 versus VLDL 

alone. 
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Figure 21: Growth medium induced aldosterone production but VLDL amplified 

the steroidogenic effect of growth medium. 

HAC15 cells were incubated in either low-serum medium or growth medium for 

20 to 24 hours before treatment with or without 100 pg/ml VLDL for 24 hours. (A) 

Aldosterone levels in the supernatant were measured using a radioimmunoassay. 

(B) CYP11 82 expression was measured using qRT-PCR. Results represent the 

means ± SEM of 3 separate experiments performed in duplicate. Statistical 

analyses were performed using one way ANOVA followed by a Newman-Keuls 

post-hoc test, **p<0.01 , ***p<0.001 versus the control, ttp<0.01, tttp<0.001 

versus VLDL alone, t.pt.pt.pp<O. 001 versus growth medium alone. 
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Figure 22: VLDL in which the protein portion was denatured by freeze-thawing 

still induced aldosterone production. 

HAC15 cells were incubated in low-serum medium for 20 to 24 hours and then 

were treated for 24 hours with VLDL, VLDL subjected to 1 minute of -80 oc 

freezing then thawing (1FT VLOL), or VLDL subjected to 3 repetitions of 1 

minute of -80 oc freezing then thawing (3 FT VLDL). Aldosterone levels (A) in the 

supernatant were measured using a radioimmunoassay. CYP11 82 expression (B) 

was measured using qRT-PCR. Results represent the means ± SEM of 3 

separate experiments. Statistical analyses were performed using one way 

ANOVA followed by a Newman-Keuls post-hoc test, **p<0.01, ***p<0.001 versus 

the control. 
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Figure 23: Trypsin-proteolyzed VLDL still induced aldosterone production. 

HAC15 cells were incubated in low-serum medium for 20 to 24 hours and then 

were treated for 24 hours with trypsin inhibitor (a control to rule out effects of the 

inhibitor on aldosterone biosynthesis), VLDL, VLDL with trypsin inhibitor, or VLDL 

with 10 minutes of trypsin treatment at 3rC followed by the addition of trypsin 

inhibitor. Electrophoretic separation (A) showed that the trypsin actually 

proteolyzed the protein portion of VLDL. Aldosterone levels (B) in the 

supernatant were measured using a radioimmunoassay. CYP11 82 expression 

(C) was measured using qRT-PCR. Results represent the means ± SEM of 3 

separate experiments. Statistical analyses were performed using one way 

ANOVA followed by a Newman-Keuls post-hoc test, ***p<0.001 versus the 

control, tttp<O. 001 versus trypsin inhibitor 
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Figure 24: Lipids extracted from VLDL could not induce significant aldosterone 

production or CYP11 82 expression. 

HAC15 cells were incubated in low-serum medium for 20 to 24 hours and then 

were treated for 24 hours with VLDL or lipids extracted from VLDL. Aldosterone 

levels (A) in the supernatant were measured using a radioimmunoassay. 

CYP11 82 expression (B) was measured using qRT-PCR. Results represent the 

means± SEM of 3 separate experiments. Statistical analyses were performed 

using one way ANOVA followed by a Newman-Keuls post-hoc test, ***p<0.001 

versus the control, tttp<O. 001 versus VLDL alone. 
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Figure 25: Summary of the signaling pathways thought to mediate aldosterone 

secretton in response to VLDL. 

Our study suggests that VLDL can activate both phospholipase C (PLC) and 

phospholipase 0 (PLD; both PLD1 and PLD2 isoforrns) to elicit their downstream 

signaling pathways, thus inducing StAR and CYP11 82 expression to stimulate 

aldosterone production from glomerulosa cell models. Abbreviations used are: 

VLDL (very-low density lipoprotein); PIP2 (phosphatidylinositol4,5-bisphosphate); 

PC (phosphatidylcholine); PLC (phospholipase C); PLD (phospholipase D); IP3 

(inositol1 ,4,5-trisphosphate); DAG (diacylglycerol) ; PKC (protein kinase C); ERK 

(extracellular signal-regulated kinase); CRE8 (cAMP response element-binding 

protein), CYP11 82 (aldosterone synthase gene); and StAR (steroidogenic acute 

regulatory protein) . 
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