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ABSTRACT 
 
 

DIHYDROTESTOSTERONE ATTENUATES ENDOTOXIN, CYTOKINE, AND 

HYPOXIA-INDUCED VASCULAR INFLAMMATION 

 

Vascular inflammation plays a key role in the etiology of cardiovascular 

disease, particularly stoke.  Vascular inflammation is under the control of several 

transcription factors, including nuclear factor kappa B and hypoxia inducible factor-1 

alpha (HIF-1α). Activation of these transcription factors can lead to the production of 

inflammatory mediators such as cyclooxygenase-2 (COX-2).    COX-2 plays a role in 

vascular inflammation, cerebral ischemia-induced injury, and has been implicated as 

a source of reactive oxygen species (ROS). Inflammatory mediators, such as 

endotoxin or cellular breakdown products released following injury, are known to 

signal through the Toll-like receptor 4 (TLR4).  TLR4 activation leads to NFκB 

activation and subsequent production of COX-2.  Like COX-2, TLR4 has also been 

implicated in injury-induced oxidative stress and cerebral ischemia damage.    

Previous studies have demonstrated that gonadal steroid hormones can also 

modulate vascular inflammation.  Both protective and detrimental effects of 

androgens on the cardiovascular system have been reported. Since the potent 

androgen receptor (AR) agonist dihydrotestosterone (DHT) can be converted to 3β-

diol, an estrogen receptor (ER) β-selective agonist, I hypothesized that ERβ may 
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mediate some of the protective effects of androgens, while the AR may mediate 

some of the detrimental effects.   

The overall goal of this dissertation was to determine the mechanisms by 

which androgens can influence the vascular inflammatory response under both 

physiological and pathophysiological conditions.  The hypothesis to be tested was 

that DHT influences vascular inflammation under both physiological and 

pathophysiological conditions.  

In my first set of experiments, using Western blot, I found that DHT increases 

expression of the vascular inflammatory mediator COX-2 under physiological 

conditions in human coronary artery vascular smooth muscle (VSM) cells and 

human brain VSM cells.  This effect of DHT was attenuated in the presence of the 

AR antagonist bicalutamide. This data indicates that the pro-inflammatory effect of 

DHT under normal physiological conditions is AR mediated. 

In my second set of experiments, I examined the effects of DHT on vascular 

inflammation under a variety of pathophysiological conditions.  Surprisingly, I found 

that DHT decreased cytokine-induced COX-2 expression and oxidative stress, 

endotoxin-induced COX-2 and TLR4 expression in human VSM cells.  Furthermore, 

DHT also decreased hypoxia induced HIF-1α and COX-2 expression in human brain 

VSM cells and rat pial arteries.  Finally, I found that DHT decreased hypoxia with 

glucose deprivation (HGD)-induced HIF-1α, COX-2 and TLR4 expression in human 

brain VSM cells.  DHT‘s anti-inflammatory effects during cytokine or HGD-induced 

inflammation in human brain VSM cells were not blocked by the AR antagonist 



  
 

iv 
 

bicalutamide, indicating that they were not AR mediated.  These results led me to 

my second hypothesis, that DHT’s anti-inflammatory effects are ERβ-mediated. 

In my third set of experiments, I found that the DHT metabolite/ERβ selective 

agonist 3β-diol also decreased cytokine-induced COX-2 expression in human brain 

VSM cells.  Furthermore, DHT’s ability to reduce cytokine-induced COX-2 

expression in human brain VSM cells was inhibited by the non-selective estrogen 

receptor antagonist ICI 182,780 and the selective ERβ antagonist PHTPP.  The 

mRNAs for steroid metabolizing enzymes in the pathway necessary to convert DHT 

to 3β-diol were detected in human brain VSM cells, as were AR and ERβ mRNAs. 

Therefore, DHT appears to be protective against cerebrovascular inflammation via 

conversion to 3β-diol and subsequent activation of ERβ in human brain VSM cells. 

The results of these studies indicate that:  1) DHT increases COX-2 

expression under unstimulated/physiological conditions via an AR-dependent 

mechanism.  2) DHT decreases cytokine-, endotoxin,-hypoxia, and HGD-induced 

COX-2 expression via an AR-independent mechanism. 3) DHT decreases cytokine-

induced reactive oxygen species. 4) DHT decreases hypoxia-induced HIF-1α 

expression.   5) DHT decreases HIF-1α and TLR4 expression during HGD via an 

AR-independent mechanism.   6) DHT’s effect to attenuate cytokine-induced COX-2 

expression is ERβ-mediated.  
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LAY RESEARCH SUMMARY 

 

Sex differences in heart disease and stroke remain a topic of discussion both 

clinically and at the bench. A major contributor for the formation and progression of 

heart disease and stroke is inflammation of the blood vessel wall.  Many studies 

have shown that sex hormones such as androgens and estrogens can have a 

significant impact on inflammatory pathways in the blood vessel wall.  However, 

understanding “how” these hormones regulate inflammatory signaling molecules my 

assist in development of new prevention and treatment strategies for heart disease 

and stroke in both men and women.  Thus, the goal of my studies was to investigate 

the influence of a specific androgen, dihydrotestosterone (DHT), on blood vessel 

wall inflammation using a human cell culture model.  I found that during 

inflammation, DHT decreases expression of a pro-inflammatory enzyme known as 

the cyclooxygenase 2 (COX-2) and decreased expression of a key receptor in the 

innate immune response known as toll-like receptor 4 (TLR4).  DHT also reduced 

oxidative stress and activation of a pro-inflammatory transcription factor (a protein 

that turns on other genes), which gets activated during ischemic conditions like 

stroke, known as hypoxia-inducible factor 1 alpha. Surprisingly, these anti-

inflammatory effects of DHT (an androgenic compound) were found to be acting 

through a novel signaling pathway involving an estrogen receptor subtype known as 

estrogen receptor beta (ERβ).  Molecular studies have demonstrated that blood 
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vessels from both women and men express ERβ beta and that activation of this 

receptor may affect blood vessel function in both the heart and brain. I believe that 

due to DHT’s anti-inflammatory and anti-oxidant effects that I have observed in the 

vasculature, that low-dose androgen therapy or ERβ agonists may be beneficial in 

aging, androgen deficient men with atherosclerosis to prevent rupture of plaques by 

reducing oxidative stress and inflammation.  In addition, these protective effects of 

DHT/ERβ agonist treatment may also be beneficial in reducing damage following 

stroke.  This preventative hormone therapy could potentially reduce the frequency 

and severity of ischemic events in aging men. 
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CHAPTER 1: INTRODUCTION 

 

Cardiovascular diseases (coronary heart disease, heart failure, stroke, and 

hypertension) are the leading cause of death in humans, with approximately 2,200 

Americans dying each day.   Of these, stroke specifically is the third leading cause of 

mortality, which accounts for approximately 795,000 deaths a year in the U.S. alone 

(V. L. Roger et al., 2011).  Ischemic strokes account for approximately 85% of all 

strokes, with hemorrhagic strokes accounting for the other 15% (J. Bamford et al., 

1990). Epidemiological data show that cardiovascular diseases, particularly stroke, 

are more prevalent in men than in pre-menopausal women, yet the severity of 

outcome is greater in women (R. E. Petrea et al., 2009; M. Writing Group et al., 

2009).  Experimental studies provide evidence that these sex differences may be 

attributed to endogenous gonadal steroids. In experimental models of stroke, 

estradiol has been consistently shown to decrease infarct size, while androgens 

have been shown to decrease infarct size at low doses, but increase damage at high 

doses (T. Hawk et al., 1998; M. Uchida et al., 2009). It is possible that sex 

differences in stroke incidence and ischemic outcome are due to gonadal steroid 

regulation of vascular inflammation. The goal of this dissertation is to understand the 

role androgens have on regulating vascular inflammation associated with vascular 

events, particularly ischemic stroke since vascular inflammation plays such a large 

role in secondary brain injury in this type of stroke.   Investigating how androgens 
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modulate vascular inflammation and oxidative stress may assist in the development 

of therapeutic strategies to circumvent pathological events associated with 

myocardial or cerebral ischemia.  

 The cerebral vasculature plays a central role in the pathogenesis of 

cardiovascular diseases, such as stroke (G. J. del Zoppo and T. Mabuchi, 2003), 

and in the initiation of inflammation after cerebral ischemia which is a key 

determinant in stroke outcome (H. C. A. Emsley and P. J. Tyrrell, 2002; G. J. del 

Zoppo and T. Mabuchi, 2003).   Vascular inflammation reduces the stability of 

atherosclerotic plaques (S. J. Warner et al., 1989; P. Saren et al., 1996; S. J. 

George, 1998), thus increasing the probability of a thrombotic event such as 

myocardial infarction or stroke. Vascular inflammation is particularly important in the 

pathology of heart attack and stroke since ischemia evokes a strong inflammatory 

response characterized by activation and release of cytokines, chemokines, 

adhesion molecules, and proteolytic enzymes that exacerbate tissue damage (G. J. 

del Zoppo and T. Mabuchi, 2003; M. Nedergaard et al., 2003) (Figure 1.1).  

Following ischemia, inflammation is initiated by cytokine-induced activation of 

transcription factors such as nuclear factor kappa B (NFκB) and hypoxia-inducible 

factor 1- alpha (HIF-1α),  leading to increases production of pro-inflammatory 

mediators (Q. Wang et al., 2007; A. Brooks et al., 2010).  HIF-1α plays a particularly 

important role in cerebral ischemia because it is activated both by cytokines as a 

result of inflammation, and by low oxygen levels as a result of reduced blood flow (T. 

Hellwig-Burgel et al., 2005).   
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 The transcription factor NFκB, which plays a key role in regulation of 

inflammation during ischemic and non-ischemic events, can be activated through the 

endotoxin signaling receptor, Toll-like receptor (TLR) or interleukin-1 receptor (IL-

1R).  The presence of one TLR member, TLR4, in smooth muscle (J. Oyama et al., 

2004; L. L. Stoll et al., 2004) and endothelium (J. Pugin et al., 1993; E. Faure et al., 

2000; S. M. Dauphinee and A. Karsan, 2006) suggests a role for TLR4 in vascular 

disease.   TLR4 stimulation induces expression of a variety of pro-inflammatory 

mediators such as cytokines, chemokines, adhesion molecules and pro-

inflammatory enzymes, such as cyclooxygenase-2 (COX-2) and inducible nitric 

oxide synthase (iNOS), via activation of NFκB (S. M. Dauphinee and A. Karsan, 

2006).  These increases in COX-2 and iNOS lead to increased oxidative stress due 

to the peroxidase activity of COX-2 and peroxinitrite formation during NO production.  

Oxidative stress is a major contributor to the progression of atherosclerosis (G. 

Zalba et al., 2007).  TLR4 signaling can also cause detrimental effects in the 

absence of endotoxin.  For example, TLR4 mRNA and protein significantly increase 

after intracerebral hemorrhage or cerebral ischemia in rodents (L. W. Weiyu Teng, 

Weishuang Xue, and Chao Guan, 2009; K. Hyakkoku et al., 2010), and these 

increases in TLR4 correlate with increased damage.  Taken together, these studies 

suggest that TLR4 may be a critical regulator of inflammation and oxidative stress 

both during endotoxin-induced inflammation and during ischemic injury. 

Because chronic vascular inflammation contributes significantly in the 

pathogenesis of cardiovascular diseases (S. J. Warner et al., 1989; P. Saren et al., 

1996; S. J. George, 1998), it is important to investigate the role of androgens under 
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both normal and pathophysiological conditions. Both androgens and estrogen are 

generally credited with anti-inflammatory effects, although some pro-inflammatory 

effects have been reported for androgens (J. A. McCrohon et al., 1999; A. K. Death 

et al., 2004; R. J. Gonzales et al., 2009).  Protective effects described for androgens 

include both anti-inflammatory and anti-oxidant actions.   Anti-inflammatory effects of 

androgens have been demonstrated in both in vivo and in vitro.  In androgen 

deficient men, testosterone replacement decreases cytokine levels (C. J. Malkin et 

al., 2004; S. Y. Kalinchenko et al., 2010a).  In tumor necrosis factor alpha-stimulated 

human umbilical vein endothelial cells, dihydrotestosterone (DHT), a potent 

endogenous androgen receptor agonist, has been shown to decrease a variety of 

inflammatory proteins including COX-2 and TLR4.  In addition, the adrenal 

androgen, dehydroepiandrosterone  (DHEA), which is a weak androgen but also 

acts as a precursor to other androgens, has been shown to decrease HIF-1α 

accumulation during hypoxia in human pulmonary smooth muscle cells (A. 

Dessouroux et al., 2008). Androgens, and DHT in particular, are reported to be 

potent anti-oxidants both in vitro and in vivo. In mouse embryonic stem cells, 

hydrogen peroxide-induced reactive oxygen species (ROS) generation, lipid 

peroxide formation, and DNA fragmentation were inhibited by pretreatment with DHT 

(M. N. Lee et al., 2008). Castration has also been shown to induce oxidative stress 

in rat prostate epithelium, while androgen replacement partially reversed this 

oxidative stress in castrates (N. N. Tam et al., 2003).  These studies suggest that 

androgens can be protective by reducing inflammation and oxidative stress.  

Although much of the work regarding androgens and vascular inflammation has 
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been conducted in endothelial cells (J. A. McCrohon et al., 1999; H. Hatakeyama et 

al., 2002; T. K. Mukherjee et al., 2002; A. K. Death et al., 2004; G. D. Norata et al., 

2006), there are few reports on the effects of  androgens on inflammation in vascular 

smooth muscle (VSM) (D. Somjen et al., 2009).   

Investigating the effects of androgens on vascular inflammation is 

complicated because there are several potential receptor pathways that androgens 

can utilize to alter gene transcription.  Using the classically described mechanism, 

testosterone can activate the androgen receptor (AR) directly or following its 

conversion by 5 alpha-reductase to the more potent androgen, DHT (R. J. Handa et 

al., 1987; E. D. Lephart et al., 2001). Alternatively, testosterone can be metabolized 

to estradiol by the aromatase enzyme (C. E. Roselli et al., 1985) and subsequently 

activate estrogen receptor alpha (ERα) or beta (ERβ) (G. G. Kuiper et al., 1997; G. 

G. Kuiper et al., 1998).  A third and less well explored pathway for androgen action 

is through the conversion of DHT to 5α-androstane-3β,17β-diol (3β-diol), an ERβ 

agonist (G. G. Kuiper et al., 1996; G. G. Kuiper et al., 1997; Z. Weihua et al., 2002), 

by the enzymes 3beta-hydroxysteroid dehydrogenase (3β-HSD), 3alpha- 

hydroxysteroid dehydrogenase (3α-HSD) and 17beta-hydroxysteroid dehydrogenase 

(17β-HSD)(Y. Jin and T. M. Penning, 2001; Z. Weihua et al., 2002; A. Gangloff et al., 

2003; S. Torn et al., 2003; S. Steckelbroeck et al., 2004).  Blood vessels contain AR, 

ERα, ERβ, 5α-R, aromatase, and 3β-HSD (T. C. Register and M. R. Adams, 1998; 

G. D. Snyder et al., 2002; Y. Nakamura et al., 2005; R. J. Gonzales et al., 2007; H.-

C. Shih et al., 2008) and the presence of these enzymes and receptors allows for 
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potential androgenic and estrogenic effects which can influence vascular 

inflammation.   

Due to the lack of information regarding androgen’s effects on inflammation of 

the vasculature, particularly in vascular smooth muscle cells, the goal of these 

studies was to determine if the potent androgen DHT could modulate vascular 

inflammation in human VSM cells.  Due to the importance of vascular inflammation 

during ischemic events, such as heart attack and stroke, I chose human coronary 

artery and brain VSM cells as my model systems.  In some cases, responses in 

these human cells were compared to inflammatory responses in rat arteries or 

human brain endothelial cells.  For the majority of these studies, I chose COX-2 as a 

marker of interest for vascular inflammation because of the significant contribution 

COX-2 has on the inflammatory response in vascular tissue (C. Tsatsanis et al., 

2006)  and because COX-2 has been implicated in vascular diseases such as 

cerebral ischemia (K. Sugimoto and C. Iadecola, 2003).   

Chapter 1: In the current chapter, I introduce the importance of vascular 

inflammation in cardiovascular disease and the role androgens may play in the 

etiology and outcome of ischemia.    

Chapter 2:  In this chapter, I review evidence for the role of gonadal steroids 

in vascular reactivity, cardiovascular disease, vascular inflammation, and oxidative 

stress. 

Chapter 3:  In this chapter I explore the role of the potent androgen, DHT, in 

regulating COX-2 expression during both normal physiological conditions and during 

cytokine or endotoxin-induced inflammation.  A comparison is made between 



  
 

7 
 

responses to DHT in primary human coronary artery VSM cells and brain endothelial 

cells.   

Chapter 4: Using two model systems, primary human brain VSM cells and 

isolated rat pial vessels, I explore the role of DHT on the vascular inflammatory 

response during hypoxia or hypoxia with glucose deprivation. In these studies, 

hypoxia with glucose deprivation is used as a model for some of the cellular insults 

that occur during ischemia (reduced oxygen and nutrient availability).  

Chapter 5: TLR4 is implicated in oxidative stress associated with pathogenic 

endotoxin-induced inflammation and, more recently, implicated in injury-induced 

inflammation in the absence of endotoxin (T. V. Arumugam et al., 2009).  In light of 

this evidence, I explore the role of DHT treatment in regulating TLR4 expression and 

oxidative stress following endotoxin or hypoxia with glucose deprivation in primary 

human coronary and brain VSM cells.  

Chapter 6: Since I demonstrate an AR-independent effect of DHT on 

inflammatory markers, and because 3β-diol has recently been shown to reduce 

expression of these  markers in human endothelial cells (G. D. Norata et al., 2010), I 

test the hypothesis that during cytokine-induced inflammation, DHT decreases the 

pro-inflammatory mediator COX-2 via metabolism to 3β-diol and subsequent 

activation of ERβ in human brain VSM cells.   

 

  



 

Figure 1.1.  Inflammation contributes to secondary brain injury following 

cerebral ischemia.  Core, ischemic core of dead tissue

cerebral ischemia.  Penumbra, expanded area of dead tissue

that develops over several days.
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Inflammation contributes to secondary brain injury following 

Core, ischemic core of dead tissue immediately following 

.  Penumbra, expanded area of dead tissue, due to inflammation

everal days. 

 

  

 

Inflammation contributes to secondary brain injury following 

immediately following 

due to inflammation, 
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CHAPTER 2: LITERATURE REVIEW 

 

This review will focus on the effects of androgens in the vasculature, with an 

emphasis on vascular inflammation, especially as it pertains to stroke and other 

cardiovascular diseases.  Since testosterone can be converted to estradiol and 

dihydrotestosterone can be converted to an estrogen receptor beta agonist, the role 

of estrogens and estrogen receptor beta in particular in the vasculature will also be 

discussed. 

 

GONADAL STEROID HORMONES 

History  

In 1889, the neuroendocrinologist Charles Edward Brown-Sequard found that 

testicular extracts increased muscle strength, vigor and an overall sense of well-

being (C. E. Brown-Sequard, 1889).  In 1935, Leopold Ruzicka and Butenandt 

became the first to both identify the structure of testosterone and to partially 

synthesize testosterone from cholesterol (A. Butenandt and G. Hanisch, 1935b, a; L. 

Ruzicka and A. Wttstein, 1935).  As a result, both Butenandt and Ruzicka received 

the 1939 Nobel Prize in chemistry for the synthesis of testosterone. In the 1950’s 

and 1960’s the gonadal steroid receptors were identified.  Elwood Jensen 

discovered “estrogen binding components” later termed estrogen receptors in rat 

uterus (E. V. Jensen, 1962).  Gerald Mueller showed that estrogen treatment 



  
 

10 
 

induced both RNA and protein synthesis and that uterine responses to estradiol 

could be blocked by inhibiting protein synthesis or RNA, showing that estradiol’s 

effects were mediated by changes in transcription and translation (S. A. Fannon et 

al., 2001).  In the 1970’s, androgen receptor, estrogen receptor alpha, and 

progesterone receptor were purified (W. I. Mainwaring and R. Irving, 1970; S. A. 

Fannon et al., 2001); however, estrogen receptor beta was not discovered until 1996 

(S. Mosselman et al., 1996).   

 

Synthesis & Metabolism 

Gonadal steroids are primarily produced by the testis, ovaries, and adrenal 

gland, but they are also synthesized locally in a variety of cells, including vascular 

smooth muscle (VSM) and endothelial cells (for reviews of steroidogenesis please 

see (W. L. Miller, 1988; H. J. Hsu et al., 2006)).  All steroids are derived from 

cholesterol (Figure 2.1) and all contain the same cyclopentanophenanthrene ring as 

cholesterol.  Gonadal steroids are divided into three main classes: androgens, 

estrogens, and progestins.  Androgens include dehydroepiandrosterone (DHEA), 

androstenedione, testosterone (T), and dihydrotestosterone (DHT).  Estrogens 

include estradiol (E), estrone, and estriol.  Progestins include prenenolone, from 

which all other steroid hormones are derived, and progesterone.  

Using the classically described mechanism, testosterone can activate the 

androgen receptor (AR) directly or following its conversion by 5 alpha-reductase to 

the more potent androgen, dihydrotestosterone (DHT) (R. J. Handa et al., 1987; E. 

D. Lephart et al., 2001). Alternatively, testosterone can be metabolized to estradiol 
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by the aromatase enzyme (C. E. Roselli et al., 1985) and subsequently activate 

estrogen receptor alpha (ERα) or beta (ERβ) (G. G. Kuiper et al., 1997; G. G. Kuiper 

et al., 1998).  A final and less well explored pathway for androgen action is through 

the conversion of DHT to 5α-androstane-3β,17β-diol (3β-diol), an ERβ agonist (G. 

G. Kuiper et al., 1996; G. G. Kuiper et al., 1997; Z. Weihua et al., 2002), by the 

enzymes 3beta-hydroxysteroid dehydrogenase (3β-HSD), 3alpha- hydroxysteroid 

dehydrogenase (3α-HSD) and 17beta-hydroxysteroid dehydrogenase (17β-HSD) (Y. 

Jin and T. M. Penning, 2001; Z. Weihua et al., 2002; A. Gangloff et al., 2003; S. Torn 

et al., 2003; S. Steckelbroeck et al., 2004).  The enzyme CYP7B1 can convert 3β-

diol to its inactive metabolites 3alpha-triols and 7alpha-triols (M. Sundin et al., 1987; 

Z. Weihua et al., 2002).   

 

Regulation of Synthesis 

Gonadal steroid hormone production is regulated by the hypothalamic-

pituitary-gonadal (HPG) axis (for overview see (S. M. Breedlove et al., 2007)).  In the 

hypothalamus, gonadotropin releasing hormone (GnRH) neurons project to the 

median eminence and secrete GnRH into the pypophyseal portal system.  GnRH 

stimulates the anterior pituitary to release both luteinizing hormone (LH) and follicle 

stimulating hormone (FSH) into circulation.  LH and FSH then stimulate the testis 

and ovaries to produce estradiol and testosterone.  Testosterone is produced by 

leydig cells of the testis and to a lesser degree in both the ovary and adrenal cortex.  

Estradiol is produced by granulose cells of the ovary, sertoli cells of the testis, and 

the adrenal gland.  In addition to gonadal/adrenal production, local de novo 
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synthesis of gonadal steroids occurs in many tissues, as previously mentioned.  

Testosterone and estradiol provide negative feedback to the anterior pituitary and 

hypothalamus so that when androgen/estrogen levels are high production is 

reduced.  Gonadal hormone levels are generally low in childhood, but increase 

drastically after puberty.  In men, T levels peak in early adulthood, then gradually 

decline with age (H. A. Feldman et al., 2002).  In women, E levels are low in 

childhood, but after puberty levels increase, although they fluctuate during the 

reproductive cycle.  E levels are highest during proestrus when the follicle is 

maturing.  E levels fall drastically after menopause, since the ovaries no longer 

produce estradiol, unlike the gradual decline in T in men (E. Radwanska, 1993).    

 

Localization of Gonadal Steroid Receptors and Steroid Metabolizing Enzymes 

in the Vasculature 

Gonadal steroid receptors and some of the steroid metabolizing enzymes are 

expressed in the vasculature. ERα, ERβ, and GPR30 mRNA and protein are 

expressed in both male and female rat aortic VSM cells (Y. Ma et al., 2010).  ERα, 

AR, and 5α-reductase protein is also expressed in both the smooth muscle and 

endothelial layer of rat cerebral arteries, and aromatase is also found in the 

endothelial cell layer of rat cerebral arteries (R. J. Gonzales et al., 2007). In addition 

to ERα, another study also found that ERβ mRNA and protein were expressed in 

male rat cerebral arteries (H.-C. Shih et al., 2008).   ERα and ERβ mRNA are also 

expressed in male and female cynomolgus monkey coronary arteries and cultured 

aortic smooth muscle cells (T. C. Register and M. R. Adams, 1998). Expression of 
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ERα and ERβ has also been confirmed in human aorta.  ERα and ERβ mRNA is 

found in human female aorta, furthermore, immunoreactivity for both receptors is 

found in the smooth muscle layer (Y. Nakamura et al., 2004). Expression of the 

enzyme 3β-HSD mRNA is also found in human aorta, with immunoreactivity showing 

localization of protein in VSM cells (Y. Nakamura et al., 2004).  Aromatase activity 

has been reported in rat aortic VSM cells (G. D. Snyder et al., 2002).  The presence 

of these enzymes and receptors allows for potential androgenic and estrogenic 

effects which can influence vascular inflammation.   

 

ANDROGEN RECEPTORS 

Structure and Genomic Signaling 

Androgen receptors are ligand activated transcription factors (for reviews 

please see (D. J. Mangelsdorf et al., 1995; N. C. Bennett et al., 2010)).  Unbound 

androgen receptors are located mostly in the cytoplasm of the cell and then 

translocate to the nucleus after activation (R. K. Tyagi et al., 2000).  All of the 

gonadal steroid receptors have similar protein structures that consist of an N-

terminal regulatory domain called the trans-activation domain, a ligand binding 

domain, a DNA binding domain, and a hinge region that contains the nuclear 

localization signal.  The binding of a sex steroid to its receptor results in a 

conformational change in the receptor, dissociation of heat shock proteins, exposure 

of the nuclear localization signal, transport from the cytosol into the cell nucleus, and 

dimerization. The sex steroid receptor dimer then binds to a specific sequence of 

DNA known as the hormone response element and alters gene transcription (Figure 
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2.2). For androgens, this hormone response element is known as the androgen 

response element (ARE).   

Two androgen receptor isoforms have been identified in humans. AR isoform 

1, known as AR, is the full-length androgen receptor with a molecular weight of 

approximately 110 kDa.  AR isoform 2, known as AR45, is a truncated form that 

results in a protein that is approximately 45 kDa in size that has a functional ligand 

binding domain, hinge region, and DNA binding domain but lacks most of the N-

terminal regulatory domain which impairs its ability to recruit the necessary co-

regulator molecules for transcriptional activity.  AR45 inhibits transcriptional activity 

of AR by interacting with the N-terminal domain of AR (I. Ahrens-Fath et al., 2005).  

Additionally, at least 7 splice variants of AR have been identified that lack the ligand 

binding domain, and thus activate transcription of target genes in the absence of 

ligand (P. A. Watson et al., 2010).   

 

Non-genomic Signaling 

A variety of non-genomic actions of androgens have also been reported 

including gap junction communication, vascular relaxation, and neuronal plasticity 

(C. A. Heinlein and C. Chang, 2002; C. D. Foradori et al., 2008; N. C. Bennett et al., 

2010).  Some of the reported non-genomic mechanisms of androgen’s actions are 

depicted in Figure 2.3. For example, DHT can activate the sex hormone binding 

globulin receptor to increase cyclic AMP and protein kinase A (N. Fortunati et al., 

1996; A. M. Nakhla and W. Rosner, 1996).  DHT can also increase intracellular 

calcium via an unidentified membrane-bound receptor (W. P. Benten et al., 1999b; 
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W. P. Benten et al., 1999a).   Furthermore, several authors have also hypothesized 

that a membrane bound AR may exist (J. W. Gatson et al., 2006) that is not blocked 

by classical AR antagonists (E. F. Konoplya and E. H. Popoff, 1992; W. P. Benten et 

al., 1999b; W. P. Benten et al., 1999a; C. A. Heinlein and C. Chang, 2002).  For 

example, membrane-bound T receptors, not blocked by flutamide, were found in 

VSM cells from aorta of rats (R. Ma et al., 2010).  Below in the “Androgens & 

Vascular Reactivity” section I will review the evidence for androgen mediated, non-

genomic vascular relaxation.  

 

ESTROGEN RECEPTORS 

Structure and Genomic Signaling 

Estrogen receptors, like androgen receptors, are ligand activated transcription 

factors that consist of an N-terminal regulatory trans-activation domain, a ligand 

binding domain, a DNA binding domain, and a hinge region that contains the nuclear 

localization signal (D. J. Mangelsdorf et al., 1995).  Following ligand binding, 

translocation to the nucleus and dimerization, estrogen receptors bind to estrogen 

response elements (EREs) on target genes to alter transcription (Figure 2.2).  Two 

isoforms of nuclear estrogen receptors have been described, ERα and ERβ.  

Additionally, at least five splice variants have also been described for ERβ (M. J. 

Weiser et al., 2008). Although the ligand binding domains for ERα and ERβ are 

similar, their affinities for ligands differ.  For example, propylpyrazoletriol (PTT) is 

410-fold more selective for ERα than ERβ and thus is a commonly used selective 
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ERα agonist.  Diarylpropionitrile (DPN) is an ERβ agonist with 72-fold greater affinity 

for ERβ than ERα (S. R. Stauffer et al., 2000; M. J. Meyers et al., 2001).   

 

Non-genomic Signaling 

A membrane-bound G protein coupled estrogen receptor, GPR30, has 

recently been discovered (Y. Mizukami, 2010).  This receptor is thought to mediate 

some of the non-genomic actions of estrogens, although ERα and ERβ also mediate 

many of the non-genomic actions of estrogens.  Some of the non-genomic actions 

reported for estrogens include vasodilation, decreases in intracellular calcium, 

increases in cAMP, activation of the mitogen activated protein kinase pathway, 

increases in neuronal excitability via gamma amino butyric acid (GABA) inhibition, 

and rapid activation of the neuroprotective phosphatidylinositol-3 kinase/Akt 

pathway(B. M. Schmidt et al., 2000; N. Vasudevan and D. W. Pfaff, 2008). Below in 

the “Estrogens and Vascular Reactivity” section I will review the evidence for 

estrogen receptor mediated, non-genomic vascular relaxation.  

 

VASCULAR STRUCTURE AND REACTIVITY 

Vascular Structure 

The circulatory system is made up of a network of blood vessels that carry 

oxygen and nutrients to all tissues within the body.  There are five major types of 

blood vessels: arteries, arterioles, capillaries, venules, and veins.  Arteries and 

arterioles carry oxygen and nutrient rich blood from the heart to the rest of the body, 

capillaries are the site of nutrient and oxygen exchange, and veins and venules 
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return the oxygen and nutrient poor blood back to the heart.  Arteries and veins 

consist of three layers: the intimal layer that contains endothelial cells, the medial 

layer that contains VSM cells and the outer advential layer that consists of 

connective tissue and nerves (Figure 2.4).  The capillaries are much smaller and 

consist of endothelial cells with some surrounding connective tissue.   Endothelial 

cells line the inner lumen of all blood vessels in a monolayer, while VSM cells make 

up the contractile layer of the non-cappillary blood vessels that is responsible for 

changes in luminal diameter.   Endothelial cells respond to changes in blood flow 

and send signals to smooth muscle cells to contract or relax.  Endothelial cells 

release at least three types of vasodilators onto smooth muscle cells: nitric oxide 

(NO), cyclooxygenase-2 (COX-2) derived prostanoids, and endothelium derived 

hyperpolarizing factor (EDHF).  Endothelial cells can also release the potent 

vasoconstrictor endothelin-1.  The endothelial cells in the brain also function as the 

blood brain barrier.  For a review on vascular physiology see (M. Tennant and J. K. 

McGeachie, 1990; M. K. Pugsley and R. Tabrizchi, 2000).    

 

Vascular Reactivity 

Vasoconstriction, defined as the narrowing of the vessel lumen, is caused by 

an increase in intracellular calcium concentration within VSM cells (Figure 2.5).  

Calcium binds to calmodulin, which then activates myosin light chain kinase (MLCK).  

MLCK then phosphorylates the light chain of myosin and initiates cross bridge 

cycling, resulting in smooth muscle contraction and narrowing of the lumen.  

Phenylephrine (PE) is commonly used to elicit smooth muscle cell contraction.  PE 
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activates alpha-1 adrenergic receptors on VSM cell membranes.  Alpha-1 adrenergic 

receptors are G protein coupled receptors (GPCR), that when activated cause the G 

protein Gq to activate phospholipase C (PLC).  PLC then cleaves 

phosphatidylinositol 4,5 bisphosphate  (PIP2) producing inositol 1,4,5-triphosphate 

(IP3) and diacyl glycerol.  IP3 then binds to the IP3 receptor on the sarcoplasmic 

reticulum causing calcium release from internal stores.  This calcium release into the 

cytoplasm causes the intracellular calcium concentration to rise enough to stimulate 

contraction. Acetylcholine (ACh) is commonly used to dilate blood vessels through 

activation of the M3 muscarinic GPCR receptor on endothelial cells.  Activation of 

M3 causes activation of Gq leading to an increase in intracellular calcium within the 

endothelial cell.  This increase in calcium activates endothelial nitric oxide synthase 

(eNOS), stimulating NO production, leading to VSM cell relaxation via soluble 

guanylate cyclase activation (Figure 2.5).  However, if the endothelial cells are not 

present or damaged due to pathology, then ACh will activate M3 receptors on the 

smooth muscle cells and cause intracellular calcium release and smooth muscle 

contraction.  For this reason, ACh is commonly used to test for the presence of 

functional endothelial cells in vessel reactivity studies.   

Vasodilation, defined as widening of the vessel lumen, is caused by either a 

decrease in intracellular calcium concentration or dephosphorylation of myosin light 

chain.  This occurs mainly through three mechanisms: hyperpolarization, increases 

in cyclic guanosine monophosphate (cGMP), or increases in cyclic adenosine 

monophosphate (cAMP).   As previously mentioned, endothelial cells can cause 

vasodilation by releasing NO, prostacyclin, or EDHF.  NO causes cGMP mediated-
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vasodilation by stimulating soluble guanylate cyclase to produce cGMP.  cGMP 

activates protein kinase G, which phosphorylates myosin light chain phosphatase, 

causing inactivation of MLCK, dephosphorylation of myosin light chain, and smooth 

muscle relaxation (Figure 2.5).  Prostaglandins (prostacyclin, prostaglandin E2, 

prostaglandin D2) cause cAMP-mediated vasodilation by activation of their GPCRs, 

which stimulates adenylate cyclase to produce cAMP, which stimulates protein 

kinase A.  Protein kinase A, like protein kinase G, inhibits MLCK leading to smooth 

muscle relaxation.  EDHF causes vasodilation by hyperpolarization, although the 

exact identity and receptor for EDHF is unknown, the mechanism of action involves 

opening of potassium channels, which causes closing of voltage-gated calcium 

channels (VGCC).  Closing of VGCC causes intracellular calcium levels to decrease, 

leading to smooth muscle relaxation.  For reviews on vascular reactivity please see 

(C. M. Rembold, 1992; A. Horowitz et al., 1996; R. D. Jones et al., 2004; J. M. 

Orshal and R. A. Khalil, 2004; D. N. Krause et al., 2006). 

 

Androgens & Vascular Reactivity 

Acute androgen treatment has been shown to cause vascular relaxation in a 

variety of vascular beds. Whether these actions are endothelium-dependent or 

endothelium-independent is debated, but most studies agree that this effect is AR-

independent (P. Yue et al., 1995; C. E. Costarella et al., 1996; P. Tep-areenan et al., 

2002; R. D. Jones et al., 2003; J. Navarro-Dorado et al., 2008). Endothelium-

dependent relaxation in response to androgens has been reported in rabbit carotid 

arteries (V. G. Marrachelli et al., 2010) and rat mesenteric arteries (P. Tep-areenan 
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et al., 2002), while endothelium-independent relaxation in response to androgens 

had been reported in porcine coronary and prostatic arteries (V. P. Deenadayalu et 

al., 2001; J. Navarro-Dorado et al., 2008).  It is thought that androgens are acting via 

large conductance calcium activated potassium channels (BKCa), because BKCa 

channel inhibition or non-selective potassium channel inhibition with barium chloride 

greatly reduces the ability of androgens to relax coronary or mesenteric arteries (P. 

Yue et al., 1995; V. P. Deenadayalu et al., 2001; P. Tep-areenan et al., 2002).   

In contrast to the vasodilatory effects of acute androgen treatment, several 

studies have shown that chronic in vivo androgen treatment can cause 

vasoconstriction.  Chronic in vivo T treatment increased myogenic tone in middle 

cerebral arteries of gonadectomized male rats via an endothelium-dependent, BKCa-

dependent, NO-independent mechanism (G. G. Geary et al., 2000b; R. J. Gonzales 

et al., 2004).    Chronic in vivo T treatment has also been shown to increase 

expression of thromboxane synthase expression (thromboxane is a potent 

vasoconstrictor) in rat middle cerebral arteries via an endothelium-dependent 

mechanism.  Furthermore, in the T treated group, dilation in response to 

thromboxane synthase inhibition or thromboxane receptor inhibition was increased 

(R. J. Gonzales et al., 2005).  Another study found that chronic in vitro (24hr) T 

treatment increased L type calcium channels and single channel activity in 

cardiomyocytes and was blocked by AR antagonist, while acute T decreased L type 

calcium channel current and decreased calcium sparks and was AR-independent (F. 

Er et al., 2007).  Thus the effects of androgens may differ with duration of treatment 

and occur through two separate pathways, one AR-mediated and the other AR-
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independent. For reviews on gonadal steroids and vascular reactivity please see (R. 

D. Jones et al., 2004; J. M. Orshal and R. A. Khalil, 2004; D. N. Krause et al., 2006).   

 

Estrogens & Vascular Reactivity 

Estradiol treatment, in vivo and in vitro, causes vasodilation.  Middle cerebral 

arteries from intact or ovariectomized (OVX) and E replaced rats are more dilated 

than arteries from OVX rats.   Endothelium removal or a combination of NOS and 

cyclooxygenase inhibition abolished these differences. (G. G. Geary et al., 2000a). E 

exerts its vasodilatory effects by increasing production of the potent vasodilator nitric 

oxide (NO). In rodent cerebral arteries, E increases NO production, increases 

endothelium-dependent relaxation, and increases endothelial contraction in 

response to NOS inhibition (H. Momoi et al., 2003; C. G. Sobey et al., 2004). In 

contrast, OVX significantly decreased plasma concentrations of NO metabolites and 

increased thrombotic tendency, while E replacement reversed the increased 

thrombotic tendency caused by OVX (H. Ono et al., 2002).  E increases NO 

production by increasing eNOS.   For example, in vivo E treatment increases eNOS 

mRNA, protein expression, and activity in cerebral blood vessels causing increased 

NO production (A. M. McNeill et al., 1999; A. M. McNeill et al., 2002; C. Stirone et 

al., 2003; C. Stirone et al., 2005a), while OVX decreases eNOS protein expression 

(D. A. Pelligrino et al., 2000).  In vitro estradiol treatment for 18 hours also resulted 

in a concentration-dependent increase in eNOS protein that was ER-dependent (A. 

M. McNeill et al., 2002).   
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Several studies have sought to determine the mechanism by which E 

increases eNOS activation.  In intact cerebral blood vessels, it was found that E 

rapidly activates eNOS via a phosphoinositide-3 kinase- and ER-dependent 

pathway, causing increased NO production (C. Stirone et al., 2005a).  In bovine 

microvascular and human umbilical endothelial cells, E increased phosphorylation of 

Akt within 1 min and this was followed by phosphorylation of eNOS, which was 

inhibited by a non-selective ER antagonist.  E also increased NOS activity, nitrite 

production, vasodilatory response of aortic rings to ACh, and dilated cerebral 

microvascular vessels.(M. Florian et al., 2004b).  E may act via changes in the 

cyclooxygenase pathways.  For example, in middle cerebral arteries from female rat, 

in vivo E decreases cerebrovascular tone by shifting the primary end product of the 

endothelial cyclooxygenase-1 pathway from the constrictor prostaglandin H2 to the 

vasodilator prostacyclin (J. A. Ospina et al., 2003).  Calcium is also thought to play a 

role in E-mediated vasodilation.  In rabbit isolated basilar arteries, E induces 

endothelium-independent relaxation by inhibiting extracellular calcium influx to VSM.  

This effect was not mediated by ERs, protein synthesis, or potassium channels (J. B. 

Salom et al., 2001).  For a review on estrogen and vascular reactivity please see (S. 

P. Duckles and D. N. Krause, 2007). 

 

Estrogen Receptor Beta & Vascular Reactivity 

Activation of ERβ and ERα has also been shown to cause vascular 

relaxation/vasodilation via a non-genomic mechanism.  For this review, I will focus 

on ERβ.   In mouse and rat mesenteric artery and aorta, the ERβ agonist, 



  
 

23 
 

diarylpropionitrile (DPN), produced endothelium-independent relaxation. 

Furthermore, in aorta DPN was more effective at producing relaxation than the ERα 

agonist 4,4',4''-(4-Propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PTT) (K. Al Zubair et al., 

2005). DPN-mediated relaxation is rapid (< 5 min) in rat mesenteric arteries (S. 

Montgomery et al., 2003), suggesting the mechanism is non-genomic.  In porcine 

coronary rings, DPN induced endothelium-dependent, nitric oxide-independent 

relaxation and increased nitric oxide and nitrite formation in vascular endothelial but 

not smooth muscle cells and attenuated VSM cell superoxide formation (T. Traupe 

et al., 2007).  DPN has also been shown to cause concentration-dependent 

relaxation in female rat inferior vena cava (J. D. Raffetto et al., 2010). Chronic in vivo 

treatment of OVX spontaneously hypertensive rats with the ERβ agonist 8beta-VE2 

lowered elevated systolic blood pressure as well as peripheral vascular resistance. 

8beta-VE2 also enhanced aortic ERβ expression, improved NO-dependent 

relaxation, augmented phosphorylation of the vasodilator-stimulated phosphoprotein 

in isolated aortic rings, increased cardiac output, and attenuated cardiac hypertrophy 

(V. Jazbutyte et al., 2008).  

Several studies have examined the role of ERβ in E-mediated vasodilation by 

comparing responses in ERβ deficient mice and wild type mice.  For example, in 

vivo E administration caused a rapid increase in the outer wall diameter of both 

elastic and muscular arteries in wild type but not in ERα or ERβ knock-out mice, 

implicating both receptor subtypes as mediating this E action (X. Guo et al., 2005).   

In small femoral arteries, ACh-induced relaxation of arteries was greater in wild type 

females versus males and was attributable to a greater EDHF component of 
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relaxation.  However, this sex difference was absent in ERβ deficient mice, 

suggesting a role for ERβ in EDHF relaxation in females (L. Luksha et al., 2006).  In 

femoral arteries, NOS inhibition reduced E mediated relaxation in arteries from male 

and female ERβ-deficient mice but not wild type mice.  Furthermore, responses to 

DPN in arteries from wild type female and male mice did not differ after NOS 

inhibition (M. N. Cruz et al., 2006). These data suggest that ERβ mediated 

vasodilation is NO-independent, while ERα mediated vasodilation is NO-dependent.   

ERβ has also been shown to attenuate vasoconstrictor responses in a variety 

of cell types. In rat aortic VSM cells, DPN reduced contraction to PE or potassium 

chloride (Y. Ma et al., 2010).  Similarly, estriol, an endogenous ERβ agonist, 

treatment in vivo significantly attenuated the vasoconstrictor response to 

intracoronary serotonin and thromboxane receptor agonist challenge.  Chronic in 

vitro estriol or 3β-diol treatment of rhesus coronary VSM cells also attenuated late 

calcium signals; effects of both ERβ agonists could be blocked with a selective ERβ 

antagonist (R. G. Mishra et al., 2006). DPN also rapidly decreased hypoxic 

pulmonary vasoconstriction via a rapid, non-genomic, nitric oxide-mediated 

mechanism (T. Lahm et al., 2008).  Taken together, these studies provide evidence 

that ERβ activation causes vasodilation in a variety of settings. 

 

VASCULAR INFLAMMATION 

Vascular Inflammation Signaling Pathways 

The transcription factor NFκB plays a key role in regulation of inflammation 

during ischemic and non-ischemic events.  It can be activated through the endotoxin 
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signaling receptor, Toll-like receptor (TLR) or cytokine signaling receptor interleukin-

1 receptor (IL-1R) (Figure 2.6).  Both receptors share a homologous cytoplasmic 

signaling  Toll/IL-1R (TIR) domain that when activated initiates a signaling cascade 

culminating in activation of NFκB and transcription of pro-inflammatory genes (S. M. 

Dauphinee and A. Karsan, 2006). NFκB is in the cytoplasm as a homo or 

heterodimer.  In the cytoplasm NFκB is inactive because it is bound to the inhibitor 

protein of NFκB (IκB) which masks the nuclear localization signal.  Endotoxin, 

cytokines, and free radicals all activate NFκB.  NFκB activation is caused by 

proteolytic degradation of IκB. IκB kinases phosphorylate IκB and cause it to be 

ubiquinated and targeted to proteosome for degradation.  The nuclear localization 

signal is exposed on NFκB and it translocates to the nucleus, binds to the target 

genes and initiates transcription (F. Mercurio and A. M. Manning, 1999).  Activation 

of NFκB, via TLR4 or IL-1R activation, results in increased inflammation, oxidative 

stress, and ischemic damage due to increased transcription of a variety of pro-

inflammatory mediators such as cytokines, chemokines, adhesion molecules and 

pro-inflammatory enzymes, such as cyclooxygenase-2 (COX-2) and inducible nitric 

oxide synthase (iNOS) (S. M. Dauphinee and A. Karsan, 2006).  These increases in 

COX-2 and iNOS lead to increased oxidative stress due to the peroxidase activity of 

COX-2 and peroxinitrite formation during NO production.  Oxidative stress is a major 

contributor to the progression of atherosclerosis (G. Zalba et al., 2007).   
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Interleukin-1 Receptor 

IL-1R is expressed in cerebrovascular cells, neurons, microglia, astrocytes, 

and oligodendrocytes (B. Fogal and S. J. Hewett, 2008).  Both IL-1β and the IL-1R 

increase after ischemia (B. Fogal and S. J. Hewett, 2008).  In both rodent and 

humans, ischemic damage is reduced by IL-1R inhibition (B. Fogal and S. J. Hewett, 

2008).    In humans, IL-1β is increased in cerebral spinal fluid after stroke (E. 

Tarkowski et al., 1999).  In a clinical trial, the IL-1R antagonist IL-1ra has been 

shown to improve outcome after stroke (H. C. Emsley et al., 2005).  In rodents, 

administration of an IL-1β neutralizing antibody or IL-1ra reduces damage from 

cerebral ischemia (J. K. Relton and N. J. Rothwell, 1992; D. Martin et al., 1994; A. L. 

Betz et al., 1995; Y. Yamasaki et al., 1995; S. A. Loddick and N. J. Rothwell, 1996; 

G. Y. Yang et al., 1997; G. Y. Yang et al., 1998; G. Y. Yang et al., 1999; N. J. 

Mulcahy et al., 2003).  Furthermore, administration of IL-1β increases injury after 

cerebral ischemia (Y. Yamasaki et al., 1995).  IL-1R deficient mice, are protected 

against cerebral ischemia induced injury (B. Fogal et al., 2007).  These studies 

suggest that IL-1β and its receptor contribute to damage after cerebral ischemia. 

 

Toll-like Receptor 4 

TLRs have mainly been shown to be expressed in immune cells, including 

monocytes, macrophages, dendritic cells and B cells. However, expression of the 

TLR family member, TLR4, has also been reported in non-immune cells such as 

VSM (J. Oyama et al., 2004; L. L. Stoll et al., 2004; X. Yang et al., 2005) and 

endothelial cells (J. Pugin et al., 1993; E. Faure et al., 2000; S. M. Dauphinee and A. 
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Karsan, 2006; W. Wang et al., 2011).  The endotoxin lipopolysaccharide (LPS), a 

potent TLR4 agonist, has been shown to increase TLR4 expression in human aortic 

VSM cells leading to increased production of inflammatory mediators such as 

cytokines, adhesion molecules, and pro-inflammatory enzymes (F. Y. Lin et al., 

2006; H. Li et al., 2007; Y. H.-J. Heo S-K, Noh E-K, Park W-H, Park S-D, 2008). 

Furthermore, this increase in TLR4 was dependent on nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase (an enzyme responsible for 

superoxide/reactive oxygen species production), providing evidence that TLR4 

activation is associated with increased oxidative stress (F. Y. Lin et al., 2006).  The 

presence of TLR4 in smooth muscle and endothelium suggest a role for TLR4 in 

vascular disease.  

TLR4 signaling can cause detrimental effects in the absence of endotoxin.  

TLR4 expression is enhanced in endothelial cells from symptomatic carotid 

atherosclerotic plaques in humans (A. Katsargyris et al., 2010). TLR4 expression is 

also enhanced in VSM cells from atherosclerotic coronary arteries compared to non-

atherosclerotic arteries (K. Otsui et al., 2007).  In macrophages, hypoxia (low oxygen 

environment) has been shown to increase TLR4 expression via activation of the 

transcription factor hypoxia inducible factor-1 alpha (HIF-1α) (K. So Young et al., 

2010). In whole brain TLR4 mRNA and protein have also been shown to significantly 

increase after intracerebral hemorrhage or cerebral ischemia induced by middle 

cerebral artery occlusion (MCAO, in vivo stroke model) in rodents (C. X. Ma et al., 

2009; L. W. Weiyu Teng, Weishuang Xue, and Chao Guan, 2009; K. Hyakkoku et 



  
 

28 
 

al., 2010; X. K. Tu et al., 2010), and these increases in TLR4 correlated with 

increased damage.   

Studies in TLR4-deficient mice have demonstrated some of the detrimental 

effects of TLR4 activation in vivo.  For example, TLR4-deficient mice have smaller 

infarct volumes, better neurological and behavioral test outcomes, less brain 

inflammation, and decreased NFκB activation after cerebral ischemia than controls 

(J. R. Caso et al., 2007; J. R. Caso et al., 2008; F. Hua et al., 2009; K. Hyakkoku et 

al., 2010).  In addition, TLR4 deficient mice also have lower levels of 

malondialdehyde (cytotoxic product of membrane lipid peroxidation caused by 

reactive oxygen species) after cerebral ischemia (J. R. Caso et al., 2007; J. R. Caso 

et al., 2008).  These data further support the idea that TLR4 activation increases 

production of reactive oxygen species.   It has also been shown that oxidative stress 

upregulates TLR4 expression in rat and human cerebral endothelial cells (P. 

Nagyoszi et al., 2010).  TLR4-deficient mice sustain smaller infarctions and exhibit 

less inflammation after myocardial ischemia-reperfusion injury (J. Oyama et al., 

2004).  TLR4-deficient mice are resistant to chronic hypoxia-induced pulmonary 

hypertension (K. C. Young et al., 2010). Following hemorrhagic shock, mesenteric 

arteries from TLR4-deficient mice are protected against endothelial injury (Y. 

Benhamou et al., 2009).  TLR4-deficient mice are also protected against LPS-

induced depression of vascular contractility (S. Ehrentraut et al., 2007).  Taken 

together, these studies all suggest that TLR4 may be a critical regulator of 

inflammation and oxidative stress both during endotoxin-induced inflammation and 

during ischemic injury. 
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Hypoxia Inducible Factor -1 Alpha 

HIF-1α plays a particularly important role in cerebral ischemia because it is 

activated both by cytokines as a result of inflammation, and by low oxygen levels as 

a result of reduced blood flow (T. Hellwig-Burgel et al., 2005) (Figure 2.7). The HIF 

DNA-binding complex is comprised of a constitutively expressed HIF-1β subunit, and 

two hypoxia inducible subunits HIF-1α and HIF-2α.  Under normoxic conditions, HIF-

1α and HIF-2α are continuously degraded due to oxygen-and iron-dependent prolyl 

hydroxylases that target HIF α subunits for degradation by the proteosome.  During 

hypoxia or iron deprivation, the hydroxylases are inhibited and HIFα subunits can 

accumulate and translocate to the nucleus where they bind HIF-1β and then bind 

hypoxic-response elements on the promoter regions of target genes to cause 

increased transcription of those genes (V. Nizet and R. S. Johnson, 2009).  HIF-1α 

increases the transcription of several genes for proteins that promote blood flow and 

inflammation, including TLR4, vascular endothelial growth factor (VEGF), interleukin-

6 (IL-6), heme oxygenase-1, eNOS, iNOS, and COX-2 (H. Matsui et al., 1999; T. 

Hellwig-Burgel et al., 2005; Y.-N. Liu et al., 2009; K. So Young et al., 2010).   

Hypoxia may contribute to the progression of atherosclerosis to an ischemic 

event.  Hypoxia occurs in inflammatory lesions due to increased tissue oxidative 

metabolism and decreased vascular perfusion (T. T. Cormac and P. C. Eoin, 2009). 

Atherosclerotic lesions, particularly in advanced plaques, contain regions of severe 

hypoxia.  Lesion hypoxia may be a key factor in the progression of advanced lesions 

by promoting lipid accumulation, inflammation, ATP depletion, and angiogenesis (L. 

M. Hulten and M. Levin, 2009).  
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Cross-Talk Between HIF-1α & NFκB 

There is considerable cross-talk between HIF-1α and NFκB (Figure 2.7).  

NFκB activation can increase HIF-1α levels under normoxia and following tumor 

necrosis factor alpha (TNFα) exposure, furthermore, inhibition of NFκB impairs the 

hypoxia-induced HIF-1α response (P. vanÂ uden et al., 2008).  Hypoxia enhances 

NFκB activity (K. M. Oliver et al., 2009), while prostaglandin E2, a product of COX-2 

activity, increases HIF-1α expression under normoxia (R. Ji et al., 2010).  In equine 

endothelial cells, LPS and hypoxia have both been shown to increase HIF-1α 

stabilization, while the effects of combined LPS and hypoxia on HIF-1α  stabilization 

and neutrophil adhesion were more than additive(A. Brooks et al., 2010).  

Furthermore, lungs of rats subjected to hemorrhagic shock show both increased 

HIF-1α activation and COX-2 expression (C. Hierholzer et al., 2001). IL-1β has also 

been shown to upregulate HIF-1α under normoxia, an effect which could be 

attenuated with COX-2 inhibition (Y.-J. Jung et al., 2003; O. B. D. Stasinopoulos I, 

Bhujwalla ZM, 2009).   In human pulmonary artery smooth muscle cells, reactive 

oxygen species increase HIF-1α induction via an NFκB-dependent mechanism (S. 

Bonello et al., 2007). In addition, hypoxia increased NFκB activity and NFκB 

inhibition reduced HIF-1α.  In addition, mutation of the NFκB binding site in the HIF-

1α  promoter prevented hypoxia-induced HIF-1α  transcription (R. S. BelAiba et al., 

2007).   Hypoxia and inflammation often occur simultaneously due to prevention of 

adequate gas exchange.  
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Cyclooxygenase-2  

As previously mentioned, COX-2 is a pro-inflammatory enzyme that gets 

upregulated during vascular inflammation.  Two major isoforms of cyclooxygenase 

have been described, COX-1 and COX-2.  COX-1 is constitutively expressed in most 

cell types and is involved in normal physiological responses.  COX-2, is the inducible 

isoform that is minimally expressed in vascular tissue under normal conditions, but 

upon induction can play an important role in mediating inflammation (J. L. Masferrer 

et al., 1995). COX-1 and COX-2 are responsible for converting arachidonic acid into 

prostaglandin H2, which can then be converted to an array of prostanoids including 

prostaglandin I2 (also known as prostacyclin), prostaglandin E2, prostaglandin F2α, 

prostaglandin D2, and thromboxane.  Production of these prostanoids can lead to 

many biological effects including vasodilation, vasoconstriction, platelet aggregation, 

anti-platelet aggregation, and apoptosis (C. Iadecola and P. B. Gorelick, 2005).  

COX inhibitors, also known as non-steroidal anti-inflammatory drugs, are commonly 

used to reduce inflammation and prevent cardiovascular events (C. Patrono and C. 

Baigent, 2009).  Following IL-1β or LPS treatment, both human and ewe arteries 

have been shown to express COX-2 (K. E. Vagnoni et al., 1999; N. Foudi et al., 

2009).  The role of COX-2 and COX-2 derived prostanoids in vascular inflammation 

associated with ischemia will be discussed below. 

 

ISCHEMIA 

Cerebral ischemia, loss of blood flow to the brain, results in neuronal death 

due to lack of oxygen and nutrients and an increase in reactive oxygen species that 
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triggers cytokine release and the initiation of an inflammatory response (Q. Wang et 

al., 2007).   Cytokines, such as IL-1β, help initiate the inflammatory response via 

activation of NFκB (J. Rius et al., 2008).  Cerebrovascular inflammation, in particular, 

contributes to secondary brain injury by promoting leukocyte infiltration into the brain, 

blood-brain-barrier injury, hyperemia, edema, and increased intracranial pressure. 

Vascular-derived COX-2 prostanoids may play an important role in this response 

because prostanoids can promote expression of cell adhesion molecules (D. 

Stanimirovic et al., 1997), hyperemia (O. Miyamoto et al., 2003), blood-brain-barrier 

leakiness (P. Ting, 1990), and cytotoxicity (K. Seibert et al., 1995). In humans, 

studies have shown that plasma levels of pro-inflammatory cytokines positively 

correlate to infarct size and neurological deterioration following stroke (N. Vila et al., 

2000). Therefore, inflammation is a modulator of stroke outcome. 

 

Ischemic Models 

Oxygen-glucose deprivation (OGD) or hypoxia with glucose deprivation 

(HGD) are in vitro models for some of the cellular insults that occur during ischemia, 

since during ischemia perfusion is reduced or absent, causing diminished delivery of 

oxygen and nutrients to affected cells/tissues. Middle cerebral artery occlusion 

(MCAO) is a commonly used in vivo model for ischemia in rodents.  In this model, 

damage to the brain is assessed via measurement of infarct size.  Infarct size is 

measured in thick brain sections incubated in a stain that labels live mitochondria, 

the areas that do not take up the dye are labeled as the infarcted/dead tissue. This 

serves as a relevant model for stroke because the middle cerebral artery is the most 
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common site of occlusion in human strokes (A. Delcker et al., 1993; W. Hacke et al., 

1996), and damage to this area causes behavioral and neurological deficits in rats 

that can be compared between treatment groups.  

 

Cerebral Ischemia Causes Inflammation 

Cerebral ischemia, both in vitro and in vivo, has been shown to induce 

inflammation.  OGD has been shown to induce expression of iNOS mRNA and 

protein and cause cell death in bovine cerebral endothelial cells (J. Xu et al., 2000). 

OGD has also been shown to induce human brain endothelial cell death and release 

of matrix metallopeptidase-9 (S. Guo et al., 2010). In astrocytes, OGD has been 

shown to promote cell death and increase COX-2 expression via the NFκB pathway 

(Y.-S. Lee et al., 2005). OGD also affects vascular reactivity.  For example, in bovine 

middle cerebral arteries OGD inhibited contraction to serotonin to a greater extent 

than hypoxia alone (P. E. Vinall and F. A. Simeone, 1986). Since cerebral ischemia 

causes hypoxia, it is not surprising that HIF-1α expression also increases following 

MCAO (X. Zhang et al., 2010). TNFα, IL-1, IL-6, and iNOS increase in cerebral VSM 

and associated intracerebral microvessels after MCAO (A. Maddahi and L. 

Edvinsson, 2010).  TLR4 mRNA, TLR4 protein, and NFκB activity also significantly 

increase in the brain after intracerebral hemorrhage in rats (L. W. Weiyu Teng, 

Weishuang Xue, and Chao Guan, 2009).   These data indicate that ischemia causes 

inflammation.   
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Inflammation Worsens Cerebral Ischemia Outcome 

Inflammation, both in vitro and in vivo, has been shown to worsen outcome 

following cerebral ischemia.  OGD- induced cell death in bovine cerebral endothelial 

cells appears to be due to iNOS-generated reactive oxygen species, as evidenced 

by increased peroxynitrite formation, since this cell death could be attenuated by 

selective iNOS inhibition or non-selective NOS inhibition (J. Xu et al., 2000). Pro-

inflammatory cytokine expression positively correlates to infarct size and 

neurological deterioration following stroke in humans (N. Vila et al., 2000) and 

following MCAO in rodents (X. K. Tu et al., 2010). In addition, it has also been 

shown that expression of TLR4, COX-2 and NFκB correlate with brain injury in 

rodents (X. K. Tu et al., 2010). Inhibition of iNOS reduces infarct size and NFκB 

activation following MCAO (R. Greco et al., 2011).  HIF-1α inhibition prior to MCAO 

or OGD decreases brain injury, brain edema, and apoptosis in neurons (T. 

Higashida et al., 2011; S. H. Yeh et al., 2011).  As previously mentioned, TLR4 

deficient mice have lower infarct volumes, better neurological and behavioral test 

outcomes, decreased NFκB activation, less brain inflammation, and decreased 

oxidative stress after MCAO than controls (J. R. Caso et al., 2007; J. R. Caso et al., 

2008; F. Hua et al., 2009; K. Hyakkoku et al., 2010).  

COX-2 derived prostanoids, particularly prostaglandin E2, are thought to 

contribute to injury following stroke.  Evidence for the role of COX-2/prostanoids in 

ischemic outcome can be found in a variety of rodent studies.  For example, COX-2 

mRNA induction in brain after MCAO is associated with increased severity of tissue 

damage (Y. Collaco-Moraes et al., 1996).  Furthermore, COX-2 inhibition has been 
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shown to reduce infarct size, inflammation, and neurobehavioral deficits following 

MCAO (K. Sugimoto and C. Iadecola, 2003; M. Ahmad et al., 2009; N. Fathali et al., 

2010) and to reduced cell death and cytokine expression following OGD in neuronal 

cultures (A. Bernardi et al., 2010).  The enzyme responsible for arachidonic acid, the 

substrate for COX-2, production from cell membrane lipids increases immediately 

following MCAO, followed by an increase in COX-2 derived prostaglandin E2.  Mice 

deficient in this enzyme have decreased neuronal prostaglandin E2, edema, and 

reactive oxygen species (K. Kishimoto et al., 2010).  The COX-2 endproduct, 

prostaglandin E2, binds four receptor subtypes: EP1, EP2, EP3, and EP4.  Activation 

of a majority of these receptors has been shown to increase infarct size and worsen 

neurological outcome following MCAO (T. Kawano et al., 2006; M. Ahmad et al., 

2007; S. Saleem et al., 2007; T. Abe et al., 2008; A. S. Ahmad et al., 2008), although 

EP2 receptor activation has been shown to be protective during MCAO (L. 

McCullough et al., 2004).  

Oxidative stress has also been shown to increase after MCAO (Y. S. Song et 

al., 2010).  In addition, mice deficient in nicotinamide adenine dinucleotide 

phosphate oxidase (NOX), a major source of oxidants in the post-ischemic brain, 

had significantly smaller infarcts and less brain inflammation after MCAO than wild 

type mice. Furthermore, injection of IL-1β doubled infarct size in wild type, but not in 

the NOX deficient mice (H. Chen et al., 2011).  These studies provide evidence that 

inflammatory proteins such as COX-2 and prostaglandins contribute to oxidative 

stress and ischemic damage. 
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Sex Differences in Cell Death Following Ischemia 

Numerous studies have shown that males and females utilize different cell 

death pathways following cerebral ischemia (for reviews please see (J. T. Lang and 

L. D. McCullough, 2008; K. Vagnerova et al., 2010)) (Figure 2.8).  In females, cell 

death following ischemia has been shown to be caspase-dependent.  In females, 

during MCAO cell death is initiated by cytochrome c release from the mitochondria, 

formation of the apoptosome, caspase activation, and caspase-mediated cleavage 

of DNA leading to cell death (J. T. Lang and L. D. McCullough, 2008).  

Consequently, in female mice caspase activation is increased after MCAO, and 

caspase inhibition is protective.  However, in males caspase inhibition has no effect 

(F. Liu et al., 2009).  Conversely, in males, cell death following cerebral ischemia 

has been shown to occur via the caspase-independent pathway.  In males, MCAO 

increases production of NO and peroxynitrite leading to DNA damage and activation 

of the DNA repair enzyme poly (ADP ribose) polymerase-1 (PARP-1).  PARP then 

triggers translocation of apoptosis inducing factor (AIF) from the mitochondria to the 

nucleus and leads to caspase-independent apoptosis (F. Liu et al., 2009).  

Consequently, inhibition of PARP or NOS is beneficial in males, but detrimental in 

females (L. D. McCullough et al., 2005). Deletion of PARP-1 also reduces infarct in 

males but exacerbates injury in females.   Interestingly, the detrimental effects of 

PARP loss in females can be reversed with caspase inhibition (F. Liu et al., 2011). 

There is some debate over whether these differences are due to hormonal 

status or to genetic sex (XX or XY chromosomes).   In isolated neurons with gonadal 

steroids removed from the media, cytotoxic challenge causes cell death in XY 
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neurons via the AIF-dependent pathway, while XX neurons die via cytochrome c 

dependent pathway.  In addition, female neurons had increased mitochondrial 

release of cytochrome c and caspase-3 activation, while male neurons had 

increased AIF levels (L. Du et al., 2004).  In both intact and OVX female mice, 

caspase inhibition was found to be neuroprotective after MCAO, but had no effect in 

males, suggesting that XX chromosome status, rather than estrogen is responsible 

for the increased caspase-mediated cell death in females (F. Liu et al., 2009).    

Conversely, intact male PARP-1 knockout mice also have smaller infarcts after 

MCAO, but protection is lost with castration and restored with androgen 

replacement, suggesting androgens may mediate some of the PARP-1 selective cell 

death in males (K. Vagnerova et al., 2010). While it is still unclear whether genetic 

sex or hormone status are responsible for the sex differences in apoptosis, it is clear 

that males and females have sexually dimorphic mechanisms for cell death following 

cerebral ischemia. 

 

EFFECTS OF ANDROGENS ON CARDIOVASCUALR DISEASE, 

INFLAMMATION, AND OXIDATIVE STRESS 

Cardiovascular Effects of Androgens 

Cardiovascular disease, particularly stroke, is more prevalent in men than in 

pre-menopausal women, yet the severity of outcome is greater in women (R. E. 

Petrea et al., 2009; M. Writing Group et al., 2009).  Based on these statistics it was 

originally thought that androgens had detrimental effects on the cardiovascular 

system; surprisingly androgens have actually been shown to have a variety of 
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cardioprotective effects.   In mice, T has been shown to reduce aortic fatty streak 

formation and improve HDL cholesterol (J. E. Nettleship et al., 2007).  In rodents, 

low doses of both T and DHT have been shown to decreased infarct size after 

cerebral ischemia (Y. Pan et al., 2005; J. Cheng et al., 2008; Z. K. Li et al., 2008; M. 

Uchida et al., 2009; J. Cheng et al., 2010).  The androgen DHEA has been shown to 

inhibit vascular remodeling and reduce neointima formation after vascular injury (M. 

Ii et al., 2009).  DHEA has also been shown to inhibit and even reverse hypoxic 

pulmonary hypertension in rats (M. Oka et al., 2007).  

Circulating T levels in men peak in early adulthood and then steadily decline 

with age at a rate of 1.6% per year for total testosterone and 2-3% per year for free 

(bioavailable) testosterone (H. A. Feldman et al., 2002; B. B. Yeap, 2008).  In men, 

low androgen levels predict increased incidence of stroke (B. B. Yeap et al., 2009), 

aortic aneurysm (B. B. Yeap et al., 2010), hypercholesterolemia, diabetes, coronary 

heart disease (K. M. English et al., 2000b; A. Ponholzer et al., 2010) and 

hypertension (K. M. English et al., 1997).  Furthermore, low androgen levels are also 

associated with poorer outcome after stroke (L. L. Jeppesen et al., 1996), increased 

vascular mortality (C. J. Malkin et al., 2010), increased arterial stiffness (M. Yaron et 

al., 2009), increased inflammation (V. Kupelian et al., 2010), adverse lipid profile, 

high levels of fibrinogen, insulin, and pro-colagulable factors (K. M. English et al., 

1997).  T replacement has also been used in clinical settings to relieve symptoms of 

angina since it causes vasodilation and thus increases bloodflow (K. M. English et 

al., 2000a).  Furthermore, T has been shown to enhance proliferation of human VSM 

cells (M. R. Williams et al., 2002), potentially helping to maintain the fibrous cap of 
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atherosclerotic plaques (C. J. Malkin et al., 2003). Accordingly, castration of male 

rabbits has been shown to increase aortic atheroma by 100%, an effect which is 

inhibited by T replacement (P. Alexandersen et al., 1999).   These studies suggest 

that androgen therapy may be beneficial in aging men at risk for cardiovascular 

disease. 

 

Effects of Androgens During Cerebral Ischemia 

Since lower testosterone levels predict increased incidence of stroke or 

transient ischemic attack (B. B. Yeap et al., 2009) and poorer outcome (L. L. 

Jeppesen et al., 1996), androgens may play a protective role during stroke.  

However, in rodent models of stroke the effects of androgens are less clear. Some 

studies have reported detrimental effects of androgens on lesions size following 

cerebral ischemia (T. Hawk et al., 1998; S.-H. Yang et al., 2002; J. Cheng et al., 

2007), while others have reported protective effects (Y. Pan et al., 2005; J. Cheng et 

al., 2008; Z. K. Li et al., 2008; M. Uchida et al., 2009; J. Cheng et al., 2010).  This 

disparity seems to be due to the fact that the effects of androgens on outcome after 

cerebral ischemia are both age and dose-dependent.  DHT was found to be 

protective at a low physiological dose or in aged male rodents, but detrimental if 

administered at a high dose or in young male rodents (J. Cheng et al., 2008; M. 

Uchida et al., 2009).  Nevertheless, it appears that the majority of studies report 

protective effects for androgens, at least at low doses.  For example, T treatment of 

neonatal rats with hypoxic-ischemic brain damage promoted axon regeneration and 

morphological recovery of neurons and decreased neural apoptosis (Z. K. Li et al., 
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2008). T treatment for 7 days post-MCAO accelerated functional recovery and 

decreased reactive hypertrophy surrounding the infarct area (Y. Pan et al., 2005).  A 

protective dose of DHT prevented ischemia-induced histone deacetylation and 

increased salt-induced kinase-1, a protective gene that decreases cell death, after 

MCAO (J. Cheng et al., 2010).  Taken together, these data show that androgens 

may be protective against ischemia at low doses. 

 

Influence of Androgens on Inflammation & Oxidative Stress 

Androgens have been shown to have anti-inflammatory effects in vivo and in 

vitro.  In men, T replacement has also been shown to reduce expression of pro-

inflammatory cytokines (TNFα, IL-1β, IL-6, and C reactive protein), while increasing 

expression of the anti-inflammatory cytokine interleukin-10 (C. J. Malkin et al., 2004; 

S. Y. Kalinchenko et al., 2010b). In men, androgen treatment has also been shown 

to reduce inflammation associated with rheumatic conditions (A. Bizzarro et al., 

1987; M. Cutolo et al., 1991).  In vivo androgen replacement has been shown to 

reduce inflammation in rabbits fed a high cholesterol diet (Y. Qiu et al., 2010).   

Androgens have been shown to reduce inflammation in a variety of 

cells/tissues including human monocytes (Z. G. Li et al., 1993), human macrophages 

(M. P. Corcoran et al., 2010), mouse macrophage (D. A. Padgett and R. M. Loria, 

1998; J. A. Rettew et al., 2008; Y. Qiu et al., 2010),  human prostate cancer cell line 

(E. T. Keller et al., 1996), human endothelial cells (H. Hatakeyama et al., 2002; T. K. 

Mukherjee et al., 2002; G. D. Norata et al., 2006; H. Jin et al., 2009), and human 

VSM cells (A. Dessouroux et al., 2008; K. L. Osterlund et al., 2010).  For example, in 
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human umbilical vein endothelial cells DHT reduced LPS- or TNFα-induced 

expression of VCAM-1, inter-cellular adhesion molecule (ICAM), IL-6, monocyte 

chemoattractant protein, TLR4, and COX2.  Furthermore, DHT decreased NFκB 

activation and COX-2 promoter activity (G. D. Norata et al., 2006).  Another study 

also showed that T decreased VCAM-1 expression in human umbilical vein 

endothelial cells (T. K. Mukherjee et al., 2002).  T has also been shown to decrease 

TNFα-induced VCAM-1 and NFκB in human aortic endothelium (H. Hatakeyama et 

al., 2002). T also was shown to exert anti-thrombotic effects on tissue factor pathway 

inhibitor expression during TNFα-induced inflammation by decreasing NFκB DNA-

binding in human umbilical vein endothelial cells (H. Jin et al., 2009). In human 

pulmonary artery smooth muscle cells, the adrenal androgen, DHEA, has been 

shown to reduce accumulation of the pro-inflammatory transcription factor HIF-1α 

during hypoxia via a post-translational mechanism (A. Dessouroux et al., 2008). 

These data support an anti-inflammatory role for androgens in a variety of cell types.    

While the majority of studies have shown anti-inflammatory effects of 

androgens, a few studies have reported pro-inflammatory effects of androgens in rat 

cerebral arteries (A. Razmara et al., 2005; R. J. Gonzales et al., 2009) and human 

endothelial cells (J. A. McCrohon et al., 1999; X. Zhang et al., 2002; A. K. Death et 

al., 2004).  These apparent contradictory findings may be explained by a differential 

effect of androgens in the absence and presence of induced-inflammation, whereby 

androgens increase vascular inflammation via an AR-dependent mechanism under 

physiological conditions, but decrease vascular inflammation via an AR-independent 

mechanism during pathophysiological conditions.  For example, DHT treatment in 
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vivo and ex vivo, increases NFκB-DNA binding activity, and increases COX-2 and 

iNOS protein levels in the absence of induced inflammation via an AR-dependent 

mechanism (R. J. Gonzales et al., 2009).  This AR-mediated pro-inflammatory effect 

has also been reported in human coronary VSM cells in the absence of induced 

inflammation, however, in the presence of cytokine- or endotoxin- induced 

inflammation, DHT decreases COX-2 expression via an AR-independent mechanism 

(K. L. Osterlund et al., 2010).  Additional differences may be explained by dose of 

androgens used, whereby androgens are protective at low doses, but detrimental at 

high doses as has been shown with damage following cerebral ischemia (M. Uchida 

et al., 2009).  For example, in human umbilical vein endothelial cells, 0.1 nM DHT 

reduced TNFα-induced vascular inflammation (G. D. Norata et al., 2006), but in two 

other studies 400 nM DHT increased TNFα-induced inflammation (J. A. McCrohon et 

al., 1999; A. K. Death et al., 2004).  These studies suggest that the effects of 

androgens on inflammation may be both dose- and condition-dependent. 

Androgens have also been shown to have anti-oxidant effects in mouse 

embryonic stem cells (M. N. Lee et al., 2008), rat ventral prostate (N. N. Tam et al., 

2003), rat synovium (K. Ganesan et al., 2008), and human endothelial cells (Z. R. Xu 

et al., 2010). In human umbilical vein endothelial cells, DHT decreased hydrogen 

peroxide, a stimulator of ROS, induced apoptosis (Z. R. Xu et al., 2010). These data, 

suggest that during pathophysiological conditions androgens play a mostly 

protective role against cardiovascular disease, inflammation, and oxidative stress. 
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EFFECTS OF ESTROGENS ON CARDIOVASCULAR DISEASE, INFLAMMATION 

AND OXIDATIVE STRESS 

Cardiovascular Effects of Estrogen 

The cardiovascular effects of estrogen are controversial.  As previously 

mentioned, cardiovascular disease, particularly stroke, is less prevalent in pre-

menopausal women compared to men, yet the severity of outcome is greater in 

women than men (R. E. Petrea et al., 2009; M. Writing Group et al., 2009).   These 

statistics and many rodent studies, suggest that estrogen may play a protective role 

in cardiovascular disease.  For example, in OVX monkeys, E treatment decreased 

diet-induced coronary artery atherosclerosis (M. R. Adams et al., 1990; M. R. Adams 

et al., 1997; T. B. Clarkson et al., 2001).  Observational studies in humans also 

supported a protective role for E.  For example, a prospective observational study 

found that coronary heart disease incidence was significantly decreased in women 

(30-55 yrs) who had previously or were currently using hormone replacement 

therapy (M. J. Stampfer et al., 1985). The Nurses’ Health Study, a large prospective 

observational study, found that women who were on E replacement therapy had 

reduced risk of major coronary events; but stroke risk was increased with high dose 

E replacement (F. Grodstein et al., 2000).   

However, clinical studies have actually shown adverse cardiovascular effects 

with estrogen treatment.  The Women's Health Initiative, a large randomized clinical 

trial, showed that in postmenopausal women (50-79 yrs old) estrogen plus progestin 

treatment increase incidence of coronary heart disease and stroke (J. E. Rossouw et 

al., 2002).  The Heart and Estrogen/Progestin Treatment Study (HERS), another 
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large randomized clinical trial, showed that in postmenopausal women (<80yrs) E 

plus progestin treatment increased the incidence of venous thromboembolic events 

during the first year of treatment (S. Hulley et al., 1998).   

The disparities between animal studies, observational studies, and clinical 

studies appears to be a matter of timing, with estrogens being protective if given 

soon after menopause/OVX, and detrimental if given longer after menopause/OVX 

(T. B. Clarkson, 2007).   This finding was also supported by a re-examination of the 

Nurses’ Health Study which showed that women beginning hormone treatment near 

menopause had a significantly reduced risk of coronary heart disease, but protection 

was lost in those that initiated therapy at least 10 years after menopause (F. 

Grodstein et al., 2006).   Therefore, it appears that E is only protective if given before 

menopause or soon after the onset of menopause. 

 

Effects of Estrogen During Cerebral Ischemia 

Female rats are protected against cerebral ischemia compared to males, 

which suggests a protective role for estrogen in cerebral ischemia.  Female rodents 

maintain cerebral blood flow and have smaller infarcts than males after MCAO (N. J. 

Alkayed et al., 1998; W. Zhang et al., 2009; B. Zhang et al., 2010).   The increases 

in cerebral blood flow in females may be due to downregulation of soluble epoxide 

hydrolase (sEH), the enzyme that inactivates vasodilatory epoxyeicosatrienoic acids 

(EETs) (I. P. Koerner et al., 2008). ETTs are fatty acid signaling molecules that are 

potent vasodilators with anti-inflammatory and anti-thrombotic effects in the cerebral 

vasculature that have been shown to be protective during cerebral ischemia (J. J. Iliff 
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and N. J. Alkayed, 2009).  In support of this theory, sEH expression was found to be 

lower in female mice than males, consequently sEH knockout reduced infarct size 

and improved cerebral blood flow in OVX but not OVX and E replaced females, 

since the E replacement had already lowered the sEH levels (W. Zhang et al., 2009).  

It has also been shown that intravenous E injection 30 min prior to ischemia 

provided the same protection as chronic E treatment (T. J. K. Toung et al., 1998).  In 

one study, E treatment of female rats was found to be beneficial only in the females 

that were still reproductively cycling, and was actual detrimental to the reproductively 

senescent females (A. Selvamani and F. Sohrabji, 2010).  However, another study 

found that E reduced infarct in reproductively senescent female rats (N. J. Alkayed 

et al., 2000). Another study reported detrimental effects of estrogen in female rats 

after permanent (no reperfusion) MCAO (K. B. Gordon et al., 2005).  Therefore, it is 

not clear whether E is protective or detrimental in aged females, and in different 

ischemic models (permanent vs. transient MCAO with reperfusion).  

Estradiol also plays a protective role in males.  In male rats, acute E 

treatment during the first 5 min of reperfusion after MCAO has been shown to 

reduce infarct and rapidly (10 min) improve cerebral blood flow (L. D. McCullough et 

al., 2001).  Using a model of global forebrain ischemia (occlusion of 4 vessels for 15 

min) with reperfusion, it was found that E was protective in both male and female 

rats, by preserving endothelial and smooth muscle-mediated vasodilation. Ischemia 

blunted vessel constriction to serotonin regardless of treatment (Y. Watanabe et al., 

2001). These data provided evidence that E is protective in males and females 

during cerebral ischemia, likely via improve blood flow to the infracted area.   
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Influence of Estrogens on Inflammation & Oxidative Stress 

Estrogen has been shown to have anti-inflammatory effects in humans and 

rodents.  In post-menopausal women, E treatment was inversely associated with 

ICAM-1 and homocysteine levels (R. Karim et al., 2010).  In cultured brain 

endothelial cells, E inhibited the basal and IL-1β mediated expression of the ICAM-1 

and NFκB activation (E. Galea et al., 2002) In OVX female rats, LPS induced 

cerebrovascular iNOS and COX-2; however, this effect was significantly decreased 

with chronic in vivo E treatment (L. Sunday et al., 2006).  In rat pial venules, in vivo 

leukocyte adhesion was greater in OVX versus intact or OVX and E replaced.   

Following cerebral ischemia, in OVX rats leukocyte adhesion remained elevated 

after 4 and 6 hours of reperfusion compared to intact or OVX and E replaced rats (R. 

A. Santizo et al., 2000).   E is cardioprotective due to inhibition of LPS-induced TNFα 

expression and cardiomyocyte apoptosis (C. J. Liu et al., 2009). Anti-inflammatory 

effects of E may be age dependent.  Following LPS treatment, aged rats had 

increased NFκB DNA binding activity, COX-2, and iNOS compared to young rats.  E 

inhibited NFκB DNA binding in both groups but only inhibited COX-2 and iNOS 

production in the young rats (L. Sunday et al., 2007).  These data demonstrate an 

anti-inflammatory role for estrogens in both humans and rodents. 

Estrogen has also been shown to have anti-oxidant effects.   In vivo E 

treatment has been shown to decrease superoxide production by NADPH oxidase in 

rat aorta (M. Florian et al., 2004a). In mitochondria isolated from cerebral blood 

vessels of female rats, in vivo E treatment decreased production of hydrogen 

peroxide, an indicator of oxidative stress (C. Stirone et al., 2005b). In VSM cells from 
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OVX mice, E decreased angiotensin II-induced free radical production and 

upregulated superoxide dismutase expression and activity, while OVX without E 

replacement increased free radical production and downregulated superoxide 

dismutase expression (K. Strehlow et al., 2003). Thus, E has been shown to act as 

an anti-oxidant and reduced oxidative stress.  

 

Estrogen Receptor Beta Mediated Cardioprotective Effects 

Selective ERβ activation, like androgen treatment, has a variety of 

cardioprotective and anti-inflammatory effects.  Cardioprotective effects include 

protection against vascular injury in mice (M. D. Iafrati et al., 1997),  prevention of L-

glutamate-induced increases in blood pressure in male rats (S. Gingerich and T. L. 

Krukoff, 2006), prevention of aldosterone/high salt intake-induced increases in blood 

pressure, cardiac mass, and cardiac myocyte hypertrophy in rats (P. A. Arias-Loza 

et al., 2007), prevention of neointima formation in mice (Y. D. Krom et al., 2007), 

protection against damage in a rat carotid injury model (S. Makela et al., 1999),  

protection against cerebral ischemia in rodents(H. V. Carswell et al., 2004; N. R. 

Miller et al., 2005; A. Donzelli et al., 2010),  protection against myocardial ischemia 

in mice (T. Pelzer et al., 2005; I. Nikolic et al., 2007; M. Wang et al., 2008; N. D. 

Vornehm et al., 2009; M. Wang et al., 2009), and protection against in vitro ischemia 

in mouse brain endothelial cells (J. Guo et al., 2010).   

In humans, ERβ gene polymorphisms have been associated with higher 

systolic blood pressure (S. Ogawa et al., 2000; J. A. Ellis et al., 2004) and increased 

risk of myocardial infarction (K. M. Rexrode et al., 2007; S. Domingues-Montanari et 
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al., 2008).  A similar phenotype in observed in ERβ knockout mice, which develop 

both systolic and diastolic hypertension as they age (Y. Zhu et al., 2002).    

ERβ activation, like androgens, has been shown to have anti-inflammatory 

effects in a variety of cells/tissues such as rodent microglial (A. E. Baker et al., 2004; 

J. A. Smith et al., 2011), mouse brain (C. M. Brown et al., 2010),  motorneurons (A. 

Das et al., 2011), astrocytes (D. K. Lewis et al., 2008), rat VSM cells (D. Xing et al., 

2007), primate VSM (R. G. Mishra et al., 2006),  and human endothelial cells (G. D. 

Norata et al., 2010).  In vivo treatment with estriol, a partial ERβ agonist, attenuated 

aortic thromboxane receptor expression. Furthermore, in vitro treatment with estriol 

or 3β-diol downregulated thromboxane receptor expression in VSM, which was 

blocked for both agonists by pretreatment with an ERβ antagonist (R. G. Mishra et 

al., 2006). In rat VSM cells, DPN decreases TNFα-induced neutrophil 

chemoattractant and neutrophil chemotactic activity (D. Xing et al., 2007).  In human 

umbilical vein endothelial cells, 3β-diol decreased TNFα-induced ICAM-1, VCAM-1, 

endothelial cell leukocyte adhesion molecule-1 (ELAM-1), monocyte 

chemoattractant protein-1, and IL-6; this effect was blocked by an ERβ antagonist. 

3β-diol also decreased LPS-induced IL-6, ELAM and platelet endothelial cell 

adhesion molecule-1 in male mouse aorta (G. D. Norata et al., 2010). Taken 

together, these studies show that ERβ activation has similar protective effects to 

androgens. 
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SUMMARY 

In summary, sex steroids can be synthesized and metabolized locally in vascular 

cells and influence vascular reactivity, inflammation, and oxidative stress.  Both 

androgens and estrogens appear to play mostly protective roles in cardiovascular 

diseases via their anti-inflammatory, anti-oxidant, and vasodilatory actions.  These 

actions occur via genomic and non-genomic mechanisms.  For androgens, some the 

protective effects appear to be AR-independent, and thus may be mediated via the 

androgen metabolite 3β-diol. 

  



 

 

Figure 2.1. Gonadal Steroid
common name is provided. Arrows indicate direction of enzyme reaction. 3α
3alpha-hydroxysteroid dehydrogenase; 3β
dehydrogenase; 3β-diol, 
hydroxysteroid dehydrogenase; CYP7B
hydroxylase; CYP11A, cholesterol side
hydroxylase. 
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Gonadal Steroid Synthesis and Receptor Activation.
common name is provided. Arrows indicate direction of enzyme reaction. 3α

hydroxysteroid dehydrogenase; 3β-HSD, 3beta
diol, 5α-androstane-3β,17β-diol; 17β-HSD, 17beta

hydroxysteroid dehydrogenase; CYP7B1, 25-hydroxycholesterol 7
CYP11A, cholesterol side-chain cleavage enzyme; CYP17, 17alpha

 

  

 

and Receptor Activation. Steroid 
common name is provided. Arrows indicate direction of enzyme reaction. 3α-HSD, 

HSD, 3beta-hydroxysteroid 
HSD, 17beta-

hydroxycholesterol 7-alpha-
chain cleavage enzyme; CYP17, 17alpha-



 

 
Figure 2.2. Gonadal Steroid Genomic Signaling.
gonadal steroid signaling.
such as dihydrotestosterone and 3beta
respectively.  T, testosterone; E estradiol, AR, androgen receptor; ARE, androgen 
response element; ERα, estrogen receptor
estrogen response element; HSP, heat shock protein; mRNA, messenger RNA; 
NLS, nuclear localization signal.
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Gonadal Steroid Genomic Signaling. Schematic diagram of genomic 
gonadal steroid signaling.  Although not shown, other androgens and estrogens
such as dihydrotestosterone and 3beta-diol, utilize the same pathways as T and E 

T, testosterone; E estradiol, AR, androgen receptor; ARE, androgen 
, estrogen receptor alpha; ERβ, estrogen receptor beta; ERE, 

estrogen response element; HSP, heat shock protein; mRNA, messenger RNA; 
NLS, nuclear localization signal.  

  

 

Schematic diagram of genomic 
Although not shown, other androgens and estrogens, 

utilize the same pathways as T and E 
T, testosterone; E estradiol, AR, androgen receptor; ARE, androgen 

, estrogen receptor beta; ERE, 
estrogen response element; HSP, heat shock protein; mRNA, messenger RNA; 



 

 

Figure 2.3. Non-genomic Actions of A
actions of androgens proposed 
shown, dihydrotestosterone is thought to work through the same pathways.  
large conductance calcium activated potassium channel; Ca2+, calcium; DAG,
diacylglycerol; G, G protein; 
G protein coupled receptor; GTP, guanosine triphosphate; IP
triphosphate; IP3R, IP3 receptor; Mem AR?, unidentified 
androgen receptor; MLCK, myosin light chain kinase; P, phosphorylated
phosphatidylinositol 4,5 bisphosphate
C; sGC, soluble guanylate
T, testosterone; VGCC, voltage gated calcium channel.

52 
 

genomic Actions of Androgens.  Mechanisms for nongenomic 
actions of androgens proposed by several authors are depicted.  Although not 

, dihydrotestosterone is thought to work through the same pathways.  
calcium activated potassium channel; Ca2+, calcium; DAG,
protein; GDP, guanosine diphosphate; Gq, inhibitory subunit of 

protein coupled receptor; GTP, guanosine triphosphate; IP3, inositol 1,4,5
triphosphate; IP3R, IP3 receptor; Mem AR?, unidentified membrane
androgen receptor; MLCK, myosin light chain kinase; P, phosphorylated
phosphatidylinositol 4,5 bisphosphate; PKG, protein kinase G; PLC, phospholipase 

soluble guanylate cyclase; SHBG R, sex hormone binding globulin receptor;
, voltage gated calcium channel. X, blockage of receptor.  

  

 

Mechanisms for nongenomic 
by several authors are depicted.  Although not 

, dihydrotestosterone is thought to work through the same pathways.  BKCa, 
calcium activated potassium channel; Ca2+, calcium; DAG, 

Gq, inhibitory subunit of 
, inositol 1,4,5-

membrane bound 
androgen receptor; MLCK, myosin light chain kinase; P, phosphorylated; PIP2, 

PKG, protein kinase G; PLC, phospholipase 
cyclase; SHBG R, sex hormone binding globulin receptor; 

X, blockage of receptor.   



 

 

Figure 2.4. Vascular Structure
vessel. 
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Vascular Structure. Schematic diagram of the three layers of a blood 

 

  

 

Schematic diagram of the three layers of a blood 



 

 

Figure 2.5. Vascular Reactivity
alpha 1 adrenergic receptor; ACh, acetylcholine,
diacylglycerol; eNOS, endothelial nitric oxide synthase; ET
endothelin 1 receptor, GDP, guanosine diphosphate;
protein coupled receptor;  GTP, guanosine triphosphate; IP
triphosphate; IP3R, IP3 receptor;  L type VGCC, long acting voltage gated calcium 
channel; M3, muscarinic acetylcholine receptor 3; MLCK, myosin light chain kinase; 
NO, nitric oxide; P, phosphorylated; PIP
PKG, protein kinase G; PLC,
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. Vascular Reactivity. Pathways for PE, ET-1 and ACh are depicted.  
receptor; ACh, acetylcholine, Ca2+, calcium; DAG,

; eNOS, endothelial nitric oxide synthase; ET-1, endothelin 1; ET1R, 
endothelin 1 receptor, GDP, guanosine diphosphate; Gq, inhibitory subunit of 
protein coupled receptor;  GTP, guanosine triphosphate; IP3, inositol 1,4,5

, IP3 receptor;  L type VGCC, long acting voltage gated calcium 
channel; M3, muscarinic acetylcholine receptor 3; MLCK, myosin light chain kinase; 
NO, nitric oxide; P, phosphorylated; PIP2, phosphatidylinositol 4,5 bisphosphate, 
PKG, protein kinase G; PLC, phospholipase C; sGC, soluble guanylate cyclase.

 

  

 

are depicted.  α1, 
Ca2+, calcium; DAG, 
1, endothelin 1; ET1R, 

Gq, inhibitory subunit of G 
, inositol 1,4,5-

, IP3 receptor;  L type VGCC, long acting voltage gated calcium 
channel; M3, muscarinic acetylcholine receptor 3; MLCK, myosin light chain kinase; 

phosphatidylinositol 4,5 bisphosphate, 
phospholipase C; sGC, soluble guanylate cyclase. 



 

 

Figure 2.6.  NFκB Signaling.
system through receptors, such as toll
receptor, leads to MyD88
degradation of IκB by the proteosome.  This allows NFκB to enter the nucleus and 
induce transcription of pro
inhibitor of NFκB alpha; IKK
iNOS, inducible nitric oxide synthase; IRAK, IL
nuclear factor kappa B; NO, nitric oxide; TLR, toll
necrosis factor associated receptor; TIRAP; TIR domain 
molecule; ub, ubiquitin. 
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NFκB Signaling.  During ischemia activation of the innate immune 
system through receptors, such as toll-like receptor 4 (TLR4) and the interleukin
receptor, leads to MyD88-dependent signaling leading to phosphorylation and 

of IκB by the proteosome.  This allows NFκB to enter the nucleus and 
induce transcription of pro-inflammatory genes. COX-2, cyclooxygenase

B alpha; IKKβ, inhibitor of NFκB kinase; IL-1R, interleukin
iNOS, inducible nitric oxide synthase; IRAK, IL-1 receptor associated kinase; NF
nuclear factor kappa B; NO, nitric oxide; TLR, toll-like receptor; tram,  TRAF, tumor 
necrosis factor associated receptor; TIRAP; TIR domain containing adaptor 

 

  

 

During ischemia activation of the innate immune 
like receptor 4 (TLR4) and the interleukin-1 

aling leading to phosphorylation and 
of IκB by the proteosome.  This allows NFκB to enter the nucleus and 

2, cyclooxygenase-2; IκBα, 
1R, interleukin-1 receptor; 

1 receptor associated kinase; NFκB, 
like receptor; tram,  TRAF, tumor 

containing adaptor 



 

 
Figure 2.7.  Ischemia-Induced Inflammation via NFκB and HIF
ischemia inflammation is induced by activation of the transcription factors HIF
and NFκB. COX-2, cyclooxygenase
HIFβ, hypoxia inducible factor beta subunit, HIF
HRE, hypoxia response element; FIH, asparaginyl hydroxylases inhibiting HIF
ICAM, intercellular adhesion molecule; I
of NFκB kinase; iNOS, inducible nitric oxide synthase; NF
p50/p65, subunits of NFκ
VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial growth factor. 
Adapted from (H. K. Eltzschig and P. Carm
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Induced Inflammation via NFκB and HIF
ischemia inflammation is induced by activation of the transcription factors HIF

2, cyclooxygenase-2; HIFα, hypoxia inducible factor alpha subunit; 
, hypoxia inducible factor beta subunit, HIF-1α, hypoxia inducible factor 1 alpha; 

HRE, hypoxia response element; FIH, asparaginyl hydroxylases inhibiting HIF
ICAM, intercellular adhesion molecule; IκBα, inhibitor of NFκB alpha; IKK

B kinase; iNOS, inducible nitric oxide synthase; NFκB, nuclear factor kappa B; 
κB; PHD, prolyl hydroxylase; TLR4, toll-like receptor 4; 

VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial growth factor. 
(H. K. Eltzschig and P. Carmeliet, 2011). 

  

 

Induced Inflammation via NFκB and HIF-1α. During 
ischemia inflammation is induced by activation of the transcription factors HIF-1α 

cible factor alpha subunit; 
, hypoxia inducible factor 1 alpha; 

HRE, hypoxia response element; FIH, asparaginyl hydroxylases inhibiting HIF-1α, 
B alpha; IKKβ, inhibitor 

B, nuclear factor kappa B; 
like receptor 4; 

VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial growth factor. 
 



 

 

Figure 2.8.  Sex Differences in 
death pathways preferentially utilized by male (right) and female (left) cells.  
apoptosis inducing factor; 
cytochrome C; PAR, poly (ADP
oxygen species.  Adapted from 
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Figure 2.8.  Sex Differences in Ischemic Cell Death.   Schematic diagram of cell 
death pathways preferentially utilized by male (right) and female (left) cells.  
apoptosis inducing factor; Ca2+, calcium; CAD, caspase activated DNA
cytochrome C; PAR, poly (ADP-ribose); PARP, PAR polymerase; 

dapted from (J. T. Lang and L. D. McCullough, 2008)

 

  

 

Schematic diagram of cell 
death pathways preferentially utilized by male (right) and female (left) cells.  AIF, 

caspase activated DNAse; Cyt C, 
ribose); PARP, PAR polymerase; ROS, reactive 

(J. T. Lang and L. D. McCullough, 2008) 



  
 

58 
 

 
 
 
 

CHAPTER 3: DIHYDROTESTOSTERONE ALTERS CYCLOOXYGENASE-2 

LEVELS IN HUMAN CORONARY ARTERY SMOOTH MUSCLE CELLS 

 

Abstract 

Both protective and non-protective effects of androgens on the cardiovascular 

system have been reported. Previous studies show that the potent androgen 

receptor (AR) agonist dihydrotestosterone (DHT) increases levels of the vascular 

inflammatory mediator cyclooxygenase-2 (COX-2) in rodent cerebral arteries 

independent of any inflammatory stimulus.  Little is known about the effects of 

androgens on inflammation in human vascular tissues.  Therefore, I tested the 

hypothesis that DHT alters COX-2 levels in both the absence and presence of 

induced inflammation in primary human coronary artery smooth muscle cells 

(HCASMC).  Furthermore, I tested the ancillary hypothesis that DHT’s effects on 

COX-2 levels are AR-dependent. Cells were treated with DHT (10 nM) or vehicle for 

6 hours in the presence or absence of LPS or IL-1β.  Similar to previous 

observations in rodent arteries, in HCASMC, DHT alone increased COX-2 levels 

compared to vehicle. This effect of DHT was attenuated in the presence of the AR 

antagonist, bicalutamide. Conversely, in the presence of LPS or IL-1β, increases in 

COX-2 were attenuated by co-treatment with DHT. Bicalutamide did not affect this 

response, suggesting that decreases in COX-2 levels by DHT occurs independently 
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of AR stimulation. Thus, I conclude that DHT differentially influences COX-2 levels 

under physiological and pathophysiological conditions in HCASMC.  This effect of 

DHT on COX-2 involves both AR-dependent and -independent mechanisms 

depending on the physiological state of the cell.  

 

Key Words 

Vascular smooth muscle, interleukin-1 beta, lipopolysaccharide, inflammation, 

androgen  
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Introduction 

Preclinical and clinical research suggest that vascular inflammation is a 

critical regulator in the etiology and progression of cardiovascular disease that, if not 

treated or managed, can eventually lead to fatal clinical endpoints such as stroke 

and myocardial infarction.  Clinical data consistently show that cardiovascular 

disease is more prevalent in men than in pre-menopausal women (M. Writing Group 

et al., 2009). Numerous studies have focused on the role of estrogens in contributing 

to the gender-related disparities in cardiovascular disease, but the cardiovascular 

actions of androgens are not well understood. With the few studies documented, 

there is disagreement as to whether androgens exacerbate or beneficially contribute 

to the development and progression of cardiovascular disease. Because chronic 

vascular inflammation contributes significantly in the pathogenesis of cardiovascular 

diseases (S. J. Warner et al., 1989; P. Saren et al., 1996; S. J. George, 1998), it is 

important to investigate the role of androgens under both normal and 

pathophysiological conditions.   

During vascular inflammation, monocytes and macrophages penetrate the 

vessel wall and produce inflammatory cytokines, (P. G. Tipping and W. W. Hancock, 

1993) such as interleukin-1β (IL1β), leading to activation of nuclear factor kappa B 

(NFκB), a transcription factor for inflammatory mediators such as cytokines, vascular 

adhesion molecule-1 (VCAM-1), cyclooxygenase-2 (COX-2) and, inducible nitric 

oxide synthase (iNOS) (J. Rius et al., 2008). Vascular inflammation reduces the 

stability of atherosclerotic plaques (S. J. Warner et al., 1989; P. Saren et al., 1996; 

S. J. George, 1998), thus increasing the probability of a thrombotic event such as 
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myocardial infarction or stroke. In this study, I use COX-2 as a marker for vascular 

inflammation.  Two major isoforms of cyclooxygenase have been described, COX-1 

and COX-2.  COX-1 is constitutively expressed in most cell types and is involved in 

normal physiological responses.  COX-2, is the inducible isoform that is minimally 

expressed in vascular tissue under normal conditions, but upon induction can play 

an important role in mediating inflammation (J. L. Masferrer et al., 1995). COX-1 and 

COX-2 are responsible for converting arachidonic acid into prostaglandin H2, which 

can then be converted to an array of prostanoids.  Production of these prostanoids 

can lead to many biological effects including vasodilation, vasoconstriction, platelet 

aggregation, anti-platelet aggregation, and apoptosis (C. Iadecola and P. B. 

Gorelick, 2005). 

Previous studies have demonstrated that DHT increases COX-2 levels in 

rodent cerebral arteries in the absence of induced inflammation (R. J. Gonzales et 

al., 2009). Although much of the work regarding androgens and vascular 

inflammation has been conducted in endothelial cells (J. A. McCrohon et al., 1999; 

H. Hatakeyama et al., 2002; T. K. Mukherjee et al., 2002; A. K. Death et al., 2004; G. 

D. Norata et al., 2006), there are few reports on the effects of  androgens on 

inflammation in vascular smooth muscle (D. Somjen et al., 2009).   

I have hypothesized that androgens can increase COX-2 expression in both 

the absence and presence of induced inflammation in human coronary artery 

smooth muscle cells (HCASMC) grown in vitro.  Furthermore, I hypothesized that 

DHT’s effects on COX-2 protein levels would be androgen receptor (AR) -

dependent.   This study focuses on the effects of dihydrotestosterone (DHT) on the 
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inflammatory mediator cyclooxygenase-2 (COX-2), because of the significant 

contribution COX-2 has on the inflammatory response in vascular tissue (C. 

Tsatsanis et al., 2006)  and because COX-2 has been implicated in vascular 

diseases (K. Sugimoto and C. Iadecola, 2003).   

 

Materials and Methods 

Cell Culture and Hormone/Drug Treatment:  

Primary HCASMC (Cascade Biologics; Portland, OR) were grown in 5% CO2, 

95% room air atmosphere at 37˚C, in RPM 231 medium (Cascade Biologics) 

supplemented with smooth muscle growth supplement (Cascade Biologics) 

containing 5% FBS. Primary human brain microvascular endothelial cells (HBMEC) 

(Applied Cell Biology Research Institute; Kirkland, WA) were used in some of the 

studies for comparison.  HBMEC were cultured in Cell Systems Complete (CSC) 

Medium containing 10% FBS (Cell Systems Corporation, Kirkland, WA).   

Hormone/drug treatments were performed on cells at 70 to 80% confluency 

and at passage 5 or 6.  Cell treatments were carried out in hormone-free media 

supplemented with Charcoal Stripped FBS (Cocalico Biologicals Inc., Reamstown, 

PA).  A cytokine or endotoxin exposure time course was determined in HCASMC by 

treatment with either IL-1β (5 ng/ml), LPS (100 µg/ml) or vehicle (100 µl/ml PBS) for 

3, 6, 9, 12 h.  Since both LPS and IL-1β resulted in a significant increase in COX-2 

levels at the 3, 6, and 9 h time points and a 4 h DHT treatment time has been shown 

to induce significant changes at COX-2 mRNA level in human endothelial cells (G. 

D. Norata et al., 2006), a 6 h time point was selected for subsequent studies to 
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investigate the effects of DHT treatment on COX-2 protein expression in the 

absence or presence of IL-1β- or LPS-induced inflammation.  Furthermore, a 6 h 

time point would also allow adequate time for DHT to exert its effects while still 

remaining within the peak 3-9 h window for cytokine or endotoxin induced COX-2 

expression.  Depending on the experiment, cells were treated with DHT (1, 5, or 10 

nM) or vehicle (0.001% ethanol + 100 µl/ml PBS) for 6 h in the absence or presence 

of IL-1β (5 ng/ml) or LPS (100 µg/ml).  In a separate set of experiments, a dose-

response experiment was conducted to determine the optimal dose of the AR-

antagonist bicalutamide (100nM, 1µM, 10µM) for inhibiting DHT’s effect on COX-2 

and AR expression.  Both the 1µ and 10µM bicalutamide doses were equally 

effective at inhibiting increases in COX-2 and AR expression in response to 10nM 

DHT treatment, while the 100nM bicalutamide was ineffective (data not shown).  

Therefore, the lowest effective dose of bicalutamide of 1µM was selected for 

subsequent studies.  As for the protocol, HCASMC were pre-treated for 1 h with the 

AR-antagonist bicalutamide (1µM; dissolved in DMSO) followed by 6 h of co-

treatment with bicalutamide including either vehicle (0.001% ethanol + 0.01% 

DMSO), DHT, or DHT and IL-1Β. 

 

Immunocytochemical Labeling for Androgen Receptor: 

Immunocytochemistry was used to verify the expression of AR in HCASMC 

and HBMEC.  Cells were plated on glass cover slips pre-coated with poly-L-lysine.  

Culture medium was replaced with medium containing 5% (HCASMC) or 10% 

(HBMEC) charcoal stripped FBS containing either DHT (10 nM) or vehicle (0.001% 
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ethanol).  Cells were grown for an additional 4 h and then fixed (4% formaldehyde), 

washed in PBS (pH 7.4), and permeabilized in 1% triton X-100.  Cells were first 

incubated in 1% BSA in PBS to block non-specific binding, incubated with anti-AR 

N20 (Santa Cruz Biotechnology, Santa Cruz, CA; 1:500) in PBS containing 1% BSA 

for 1 h, washed in PBS (5x5 min), incubated with Cy3 goat-anti mouse secondary 

antibody (Invitrogen Corp., Carlsbad, CA; 1:5000) for 1 h in PBS containing 1% BSA 

and washed in PBS (5x5 min).  Coverslips were mounted on glass slides using 

mounting medium containing 4’, 6-diamidino-2-phenylindole (DAPI; Vector 

Laboratories, Burlingame, CA) to label nuclei.  Cells were visualized using a Zeiss 

710 confocal microscope (Carl Zeiss International, Germany).  Omission of the 

primary antibody removed fluorescence signal and was used to determine specificity 

of binding (data not shown). 

 

Western Blot for COX-1 and COX-2:  

Levels of COX-1 and COX-2 protein were examined using standard 

immunoblotting methods. Cells were rinsed twice with ice-cold PBS containing 100 

µM sodium orthovanadate, scraped from flasks over ice, and centrifuged (Sorval 

Legend RT+ Centrifuge; Thermo Fisher Scientific, Waltham, MA) at 800 g for 10 

min. The pellet was resuspended in ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, 

0.1% SDS, 1% Nonidet P-40, 1 mM EGTA, 1 mM EDTA, 1mM DTT) containing 

protease inhibitors (20 µM Pepstatin, 20 µM Leupeptin, 0.1 U/ml Aprotinin, 0.1 mM 

PMSF), homogenated, sonicated, centrifuged (Accuspin Micro 17R; Thermo Fisher 

Scientific) at 4500 g for 10 min at 4˚C, and lysate collected.  Total protein content of 
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whole cell lysate was determined using a BCA Protein Assay Kit (Thermo Fischer 

Scientific) and measured on a MultiSkan Spectrum using SkanIt RE software 

(Thermo Fischer Scientific).  Next, samples were diluted in Tris-Glycine SDS sample 

buffer (Invitrogen) and boiled for 5 min. Two color fluorescent standard (LI-CORE 

Biosciences, Lincoln, NE) and diluted samples were loaded into 7.5% Smart gels 

(LI-CORE).  Proteins were separated via SDS-polyacrylamide gel electrophoresis in 

Smart Gel Running Buffer (LI-CORE) at 145 V using a Mini PROTEAN Tetra 

Electrophoresis System (Bio-Rad Laboratories, Hercules, CA).  Separated proteins 

were transferred to nitrocellulose membranes and non-specific binding was blocked 

by incubation at room temperature for 30 minutes in PBS containing 1% Tween 

(TPBS) and 3% dried milk.  Membranes were incubated in COX-2 (1:1000) or COX-

1 (1:400) monoclonal antibodies (Cayman Chemical Company, Ann Arbor, MI) 

overnight at 4˚C in TPBS with 3% milk. Following TPBS washes (5x5 min), the 

membranes were incubated in Goat Anti-Mouse IR 800 Dye secondary antibody (LI-

CORE) for 1 h at room temperature.  COX-2 antibody specificity was verified with 

LPS stimulated Raw-264.7 (mouse macrophage) cell lysate (Santa Cruz), which is a 

positive control for COX-2 protein (data not shown). Following additional PBS 

washes (5x5 min), proteins were visualized using an Odyssey Infrared Imager and 

data was analyzed using Odyssey V3.0 software (LI-CORE).  After imaging, all blots 

were stained with Coomassie Brilliant Blue (Bio-Rad) to verify equal loading of 

protein. 
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PGE2 Measurements: 

Prostaglandin E2 (PGE2), a downstream metabolite of COX-2, was measured 

in HCASMC incubation medium following hormone/drug treatment using a PGE2 

Monoclonal EIA Kit (Cayman Chemical). The EIA was performed according to the 

manufacturer’s instructions and measured on a MultiSkan Spectrum using SkanIt 

RE software (Thermo Fischer Scientific).   

 

Reagents: 

All reagents were purchased from Sigma Aldrich Corporation (St. Louis, 

Missouri) unless otherwise noted. 

 

Statistical Analysis:  

Samples from each treatment were run on the same Western blot or 96-well 

plate (PGE2 assay) for direct comparison and treatments were repeated for 

statistical analysis (n=4-24).  Data from Western blots are expressed as an optical 

density ratio relative to vehicle.  All values are reported as means ± SEM.  Data 

were compared using analysis of variance (ANOVA), and differences were 

compared using post hoc tests (Student-Newman-Keuls; Prism Software, Irvine, 

CA).  A level of p<0.05 was considered significant.  
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Results 

Androgen Receptors are Present in HCASMC and HBMEC.   

Using immunohistochemistry, I detected androgen receptor (AR) 

immunoreactivity in both the cytoplasmic and nuclear compartments in both 

HCASMC and HBMEC. A representative confocal image of HCASMC is shown in 

Figure 3.1A.  Since AR activation has previously been shown to increase the 

expression of the AR (N. F. González-Cadavid et al., 1993), AR protein levels were 

measured via Western blot following treatment with vehicle, or increasing 

concentrations of DHT (1, 5, 10 nM).  DHT treatment increased AR protein 

expression in HCASMC and HBMEC at all concentrations tested (Figure 3.1B).   

 

DHT Increases COX-2 Levels in an AR-Dependent fashion.  

To determine the effect of DHT treatment on COX-2 protein expression in the 

absence of induced inflammation, HCASMC were treated with various doses of DHT 

for 6 h.  DHT (10 nM) increased COX-2 levels compared to vehicle (p<0.001); lower 

doses of DHT (1 or 5 nM) had no effect on COX-2 levels (Figure 3.2A).  The AR-

antagonist bicalutamide was used to determine if increases in COX-2 expression 

observed with 10 nM DHT treatment were AR-dependent.  Co-treatment of cells with 

vehicle and bicalutamide (1 µM) had no effect on COX-2 levels compared to vehicle.  

However, co-treatment with DHT (10 nM) and bicalutamide (1 µM) inhibited the 

DHT-induced increases in COX-2 protein (p<0.001 vs. DHT; Figure 3.2B). 
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 Time Course of COX-2 Increases Following Endotoxin or Cytokine Treatment 

in HCASMC.  

A time course for COX-2 induction by either LPS or IL-1β administration was 

conducted.  Following LPS treatment COX-2 levels were increased at the 3 h 

(p<0.001), 6 h (p<0.001), and 9 h (p<0.01) time points compared to vehicle, but 

COX-2 levels were not significantly different after 12 h LPS treatment (Figure 3.3A).  

IL-1β treatment increased COX-2 levels at all time points: 3, 6, 9, and 12 h 

compared to vehicle (p<0.001; Figure 3.3B).  Based on these results, the 6 h time 

point for endotoxin or cytokine exposure was selected for further studies on the 

effects of DHT on COX-2 following an induced inflammatory stimulus. 

 

Cytokine-Induced COX-2 Levels were more Robust in HCASMC Compared to 

HBMEC 

To compare the inflammatory response in smooth muscle and endothelial 

cells, I measured COX-2 protein following IL-1β or LPS stimulation in HCASMC and 

HBMEC. A representative blot is illustrated in Figure 3.4A.  COX-2 expression in 

vehicle treated HCASMC and HBMEC were not significantly different from each 

other (Figure 3.4).  Following LPS or IL-1β stimulation, COX-2 expression was 

significantly elevated in both HCASMC (p<0.001) and HBMEC (p<0.001) compared 

to vehicle. Both IL-1β and LPS increased COX-2 levels to a greater extent in 

HCASMC compared to HBMEC (p<0.001). Because I detected a significant and 

robust response in the HCASMC compared to the HBMEC, I pursued this finding in 

HCASMC in subsequent studies. 
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DHT Attenuated COX-2 Levels in the Presence of LPS- or IL-1β- Induced 

Inflammation in HCASMC.   

To determine the effect of DHT on COX-2 expression following induced 

inflammation, I treated HCASMC cells with either IL-1β or LPS in the absence or 

presence of DHT.  IL-1β caused significant increases in COX-2 compared to vehicle 

(p<0.001), whereas the 10 nM dose of DHT attenuated these increases (p<0.01 vs. 

IL1β; Figure 3.5A).  Lower doses of DHT (1 or 5 nM) had no effect on COX-2 

induction by IL-1β (data not shown).  LPS treatment of HCASMC also resulted in 

significant increases in COX-2 compared to vehicle treated cells (p<0.001).  This 

effect was prevented by 10 nM DHT treatment (p<0.001 vs. LPS; Figure 3.5B).   

 

Attenuation of IL-1Β-Induced Increases in COX-2 by DHT is AR-Independent.  

To determine if DHT (10 nM) attenuates IL-1Β-induced increases in COX-2 

via AR activation, I co-treated HCASMC with the AR antagonist bicalutamide and 

either vehicle or DHT and IL-1β.  Consistent with my previous findings, the AR 

antagonist had no effect on COX-2 levels when co-treated with vehicle. DHT’s 

attenuation of COX-2 levels in presence of IL-1Β was not blocked by co-treatment 

with bicalutamide (Figure 3.6).   

 

DHT Did Not Alter PGE2 Levels in Absence or Presence of IL-1β-Induced 

Inflammation.   

PGE2, an end-product of the COX-2 enzymatic pathway, was measured in 

HCASMC culture medium by ELISA to serve as an indirect measurement of COX-2 
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enzymatic activity.  IL-1β treatment increased PGE2 levels compared to vehicle 

(p<0.001; Figure 3.7).  However, DHT treatment (10 nM) did not alter PGE2 levels in 

the absence or presence of IL-1β-induced inflammation (Figure 3.7).   

 

Neither DHT or IL-1β Increased COX-1 Levels in HCASMC. 

In order to rule out any compensatory PGE2 production due to changes in 

COX-1 levels, I measured COX-1 levels in HCASMC following DHT and/or IL-1β 

treatment.  COX-1 was detected in all treatment groups, and levels remained 

unchanged compared to vehicle following DHT (10 nM) treatment.   In the presence 

of IL-1β treatment or concomitant DHT and IL-1β treatment, COX-2 levels were 

decreased compared to vehicle (p<0.01; Figure 8).  

 

Discussion 

The goal of this study was to determine the effects of androgens on 

inflammation in HCASMC. Using COX-2 protein levels as a marker for vascular 

inflammation, I examined the effects of the non-aromatizable androgen DHT on 

COX-2 levels in HCASMC in the absence or presence of endotoxin- or cytokine-

induced inflammation.  My results demonstrate that DHT treatment increased COX-2 

protein levels in the absence of induced inflammation in HCASMC, an effect that 

was AR-dependent.  In contrast, following endotoxin or cytokine-induced 

inflammation, DHT treatment caused an unexpected attenuation of both LPS- and 

IL-1β-induced increases in COX-2 levels.  The inability of bicalutamide to block this 

response suggested that this effect was AR-independent.  Thus, it appears that DHT 
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may modulate the inflammatory mediator COX-2 differentially under physiological 

conditions and pathophysiological conditions in HCASMC. 

To my knowledge this is the first report of DHT’s effects on COX-2 levels in 

the absence of induced inflammation in human vascular cell model. I found that at a 

10 nM dose of DHT, COX-2 levels were significantly increased compared to vehicle 

treated cells however, at lower doses of DHT (1 or 5 nM) COX-2 levels were not 

altered.  Furthermore, the DHT-dependent increases in COX-2 could be blocked 

with the classical AR antagonist bicalutamide. The DHT dose (10 nM) used in this 

study is well within the range of the 1 nM-400 nM doses of DHT that have been used 

in previous studies of the effects of DHT on inflammation in human endothelial cells 

(J. A. McCrohon et al., 1999; A. K. Death et al., 2004; G. D. Norata et al., 2006) and 

the 3 nM-300 nM doses that have been used to examine the effects of DHT on 

human vascular smooth muscle cell proliferation (D. Somjen et al., 2009).  While a 

lower dose of DHT (0.1 nM) has been shown to reduce vascular inflammation, as 

measured by VCAM and COX-2 levels, in human vein endothelial cells (G. D. Norata 

et al., 2006), data on vascular smooth muscle cells had previously been lacking.  In 

the current study I show that HCASMC had a greater increase in COX-2 following IL-

1β or LPS stimulation compared to HBMEC. Although my two vascular cells types 

were isolated from different vascular beds (i.e. cerebral circulation versus heart 

circulation), it is possible that endothelium and smooth muscle have different 

thresholds for modulation of inflammation due to differences in the number of Toll-

like 4 and IL-1 receptors, receptor affinity, or cytokine production.  For example a 

comparison of the intracellular calcium response to 1 ng/ml IL-1 in human aortic 
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endothelial cells and human aortic smooth muscle cells revealed that only the 

smooth muscle cells responded with a significant increase in calcium, suggesting 

that that the IL-1 receptor level or receptor affinity for IL-1 may be higher in smooth 

muscle cells than in endothelial cells (G. Bkaily et al., 1997).   

Since COX-2 levels were increased following DHT treatment in the absence 

of inflammation, I predicted that DHT would also increase COX-2 levels in the 

presence of induced inflammation.  Surprisingly, DHT actually attenuated COX-2 

levels in the presence of either cytokine or endotoxin stimulation.  The AR antagonist 

bicalutamide was unable to block this effect of DHT.  Thus, it appears that in the 

absence of an inflammatory stimulus DHT acts via the classical AR to increase 

COX-2 levels, but in the presence of cytokine induced inflammation DHT acts via an 

AR-independent mechanism to reduce COX-2 levels.   

Other reports have demonstrated AR-independent actions of androgens in 

the vasculature and in non-vascular tissues.  Aside from the AR, DHT can activate 

the sex hormone binding globulin receptor to increase cyclic AMP and protein kinase 

A (N. Fortunati et al., 1996; A. M. Nakhla and W. Rosner, 1996).  DHT can also 

increase intracellular calcium via an unidentified membrane-bound receptor (W. P. 

Benten et al., 1999b; W. P. Benten et al., 1999a).   Furthermore, several authors 

have also hypothesized that a membrane bound AR may exist that is not blocked by 

classical AR antagonists (E. F. Konoplya and E. H. Popoff, 1992; W. P. Benten et 

al., 1999b; W. P. Benten et al., 1999a; C. A. Heinlein and C. Chang, 2002). 
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Since DHT altered COX-2 levels in both the absence and presence of 

induced inflammation, I predicted that the production of COX-2 derived 

prostaglandins would be similarly altered.  I chose to measure PGE2 production 

since others have shown that this particular COX-2 product is associated with 

vascular inflammation (F. Cipollone et al., 2004).  Surprisingly, DHT did not affect 

PGE2 levels in the absence or presence of IL-1β-induced inflammation.  This result 

could have been due to increases in COX-1 activity that arise in compensation for 

the decreased COX-2 protein levels; however, my data show that COX-1 protein 

levels were decreased by DHT in the presence of IL-1β, making compensatory 

COX-1 activity seem unlikely.  Since PGE2 is not the only COX-2 derived end-

product, further studies will be investigated to determine which end-product 

(prostacyclin, PGF2α or PGD2) may be altered by DHT treatment.   

In this study, I investigated the responses of DHT on the COX-2 pathway 

using primary human cultured cells.  Although more clinically relevant compared to 

rodent studies, the use of cultured cells does provide certain limitations.  First, each 

cell type originated from a single donor.  Thus, one could argue that the differences 

observed in the magnitude of the COX-2 response to IL-1β or LPS between the 

smooth muscle and endothelial cells could have been due to inter-donor variability. 

However, recent preliminary studies in primary human brain vascular smooth muscle 

cells originating from a different donor also respond to IL-1β stimulation with a 

greater increase in COX-2 expression compared to that observed in the human brain 

endothelial cells (Osterlund and Gonzales, unpublished).  Furthermore, I believe that 

the effects I observed with DHT in the HCAVSM cells are not due to donor 
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variability.  In separate studies using human brain vascular smooth muscle cells 

similar to that reported in HCAVSM, DHT blunted increases in COX-2 levels 

following IL-1β stimulation (Osterlund and Gonzales, unpublished).  Because similar 

findings were observed in rodent cerebral arteries (R. J. Gonzales et al., 2009) it is 

unlikely that the effect of DHT on COX-2 levels is species specific.  The second 

major limitation of using cultured cells is that their properties change over time.  For 

example, smooth muscle cells quickly lose their contractile properties.  It is possible 

that receptor levels for androgens, cytokines, and endotoxins may also change in 

culture.  To minimize the risk of changes in culture, all experiments were performed 

after a small number of passages (5 or 6).  Furthermore, at the time of experiments 

the smooth muscle cells still expressed the smooth muscle cell markers smoothelin 

and alpha actin, while the endothelial cells still expressed the endothelial cell marker 

Von Willebrand Factor (data not shown).   

Androgens may be both cardioprotective and anti-inflammatory.  For 

example, low levels of testosterone (T) are associated with coronary artery disease 

(K. M. English et al., 2000b), hypertension, adverse lipid profile, and pro-coagulable 

factors (K. M. English et al., 1997).  Furthermore, androgens have been shown to 

suppress the activity of pro-inflammatory cytokines, while enhancing the activity of 

anti-inflammatory factors in an induced inflammatory environment (C. J. Malkin et 

al., 2003).  For example, androgens have been shown to decrease IL-1 production in 

human monocytes (Z. G. Li et al., 1993), decrease LPS-induced TNFα, IL-1, and IL-

6 levels in mouse macrophages (D. A. Padgett and R. M. Loria, 1998), decrease 

TNFα-induced VCAM-1 and NFκB expression in human aortic endothelium (H. 
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Hatakeyama et al., 2002), and decrease LPS and TNFα-induced VCAM-1, IL-6, 

MCP-1, TLR4, and COX-2 mRNA expression in human umbilical vein endothelial 

cells (G. D. Norata et al., 2006).  Furthermore, T has been shown to enhance 

proliferation of human vascular smooth muscle cells (M. R. Williams et al., 2002), 

potentially helping to maintain the fibrous cap of atherosclerotic plaques (C. J. 

Malkin et al., 2003). Accordingly, castration of male rabbits has been shown to 

increase aortic atheroma by 100%, an effect which is inhibited by T replacement (P. 

Alexandersen et al., 1999).  T replacement has also been used in clinical settings to 

relieve symptoms of angina (K. M. English et al., 2000a) and has also been show to 

decrease IL-1β and TNFα levels in men (G. D. Norata et al., 2006).  Although many 

of these studies used the aromatizable androgen, T, in their experimental design I 

used the more potent AR agonist, DHT and noted similar findings.  Thus, these data, 

along with my present data, suggest that androgen therapy might protect against 

vascular inflammation in men already predisposed to cardiovascular events.  

By contrast to the beneficial effects of androgens, androgenic effects on 

inflammation remain controversial since some studies have shown pro-inflammatory 

effects of androgens (A. K. Death et al., 2004; A. Razmara et al., 2005; R. J. 

Gonzales et al., 2009), as well as detrimental effects of androgens on lesions size 

following cerebral ischemia (T. Hawk et al., 1998; J. Cheng et al., 2007).  For 

example, the effects of androgens on outcome after cerebral ischemia are both age 

and dose-dependent.  DHT was found to be protective at a low physiological dose or 

in aged male rodents, but detrimental if administered at a high dose or in young 

male rodents (J. Cheng et al., 2008; M. Uchida et al., 2009).  The present data 
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suggest a similar story for vascular smooth muscle cells where vascular 

inflammatory actions of androgens may also be condition-dependent, with differing 

effects in the absence and presence of induced inflammation. 

In summary, I have shown that DHT increases COX-2 protein levels in the 

absence of induced inflammation via an AR-dependent mechanism, but attenuates 

IL-1β-induced increases in COX-2 levels via an AR-independent mechanism in 

primary human coronary artery HCASMC.  The findings suggest that DHT may be 

pro-inflammatory by augmenting COX-2 levels under physiological conditions, but 

anti-inflammatory by attenuating COX-2 under pathophysiological conditions.  

Surprisingly, the effects of DHT on COX-2 levels did not translate to changes in 

PGE2 production although other COX-2 derived end-products (prostacyclin, PGF2α or 

PGD2) may prove to be androgen targets.  Lastly, I found that HCASMC are more 

responsive (i.e. increases in COX-2) to IL-1β or LPS stimulation than vascular 

endothelial cells.  Investigations of mechanisms associated with inflammatory effects 

on human vascular smooth muscle cells have been largely ignored in the literature in 

favor of the more commonly studied vascular endothelial cells. Thus, I have 

identified human vascular smooth muscle cells as potentially important targets for 

androgens in the vascular response to inflammation.  This is of particular importance 

because investigating the mechanisms by which androgens modulate vascular 

inflammation may lead to better therapeutic targets for cardiovascular diseases such 

as atherosclerosis, myocardial infarction, and stroke.  

   



 

Figures and Legends 

 

Figure 3.1.  Androgen receptors (AR) are present in HCASMC and HBMEC
antibody and fluorescent secondary labeling detected the presence of AR in the 
cytoplasm and nucleus of HCASMC (green). DAPI was used to verify nuclear 
boundaries (blue).  B) Representative Western blot of whole cell homogenates from 
DHT (6 h; 1, 5, or 10 nM) and vehicle (VEH) treated HCASMC (top) and HBMEC 
(bottom) labeled with AR a
Scale bar = 50 microns. 
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Androgen receptors (AR) are present in HCASMC and HBMEC
antibody and fluorescent secondary labeling detected the presence of AR in the 
cytoplasm and nucleus of HCASMC (green). DAPI was used to verify nuclear 

B) Representative Western blot of whole cell homogenates from 
DHT (6 h; 1, 5, or 10 nM) and vehicle (VEH) treated HCASMC (top) and HBMEC 
(bottom) labeled with AR antibody. Mouse testis lysate served as positive control.  

  

  

 

Androgen receptors (AR) are present in HCASMC and HBMEC.  A) AR 
antibody and fluorescent secondary labeling detected the presence of AR in the 
cytoplasm and nucleus of HCASMC (green). DAPI was used to verify nuclear 

B) Representative Western blot of whole cell homogenates from 
DHT (6 h; 1, 5, or 10 nM) and vehicle (VEH) treated HCASMC (top) and HBMEC 

ntibody. Mouse testis lysate served as positive control.  



 

 

Figure 3.2.  DHT increased COX
Western blot analysis of COX
DHT (1, 5 or 10 nM).  B)  Western analysis of COX
+bicalutamide (Bic; 1µM), DHT (10 nM) and DHT+Bic treated HCASMC.   *P<0.001 
vs. vehicle (Veh n=9; Veh+Bic n=9; DHT n=18; DHT+Bic n=9).
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DHT increased COX-2 levels and this response was AR-
Western blot analysis of COX-2 levels in response to 6 h treatment with vehicle or 

B)  Western analysis of COX-2 levels in vehicle (Veh), Veh 
+bicalutamide (Bic; 1µM), DHT (10 nM) and DHT+Bic treated HCASMC.   *P<0.001 
vs. vehicle (Veh n=9; Veh+Bic n=9; DHT n=18; DHT+Bic n=9). 

 

  

 

-dependent.  A) 
2 levels in response to 6 h treatment with vehicle or 

2 levels in vehicle (Veh), Veh 
+bicalutamide (Bic; 1µM), DHT (10 nM) and DHT+Bic treated HCASMC.   *P<0.001 



 

 

Figure 3.3.  LPS or IL-1Β increased COX
Representative Western blot of COX
vehicle (12 h) or LPS (100 µg/ml; 3, 6, 9, 12 h). Western analysis of a time course 
for COX-2 protein levels following
and 9 h (n=3), and 12 h (n=3).  B)  Top Insert: Representative Western blot of COX
2 protein levels in HCASMC treated with vehicle (12 h) or IL
Western analysis of a time course for CO
ng/ml) at 3 h (n=3), 6 h (n=14), 9 h (n=3), and 
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1Β increased COX-2 levels in HCASMC.  
Representative Western blot of COX-2 protein levels in HCASMC treated with 
vehicle (12 h) or LPS (100 µg/ml; 3, 6, 9, 12 h). Western analysis of a time course 

2 protein levels following LPS treatment (100 µg/ml) at 3 h (n=3), 6 h (n=9), 
and 9 h (n=3), and 12 h (n=3).  B)  Top Insert: Representative Western blot of COX
2 protein levels in HCASMC treated with vehicle (12 h) or IL-1β (3, 6, 9, 12 h). 
Western analysis of a time course for COX-2 levels following IL-1

at 3 h (n=3), 6 h (n=14), 9 h (n=3), and 12 h (n=3).  *P<0.01 vs. 12 h vehicle.

  

 

 A) Top Insert: 
2 protein levels in HCASMC treated with 

vehicle (12 h) or LPS (100 µg/ml; 3, 6, 9, 12 h). Western analysis of a time course 
LPS treatment (100 µg/ml) at 3 h (n=3), 6 h (n=9), 

and 9 h (n=3), and 12 h (n=3).  B)  Top Insert: Representative Western blot of COX-
1β (3, 6, 9, 12 h). 

1β treatment (5 
.  *P<0.01 vs. 12 h vehicle. 



 

 

Figure 3.4. COX-2 protein levels in response to cytokine stimulation or endotoxin in 
HCASMC and HBMEC. A) Representative 
HCASMC (n=4) and HBMEC (n=4) treated for 6 h with vehicle or IL
Western analysis of COX-
µg/ml) in HCASMC and HBMEC.  
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2 protein levels in response to cytokine stimulation or endotoxin in 
HCASMC and HBMEC. A) Representative Western blot of COX-2 protein levels in 
HCASMC (n=4) and HBMEC (n=4) treated for 6 h with vehicle or IL-1β (5 ng/ml).  B) 

-2 following 6 h treatment with IL-1β (5 ng/ml) or LPS (100 
µg/ml) in HCASMC and HBMEC.  *P<0.001 vs. vehicle. (n=4 per group)

 

  

 

2 protein levels in response to cytokine stimulation or endotoxin in 
2 protein levels in 

1β (5 ng/ml).  B) 
1β (5 ng/ml) or LPS (100 

(n=4 per group). 



 

 

Figure 3.5. DHT attenuated cytokine and endotoxin induced increases in COX
A) Western analysis of COX
(5 ng/ml), or IL-1β+DHT (5 ng/ml and 10 nM respectively) in HCASMC. 
analysis of COX-2 levels in response to 6 h treatment with vehicle,
or LPS+DHT (100 µg/ml and 10 nM respectively) in HCASMC.
(Veh n=18, IL-1β n=14, IL-
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DHT attenuated cytokine and endotoxin induced increases in COX
Western analysis of COX-2 levels in response to 6 h treatment with vehicle, IL

1β+DHT (5 ng/ml and 10 nM respectively) in HCASMC. 
2 levels in response to 6 h treatment with vehicle, LPS (100 µg/ml) 

or LPS+DHT (100 µg/ml and 10 nM respectively) in HCASMC. *P<0.01 vs. vehicle 
-1β+DHT n=17, LPS n=6, LPS+DHT n=4). 

  

 

DHT attenuated cytokine and endotoxin induced increases in COX-2.   
2 levels in response to 6 h treatment with vehicle, IL-1β 

1β+DHT (5 ng/ml and 10 nM respectively) in HCASMC.  B) Western 
LPS (100 µg/ml) 

*P<0.01 vs. vehicle 
  



 

 

Figure 3.6. DHT attenuated cytokine induced increases in COX
independent mechanism. 
treatment with vehicle, vehicle + bicalutamide (1 µM), IL
ng/ml and 10 nM respectively), or
respectively) in HCASMC.  *P<0.01.  (Veh n=18, Veh+Bic n= 9, IL
1β+DHT n=17, IL-1β+DHT+Bic n=9)
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DHT attenuated cytokine induced increases in COX
.  Western analysis of COX-2 levels in response to 6 h 

treatment with vehicle, vehicle + bicalutamide (1 µM), IL-1β (5 ng/ml), IL
ng/ml and 10 nM respectively), or IL-1β+DHT+bicalutamide (5 ng/ml, 10 nM, 1 µM 
respectively) in HCASMC.  *P<0.01.  (Veh n=18, Veh+Bic n= 9, IL

1β+DHT+Bic n=9). 
 

  

 

DHT attenuated cytokine induced increases in COX-2 via an AR-
2 levels in response to 6 h 

1β (5 ng/ml), IL-1β+DHT (5 
1β+DHT+bicalutamide (5 ng/ml, 10 nM, 1 µM 

respectively) in HCASMC.  *P<0.01.  (Veh n=18, Veh+Bic n= 9, IL-1β n=14, IL-



 

 

Figure 3.7. DHT did not alter PGE
following 6 h treatment with vehicle, DHT (10 nM), IL
ng/ml and 10 nM respectively) in HCASMC.  
n=3, IL-1β+DHT n=3). 
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DHT did not alter PGE2 production.  ELISA analysis of PGE
following 6 h treatment with vehicle, DHT (10 nM), IL-1β (5 ng/ml), or IL
ng/ml and 10 nM respectively) in HCASMC.  *P<0.001.  (Veh n=3, DHT n=6, IL

 

  

 

ELISA analysis of PGE2 production 
1β (5 ng/ml), or IL-1β+DHT (5 

*P<0.001.  (Veh n=3, DHT n=6, IL-1β 



 

 

Figure 3.8. COX-1 levels are not increased by DHT.
western blot of COX-1 levels in HCASMC treated for 6 h with vehicle, DHT (10 nM), 
IL-1β (5 ng/ml) or IL-1β + DHT.  Bottom graph: Western analysis of COX
HCASMC following 6 h treatment with vehicle, DHT (10 nM), IL
1β+DHT (5 ng/ml and 10 nM respectively). *P<0.05. (n=4 per group).
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1 levels are not increased by DHT.  Top insert: 
1 levels in HCASMC treated for 6 h with vehicle, DHT (10 nM), 
1β + DHT.  Bottom graph: Western analysis of COX

HCASMC following 6 h treatment with vehicle, DHT (10 nM), IL-1β (5 n
1β+DHT (5 ng/ml and 10 nM respectively). *P<0.05. (n=4 per group). 

  

 

 Representative 
1 levels in HCASMC treated for 6 h with vehicle, DHT (10 nM), 
1β + DHT.  Bottom graph: Western analysis of COX-1 levels in 

1β (5 ng/ml), or IL-
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CHAPTER 4: DIHYDROTESTOSTERONE ATTENUATES HIF-1ALPHA AND 

CYCLOOXYGENASE-2 IN CEREBRAL ARTERIES DURING HYPOXIA OR 

HYPOXIA WITH GLUCOSE DEPRIVATION 

 

Abstract 

My previous studies demonstrate that dihydrotestosterone (DHT) 

attenuates cytokine-induced cyclooxygenase-2 (COX-2) in coronary vascular 

smooth muscle.  Since hypoxia inducible factor-1alpha (HIF-1α) activation can 

lead to production of COX-2, this study determined the influence of DHT on HIF-

1α and COX-2 following hypoxia or hypoxia with glucose deprivation (HGD) in 

the cerebral vasculature.  COX-2 and HIF-1α levels were assessed via Western 

blot and HIF-1α activation was indirectly measured via a DNA binding assay.  

Experiments were performed using cerebral arteries isolated from castrated male 

rats treated in vivo with placebo or DHT (45 mg/21 day pellets; 18 days) followed 

by hypoxic exposure ex vivo (1% O2) or using cerebral arteries isolated from 

castrated male rats treated ex vivo with vehicle or DHT (10 or 100 nM) then 

exposed to hypoxia ex vivo (1% O2). Additional studies were performed on 

primary human brain vascular smooth muscle cells treated with DHT (10 nM) or 

vehicle then exposed to hypoxia or HGD.  Under normoxic conditions, DHT 

increased COX-2 (p<0.05) but had no effect on HIF-1α protein levels or 
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activation suggesting that the effect of DHT to increase COX-2 under normoxic 

conditions is independent of HIF-1α.  Following hypoxia or HGD, HIF-1α and 

COX-2 levels were increased (p<0.05); this response was blunted by DHT 

(p<0.05) and not reversed by androgen receptor blockade.  Hypoxia-induced 

HIF-1α DNA-binding was also attenuated by DHT (p<0.001).  These results 

demonstrate that upregulation of COX-2 and HIF-1α in response to hypoxia is 

suppressed by DHT via a mechanism independent of androgen receptor 

stimulation.   
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androgen, hypoxia inducible factor, inflammation, vascular smooth muscle 
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Background 

Despite the greater incidence of stroke in men compared to age-matched 

premenopausal women (M. Writing Group et al., 2009) and women’s poorer 

outcomes following stroke (R. E. Petrea et al., 2009), clinical studies regarding 

the effects of sex steroids on cerebral vascular pathophysiology remain a limited 

area of investigation.  However, experimental research has shown that gonadal 

steroids modulate vascular inflammatory responses during pathological 

conditions (G. D. Norata et al., 2006; L. Sunday et al., 2006; R. J. Gonzales et 

al., 2009; K. L. Osterlund et al., 2010).   This is of great interest because the 

cerebral vasculature plays a central role in the pathogenesis of cardiovascular 

diseases, such as stroke (G. J. del Zoppo and T. Mabuchi, 2003), and in the 

initiation of inflammation after cerebral ischemia which is a key determinant in 

stroke outcome (H. C. A. Emsley and P. J. Tyrrell, 2002; G. J. del Zoppo and T. 

Mabuchi, 2003).  Following ischemia, inflammation is initiated by cytokine-

induced activation of transcription factors such as nuclear factor kappa B (NFκB) 

and hypoxia-inducible factor 1- alpha (HIF-1α), leading to increased production of 

pro-inflammatory mediators, such as inducible nitric oxide synthase and 

cyclooxygenase-2 (COX-2) (Q. Wang et al., 2007; A. Brooks et al., 2010).  HIF-

1α plays a particularly important role in cerebral ischemia because it is activated 

both by cytokines as a result of inflammation, and by low oxygen levels as a 

result of reduced blood flow (T. Hellwig-Burgel et al., 2005).  
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While most research has focused on the protective effects of estrogens, 

the role androgens play in vascular inflammation is not well understood.   Both 

androgens and estrogens are generally credited with anti-inflammatory effects 

(C. J. Malkin et al., 2003; G. D. Norata et al., 2006; D. Xing et al., 2007; K. L. 

Osterlund et al., 2010), although some pro-inflammatory effects have been 

reported for androgens (J. A. McCrohon et al., 1999; A. K. Death et al., 2004). 

Furthermore, 3β-diol, an estrogen receptor β agonist derived from the potent 

androgen dihydrotestosterone (DHT), has been shown to reduce levels of 

inflammatory markers in rhesus monkey vascular smooth muscle cells and 

human umbilical vein endothelial cells (R. G. Mishra et al., 2006; G. D. Norata et 

al., 2010).  In addition, the androgen, dehydroepiandrosterone, has been shown 

to decrease HIF-1α accumulation during hypoxia in human pulmonary smooth 

muscle cells (A. Dessouroux et al., 2008). Clinically, testosterone replacement in 

androgen-deficient men has been shown to reduce inflammatory cytokines (C. J. 

Malkin et al., 2004).  Furthermore, lower testosterone levels predict increased 

incidence of stroke in older men, even after adjusting for conventional risk factors 

for cardiovascular disease (B. B. Yeap et al., 2009).  In experimental models of 

stroke, estrogen has been consistently shown to decrease infarct size, while 

androgens have been shown to decrease infarct size at low doses, but increase 

damage at high doses (T. Hawk et al., 1998; M. Uchida et al., 2009). It is 

possible that these differences in inflammatory markers, stroke incidence, and 

ischemic outcome are due in part to gonadal steroid regulation of vascular 

inflammation. 
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The goal of this study was to determine if the potent androgen receptor 

agonist, DHT, can influence the vascular inflammatory response during hypoxia.  

Using both in vitro hypoxia and in vitro hypoxia with glucose deprivation (HGD, 

model of some of the cellular insults that occur during ischemia) as well as a 

hypoxic ex vivo intact artery model, this study focused on the effects of DHT on 

the inflammatory mediator COX-2 during hypoxia and HGD.  I chose COX-2 as 

my marker for vascular inflammation because COX-2 has been shown to be 

particularly important in cerebral ischemia since COX-2 inhibition can decrease 

infarct size in experimental models of stroke (K. Sugimoto and C. Iadecola, 

2003).  Using two model systems, primary human brain vascular smooth muscle 

cells and isolated rat pial vessels, I examined the hypothesis that DHT would 

decrease levels of HIF-1α and its transcriptional target, COX-2, during hypoxia or 

HGD.  

 

Materials and Methods 

Animals 

Experimental and surgical protocols were approved by the Institutional 

Animal Care and Use Committees of the University of California, Irvine, and 

Arizona State University (under subcontract from the University of Arizona).  

Male Wistar rats (3 mo) used in this study were purchased from Charles Rivers.   
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Chronic In vivo Dihydrotestosterone Treatment 

Intact male rats were anesthetized with isoflurane (1.5%) and 

gonadectomies performed under aseptic conditions.  Immediately following 

testes removal, placebo or 5α-androstan-17β-ol-3-one (DHT; 45mg/21day) 

pellets (Innovative Research of America Inc, Sarasota, FL) were implanted 

subcutaneously and the incision secured with stainless steel staples.  Post-

surgery rats received a single injection (i.m.) of penicillin (penicillin G 

benzathine/penicillin G procaine, 30,000 U) and the closure was treated with a 

topical triple antibiotic ointment.  Rats were returned to their home cage and 

maintained under a 12 hr:12 hr light/dark cycle with fresh water, food, and 

bedding for recovery.  Eighteen days following pellet implants, animals were 

deeply anesthetized with sodium pentobarbital (50 mg/kg i.p.) and prepared for 

cerebral vessel isolation.  The thoracic cavity was surgically opened and a 

syringe and needle (21 gauge) was used to puncture the right ventricle for blood 

collection.  Blood samples were immediately processed and serum was stored at 

-80°C until DHT levels were measured via ELISA (limit of detection of 6 pg/ml; 

Alpha Diagnostics, San Antonio, TX).  Next, while the heart was still beating, 

heparin (100 U) was immediately injected into the right ventricle and allowed to 

circulate before the animal was exsanguinated and decapitated.  Prior to 

removing the brain, the entire head was dipped in betadine, wiped with an 

alcohol pad, and placed in a sterile field.  After removal, the brain was rinsed in 

ice-cold, sterile phosphate buffered saline (PBS) and placed in a sterile Sylgard-

coated dissection dish containing PBS on ice.  Maintaining a sterile field, pial 
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artery segments (pial vessels including middle cerebral artery and basilar artery) 

were dissected microscopically and placed in 12 well plates (vessels from 1 

animal per well) containing ice-cold Dulbecco’s modified Eagles medium (DMEM) 

one ice.  After collection vessels were transferred to pre-warmed wells containing 

a 1:1 mixture of DMEM and hormone free Medium 231 (Cascade Biologics; 

Portland OR).  Following a 30 to 40 minute equilibration in an incubator (5% CO2; 

37oC) vessels were transferred to new wells containing fresh pre-warmed media 

and incubated either in a plexi-glass chamber (BioSpherix; Lacona, NY) supplied 

with either 21% O2, 5% CO2, N2 balance (normoxic conditions) or 1% O2, 5% 

CO2 and N2 balance (hypoxic conditions).  The percentage of O2 was monitored 

using a compact oxygen sensor (ProOx 110; BioSpherix)  

 

Ex vivo Dihydrotestosterone Treatment of Rat Pial Arteries  

Male rats, 2-weeks post gonadectomy, were anesthetized with a lethal 

dose of pentobarbital, exsanguinated and decapitated.  Using aseptic technique 

as described above, brains were removed and placed in ice-cold, sterile PBS.  

Cerebral arteries (middle cerebral artery, circle of Willis, and basilar) were 

dissected as described above and then transferred to a 1:1 mixture of DMEM 

and hormone free Medium 231 (Cascade Biologics).  Vessels were placed in an  

a 5% CO2 incubator maintained at 37°C and equilibrated for approximately 30 to 

40 minutes.  Next, vessels were promptly transferred to fresh DMEM: Medium 

231 containing DHT (10 or 100 nM) or vehicle (0.001% ethanol) prewarmed to 

37°C and either placed in a small hypoxic chamber gassed with 1% O2, 5% CO2, 
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N2 balance at 37°C or in a separate normoxic chamber gassed with 21% O2, 5% 

CO2, N2 balance at 37oC.  Tissue segments were incubated for 1 h for the HIF-1α 

DNA binding protocol and 6 h for the HIF-1α protein analysis studies.  As 

described above the level of O2 (%) was monitored using a compact oxygen 

sensor. 

 

Tissue Preparation Following Hypoxic Exposure  

Following all incubations, vessels were immediately removed from the 

chamber/incubator, placed in ice-cold lysis buffer and prepared for Western blot 

or placed in ice-cold nuclear extraction buffer (Active Motif, Carlsbad, CA) and 

prepared for HIF-1α DNA binding analysis.  If feasible, lysates were stored at -

80°C until used.  For HIF-1α DNA binding studies, the nuclear fraction was 

isolated according to the manufacturer's instructions and the success of the 

isolation was confirmed via Western blot using anti-histone-1 (Santa Cruz 

Biotechnology; Santa Cruz, CA) (data not shown).  Protein content for both the 

ELISA and Western blot was determined by the bicinchoninic acid assay (Pierce, 

Rockford, IL). 

 

HIF-1α DNA Binding Assay 

To assess HIF-1α DNA binding, nuclear lysates or nuclear lysates isolated 

from pial arteries pre-exposed to cobalt chloride (CoCl2; positive control), were 

examined using the TransAM HIF-1α immunoassay kit (Active Motif).  To initiate 

the DNA binding assay protocol, lysates (10 µg per well) were added to 96-well 
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plates labeled with an immobilized oligonucleotide containing the hypoxia 

response element consensus sequence from the EPO gene (5′-TACGTGCT-3′). 

The presence of HIF was detected following 1 h incubation using an anti-HIF-1α 

antibody.  Secondary horseradish peroxidase antibody and developing solution 

exposure completed the reaction. Absorbance values as a result of the 

colorimetric reaction were measured within 5 min using a MultiSkan Spectrum 

and SkanIt RE software (450 nm wavelength; Thermo Fischer Scientific, 

Waltham, MA). 

 

Cell Culture and Hormone Treatment  

Primary human brain vascular smooth muscle cells (HBVSMC) were 

purchased from ScienCell Research Laboratories (Carlsbad, CA) and received 

cryopreserved at passage 1.  Cells were futher passaged and grown in a 5% 

CO2 incubator/room air at 37˚C in smooth muscle growth medium (SMGM) with 

Smooth Muscle Growth Supplement containing 2% fetal bovine serum (FBS; 

ScienCell).  Hormone/drug treatments were performed on cells when they 

reached 80 to 85% confluency and at passage 5 or 6.  Hormone/drug treatments 

were carried out in hormone-free media supplemented with Charcoal Stripped 

FBS (Invitrogen Corporation, Carlsbad, CA).  A 6 h time point for COX-2 

induction by an inflammatory stimulus (hypoxia or hypoxia with glucose 

deprivation) and a 10 nM DHT dose were selected for these studies to 

investigate the effects of DHT treatment on COX-2 protein levels.  Both the time 

point and the dose were selected based on results from my previous studies 
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showing that COX-2 protein levels increase 6 h after initiation of an inflammatory 

stimulus (endotoxin/cytokine) and that 10 nM DHT can inhibit this effect in human 

coronary artery vascular smooth muscle cells (K. L. Osterlund et al., 2010).  

Depending on the experiment, cells were treated with DHT (10 nM) or vehicle 

(0.001% ethanol) for 18 h followed by hypoxia (1% O2; 6 h) or hypoxia with 

glucose deprivation (1% O2; 6 h) using a plexi-glass hypoxic chamber 

(BioSpherix).  For hypoxia with glucose deprivation experiments, normal growth 

media was replaced with DMEM without glucose (Invitrogen) and then 

immediately placed in the hypoxic chamber.  In a separate set of experiments, 

cells were pre-treated for 1 h with the androgen  receptor (AR)-antagonist 

bicalutamide (1µM; dissolved in DMSO) followed by 18 h of co-treatment with 

either vehicle (0.001% ethanol + 0.01% DMSO) or DHT, then 6 h of oxygen-

glucose deprivation.  A bicalutamide dose of 1µM is effective for AR antagonism 

in my in vitro model as previously shown in my earlier studies (K. L. Osterlund et 

al., 2010). 

 

Immunocytochemistry 

Human Brain Vascular Smooth Muscle Cells:   

Cells were plated on sterilized glass cover slips and grown in a 5% CO2 

incubator/room air at 37˚C in SMGM with Smooth Muscle Growth Supplement 

containing 2% FBS (ScienCell).  When cells reached approximately 60% 

confluency they were divided into groups and culture medium was replaced with 

IL-1β (5 ng/ml) or CoCl2 (100 µM).  Some cells did not receive treatment and 
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were used to verify the presence of smooth muscle alpha actin and smoothelin.  

Following incubation or treatment cells were fixed (4% formaldehyde), washed in 

filtered PBS (pH 7.4), and permeabilized in methanol (-20oC).  Next cells were 

incubated in 2% BSA/PBS to block non-specific binding then incubated with 

COX-2 (1:200) monoclonal antibody (Cayman Chemical, Ann Arbor, MI), alpha-

smooth muscle actin (1:200) monoclonal antibody (Sigma-Aldrich, St. Louis, 

MO), or smoothelin (1:200) polyclonal antibody (Santa Cruz Biotechnology) in 

PBS containing 2% BSA over night at 4oC.  Next cells were washed in PBS (4 x 5 

min), incubated with Alexa Fluor 555 and Alexa Fluor 488 (1:6000; Invitrogen) for 

1 h in PBS containing 2% BSA and washed in PBS (4 x 5 min).  Cover slips were 

dabbed for excess PBS and mounted on glass slides using mounting medium 

containing DAPI (Vector Laboratories, Burlingame, CA) to label nuclei.  Cells 

were visualized using a Zeiss 710 confocal microscope (Carl Zeiss International, 

Germany).  Binding specificity of the secondary antibody was determined in 

some slides by omitting the primary antibody incubation step.  In slides not 

receiving primary antibody no fluorescence was detected (data not shown).    

 

Rat Pial Arteries:   

Using a dissection microscope, pial arteries were dissected from whole 

brain isolated from intact rats deeply anesthetized with isoflurane vapor (5%/air 

mixture) and treated with heparin (10 to 15 units/kg) prior to exsanguination.  

Arteries collected in sterile 24 well plates containing 1:1 mixture of DMEM and 

SMGM (ScienCell) at room temperature.  Next vessels were transferred to fresh 
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wells containing fresh media and allowed a 30 min equilibration as 37oC.  

Following the equilibration vessels were treated with CoCl2 (100 µM) and 

incubated for 3 h.  After treatment with CoCl2, arteries were cut into very small 

segments (approximately 500 µm) and transferred to eppendorf tubes containing 

filtered PBS containing sodium nitroprusside (SNP; 100 µM) to maximally dilate 

arteries.  Arteries were washed with PBS/SNP for 3 min on a rotator to remove 

any blood from inside the lumen.  Next vessel segments were fixed in 4% 

formaldehyde for 30 min at room temperature, washed three times (10 min) in 

PBS then permeabilized with methanol (-20oC; 5 min). Vessels were then 

washed with 2% bovine serum albumin (BSA) for 5 min and blocked with fresh 

BSA (2%) for 1 h.  Tissues were incubated in HIF-1α (1:500) rabbit polyclonal 

antibody (Thermo Fisher Scientific, Waltham, MA) over night at 4oC.  After 

incubation, vessel segments were washed (3 x 10 min with filtered 2% BSA) and 

incubated with a fluorescent secondary antibodies (1:6000; Alexa Fluor 488; 

Invitrogen) for 1 h at room temperature followed by a final wash (3 x 10 min with 

filtered BSA) before mounting. Using fine forceps, small pial segments were 

arranged on microscope slides that were cover slipped with VectaShield 

mounting medium (Vector Laboratories) then sealed with fingernail polish. 

Images were obtained using a Carl Zeiss LSM 710 confocal microscope (Carl 

Zeiss International). 
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Western Blot 

Levels of HIF-1α and COX-2 protein were examined using standard 

immunoblotting methods, as previously described (K. L. Osterlund et al., 2010). 

Briefly, cells/pial arteries were homogenized in lysis buffer and total protein 

content of whole cell lysate was determined.  Next, samples were diluted in Tris-

Glycine SDS sample buffer (Invitrogen) and heated to boiling for 5 min.  Two 

color fluorescent standard (LI-COR Biosciences, Lincoln, NE) and diluted 

samples were loaded into 7.5% Smart gels (LI-COR).  Proteins were separated 

via SDS-polyacrylamide gel electrophoresis.  Separated proteins were 

transferred to nitrocellulose membranes and non-specific binding was blocked by 

incubation at room temperature for 30 min in PBS containing 1% Tween (TPBS) 

and 3% nonfat dried milk (Carnation, Nestle, Wilkes-Barre, PA).  Membranes 

were incubated in COX-2 (1:1000) mouse monoclonal antibody (Cayman 

Chemical, Ann Arbor, MI), HIF-1α (1:1000) rabbit polyclonal antibody (Thermo 

Fisher Scientific), and β actin (1:5,000) mouse monoclonal antibody (Sigma-

Aldrich, St. Louis, MO) overnight at 4˚C in TPBS. Following TPBS washes, the 

membranes were incubated in Goat Anti-Mouse IR 800 Dye or Goat Anti-Rabbit 

IR 680 Dye secondary antibodies (LI-COR) for 1 h at room temperature.  COX-2 

antibody specificity was verified with lipopolysaccharide and phorbol myistate 

acetate stimulated mouse macrophage cell lysate (Raw-264.7, Santa Cruz 

Biotechnology, Santa Cruz, CA), which is a positive control for COX-2 protein 

(data not shown).  HIF-1α antibody specificity was verified with cobalt chloride 

stimulated HBVSMC, which is a positive control for HIF-1α protein (Figure 4.6B).  
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Following additional TPBS washes, proteins were visualized using an Odyssey 

Infrared Imager and data was analyzed using Odyssey V3.0 software (LI-COR).   

 

Reagents 

All reagents were purchased from Sigma-Aldrich Chemical Company (St. 

Louis, MO) unless otherwise noted. 

 

Statistical Analysis  

For data from Western analysis, samples from each treatment were run on 

the same blot for direct comparison and treatments were repeated for statistical 

analysis (n ≥ 4).  Data from Western blots are expressed as an optical density 

ratio relative to vehicle and normalized to the optical density values for β actin 

bands (for human cells) or GAPDH bands (for rodent tissue).  Multiple vehicles 

were run on the same gel and normalized to the first vehicle on the gel so that 

variance within vehicle groups was accounted for.  Each gel contained at least 

one vehicle for comparison to the treatment groups.  This method of normalizing 

to both a vehicle and loading control limits variance between blots since the 

fluorescent detection system is very sensitive and each figure represents data 

obtained from 4-8 different gels.  For HIF-1α DNA binding assay data, values are 

reported as optical density at 450 nm wavelength.   All values are reported as 

means ± SEM.  Data were compared using analysis of variance (ANOVA), and 

group means were compared using post hoc tests (Student-Newmans-Keuls; 

Prism Software, Irvine, CA).  A level of p<0.05 was considered significant.  
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Results 

Dihydrotestosterone treatment in vivo increased blood serum DHT levels in 

gonadectomized rats.   

Gonadectomy resulted in a decrease in DHT serum levels (91±10 pg/ml) 

compared to values measured in intact male rats (941±32 pg/ml).  In contrast, 

gonadectomized rats receiving replacement DHT pellets had comparable DHT 

serum levels (1089±39 pg/ml) that were not significantly different from the DHT 

serum levels measured in intact males. 

 

Chronic in vivo DHT treatment increases COX-2 under normoxic conditions 

and inhibits hypoxia-induced COX-2 levels following hypoxic exposure in 

rat pial arteries.   

To determine the effect of long-term DHT treatment on COX-2 protein 

levels following hypoxia, rat pial arteries were isolated from gonadectomized 

male rats treated in vivo with DHT (45mg pellet, 18 days) or placebo (PLB) 

followed by 6 h of normoxia (21% O2) or hypoxia (1% O2) ex vivo in continued 

presence of hormone (Figure 4.1).  Figure 4.1A illustrates a representative 

Western blot of COX-2 levels from each group tested and figure 4.1B illustrates 

the data analysis.  Under simulated normoxic conditions COX-2 protein levels 

were increased in pial arteries following DHT administration in vivo compared to 

arteries isolated from the placebo treated rats (PLB).  In addition, hypoxic 

exposure also resulted in an increase in COX-2 protein levels in rat pial arteries.  

DHT administration in vivo blocked hypoxia-induced increases in COX-2 protein 
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levels.  Vessels from rats treated with DHT and then exposed to hypoxia ex vivo 

had similar COX-2 protein levels to vessels from placebo treated rats that were 

exposed to normoxia (Figure 4.1B).  

 

Ex vivo DHT treatment increases COX-2 under normoxic conditions and 

decreases COX-2 following hypoxia in rat pial arteries.   

To simplify the complex steroid metabolism in vivo, a set of experiments 

were designed to determine the effect of ex vivo DHT treatment on COX-2 

protein levels following hypoxia.   Pial arteries were isolated from 

gonadectomized male rats treated ex vivo with DHT (10 and 100 nM) or vehicle 

(VEH) followed by 6 h of normoxia (21% O2) or hypoxia (1% O2) ex vivo in 

continued presence of hormone.  Figure 4.2A illustrates a representative 

Western blot of COX-2 levels from each group tested and figure 4.2B illustrates 

the data analysis.  The higher dose of DHT (100 nM) administered ex vivo 

increased COX-2 levels under normoxic conditions compared to vehicle treated 

pial arteries.  During hypoxia, COX-2 was significantly increased compared to the 

normoxic vehicle control.  This increase in hypoxia-induced COX-2 levels was 

significantly blunted by DHT 100 nM but not 10 nM in rat pial arteries.   

 

DHT blunted hypoxia-induced nuclear HIF-1α activation in rat pial arteries.   

To determine the effect of DHT treatment on HIF-1α activation, rat pial 

arteries were treated ex vivo with vehicle or DHT (10 nM; 6 h) or isolated from 

gonadectomized rats treated in vivo with vehicle or DHT (45mg pellet; 18 days) 
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and then exposed to ex vivo to normoxia (21% O2, 1 h) or hypoxia (1%O2; 1 h) in 

the continued presence of hormone.  Under normoxic conditions, HIF-1α DNA-

binding was below the level of detection in vessels treated with vehicle or DHT 

(Figure 4.3A and B).  Hypoxia increased HIF-1α DNA binding as predicted.  

However, DHT treatment in the presence of hypoxia, both ex vivo and in vivo, 

decreased HIF-1α DNA-binding compared to hypoxia alone. 

 

COX-2 is expressed in HBVSMC following cytokine stimulation.   

Before I assessed the effects of DHT and hypoxia on COX-2 levels in the 

human brain vascular smooth muscle cell (HBVSMC) model, I first assessed the 

induction of COX-2 using a known stimulus of the proinflammatory mediator via 

immunocytochemistry.  I confirmed the induction of COX-2 (red) in response to 

IL-1β (5 ng/ml; 3h) shown in figure 4.4A.  Also shown in figure 4.4A are panels of 

nuclei labeling with DAPI (blue) and anti-β-actin (green) to demonstrate 

nuclear/cell borders.  In separate experiments, markers for vascular smooth 

muscle were also assessed (Figure 4.4B).  HBVSMC at passage 6 expressed 

both α smooth muscle actin (green) and smoothelin (red) favoring a smooth 

muscle cell phenotype.  In addition, these cells also expressed AR (data not 

shown).   
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DHT differentially modulates COX-2 during normoxia and hypoxia in 

HBVSMC.   

To determine the effect of DHT treatment on COX-2 protein levels during 

normoxic and hypoxic conditions, HBVSMC were treated with vehicle or DHT (10 

nM; 18 h) followed by 6 h of normoxia (21% O2) or hypoxia (1% O2) in continued 

presence of hormone (Figure 4.5).  A representative Western blot for COX-2 in 

all the treatment groups is illustrated in figure 4.5A.  Figure 4.5B represents the 

data analysis for COX-2 protein levels in HBVSMC.  Under normoxic conditions, 

DHT increased COX-2 protein levels in HBVSMC.  Similarly, hypoxia also 

increased COX-2 protein levels in HBVSMC.  DHT blocked the effect of hypoxia 

to increase COX-2 protein levels since COX-2 levels were not significantly 

different between the normoxia vehicle group and the DHT hypoxia group 

(ANOVA). 

 

DHT blunted hypoxia-induced increases in HIF-1α protein in HBVSMC.    

In order to visualize localization of HIF-1α protein in the cerebral 

vasculature, rat pial arteries and HBVSMC cells were labeled with anti-HIF-1α 

antibody and assessed via confocal microscopy.  HIF-1α localization was 

confirmed in rat cerebral arteries (Figure 4.6A) and HBVSMC (Figure 4.6B) 

following CoCl2 induction in vitro.  Labeling with anti-HIF-1α was detected in the 

nuclear fraction of both the endothelial (left panel) and vascular smooth muscle 

(right panel) layer (Figure 6A).  In order to determine the effect of DHT treatment 

on hypoxia-induced HIF-1α in HBVSMC, cells were treated with vehicle or DHT 
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(10 nM, 18 h) followed by normoxia (21%O2; 6 h) or hypoxia (1%O2; 6 h) in the 

continued presence of hormone or vehicle and changes in protein levels were 

measured via Western blot.  Under normoxic conditions, DHT treatment did not 

alter HIF-1α levels compared to vehicle (Figure 4.6C).  However, as predicted, 

HIF-1α protein levels were increased following hypoxia, this increase in HIF-1α 

protein is likely due to increased HIF-1α stabilization due to inhibition of oxygen-

sensitive hydroxylases that normally phosphorylate HIF and target it for 

degradation by the proteosome.  This hypoxic-induced increase in HIF-1α levels 

were blunted in the presence of DHT.  CoCl2 is reported as the positive indicator 

for HIF-1α stabilization using Western blot. 

 

DHT blunted HGD-induced increases in COX-2 and HIF-1a levels in 

HBVSMC via an AR-independent mechanism.   

In order to more closely model some of the cellular insults that occur 

during ischemic stroke, such as reduced oxygen and nutrient availability due to 

reduced blood flow, hypoxia with glucose deprivation (HGD) was used to 

determine the effects of DHT on COX-2 (Figure 4.7A) and HIF-1α (Figure 4.7B) 

levels during hypoxic stress.  In addition, the AR antagonist bicalutamide was 

used to determine AR involvement.  HBVSMC were treated with vehicle or DHT 

(10 nM; 18 h) in the absence or presence of the AR antagonist bicalutamide 

(1µM; 1 h pretreatment + 18 h co-treatment with DHT) followed by HGD (1%O2; 6 

h) in the continued presence of hormone.  Bicalutamide alone had no effect on 

COX-2 or HIF-1α protein levels.  HGD increased both COX-2 and HIF-1α protein 



  
 

104 
 

levels as expected.  During HGD, DHT decreased COX-2 and HIF-1α protein 

levels compared to HGD alone.  Interestingly, the AR antagonist bicalutamide did 

not block the effect of DHT on COX-2 or HIF-1α protein levels.   

 

Discussion 

The goal of this study was to assess the effects of DHT on vascular 

inflammation during hypoxic stress in the cerebral vasculature. Using COX-2 as 

marker for vascular inflammation, I determined the effects of the potent 

androgen, DHT, on COX-2 levels during hypoxia in rat pial arteries and primary 

human brain vascular smooth muscle cells, human cells were also exposed to 

hypoxia with glucose deprivation to more closely model some of the cellular 

insults that occur during ischemia. I found that DHT increased COX-2 levels 

under normoxic conditions, but decreased COX-2 levels during hypoxic 

conditions or following in vitro ischemia.  Furthermore, since HIF-1α is a 

transcription factor controlling COX-2 levels and it is stabilized/ activated during 

hypoxia or ischemia, I tested the hypothesis that changes in HIF-1α activation or 

levels would correlate with changes in COX-2 levels. My results demonstrate 

that, like COX-2 levels, HIF-1α activation and protein levels were reduced by 

DHT treatment during hypoxia or HGD, whereas under normoxic conditions, DHT 

did not alter HIF-1α. Using the HGD model, I also demonstrated that DHT’s 

effects on COX-2 and HIF-1α levels are AR-independent.   Thus, it appears that 

during conditions of hypoxic stress DHT has an anti-inflammatory effect that may 

possibly be mediated via HIF-1α, but not via activation of the AR.  
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To my knowledge, this is the first report of DHT’s effects on vascular 

inflammation during hypoxia or hypoxia with glucose deprivation in the cerebral 

vasculature.  Previously, I have shown that under normal physiological conditions 

DHT increases COX-2 levels in both rat pial arteries (R. J. Gonzales et al., 2009) 

and human coronary artery smooth muscle cells via an AR-dependent 

mechanism (K. L. Osterlund et al., 2010).  The current data also support a pro-

inflammatory role for DHT under normal physiological conditions, and add to the 

current literature by identifying human brain vascular smooth muscle as a target 

for androgens.  In contrast, I have also previously shown that during cytokine-

induced inflammation DHT decreases COX-2 protein levels via an AR-

independent mechanism (K. L. Osterlund et al., 2010).  My in vitro data point to 

vascular smooth muscle cells as important mediators of this response to DHT, 

however, it is likely that the endothelial cells also play an important role in the 

response I observed in the rat pial arteries.  For instance, Norata et. al. has 

shown that DHT also attenuates proinflammatory markers during cytokine-

induced inflammation in human endothelial cells (G. D. Norata et al., 2006).  The 

current data show similar patterns during the pathophysiological conditions of 

hypoxic stress in both rodent pial arteries and human brain vascular smooth 

muscle cells.  Interestingly, the dose of DHT needed to attenuate COX-2 or HIF-

1α levels was higher in the rat pial vessels (100  nM) compared to the human 

vascular smooth muscle cells (10 nM).  Whether this difference in sensitivity to 

DHT is due to species differences, culture differences, or the presence of 
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endothelial cells is not known, but would be interesting to pursue in future 

investigations.  

Coupling my current findings with previous results, it appears that DHT 

may be pro-inflammatory under normal physiological conditions, but anti-

inflammatory under a variety of pathophysiological conditions.  An intriguing 

explanation for this paradox is that DHT is working through different molecular 

mechanisms during normal compared to pathophysiological conditions.  I have 

identified two different pathways that are candidates for these differences.   

First, the current data show that DHT only affects HIF-1α levels under 

hypoxia or hypoxia with glucose deprivation, not under normoxia.  Therefore, it is 

possible that DHT has differing actions during normoxia and hypoxia due to 

interactions with the HIF-1α pathway.  Aside from being a transcription factor in 

the pathway leading to COX-2 levels, HIF-1α also participates in considerable 

cross-talk with the COX-2 pathway.   For example, under normoxia the COX-2 

end product PGE2 activates its EP1 receptor to increase HIF-1α levels in human 

embryonic kidney cells (R. Ji et al., 2010).  During hypoxia, HIF-1α binds to the 

toll-like receptor 4 (TLR4) promoter causing upregulation of TLR4.  This 

enhances the response of macrophages to the endotoxin lipopolysaccharide 

(LPS), resulting in increased COX-2 (K. So Young et al., 2010).   Furthermore, 

LPS and hypoxia increased HIF-1α stabilization in equine digital vein endothelial 

cells and the effects of the two stimuli in combination were more than additive (A. 

Brooks et al., 2010).  Therefore, it appears that hypoxia may enhance 

susceptibility to subsequent inflammatory signals and vice versa.   Whether the 
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NFκB pathway plays a role in this response is still debatable.  In RAW264.7 cells, 

hypoxia-induced COX-2 levels was blocked by HIF-1α inhibition, but not by NFκB 

inhibition (Y.-N. Liu et al., 2009).  However, this response was shown to be 

NFκB-dependent in human vascular endothelial cells (J. F. Schmedtje et al., 

1997).  A detailed examination of human pulmonary artery smooth muscle cells 

showed that hypoxia increased NFκB activity and that NFκB inhibition could 

reduce HIF-1α.   Furthermore, mutation of the NFκB binding site in the HIF-1α 

promoter prevented hypoxia-induced HIF-1α transcription (R. S. BelAiba et al., 

2007).   Therefore, it seems possible that DHT could be reducing COX-2 levels 

during hypoxia through changes in HIF-1α activation directly or through changes 

in NFκB activity.  Previous studies have shown that DHT can alter NFκB activity 

in rat pial arteries under normoxia (R. J. Gonzales et al., 2009), but this has yet 

to be tested under hypoxic conditions.  Since there is considerable cross-talk 

between HIF-1α and COX-2, DHT could be indirectly decreasing HIF-1α levels 

via decreases in COX-2 or vice versa, alternatively, DHT could be directly 

suppressing both HIF-1α and COX-2 levels via independent mechanisms.   

Future studies are planned to address some of these hypotheses which are 

currently beyond the scope of this study. 

A second explanation for DHT’s paradoxical actions is AR involvement.  

My previous and current results support such a hypothesis since, during normal 

conditions DHT’s effects on COX-2 are AR-dependent (i.e. they can be blocked 

by treatment with the AR antagonist, bicalutamide); however, during cytokine-

induced inflammation or hypoxia with glucose deprivation DHT’s effects are AR-
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independent.  Investigating the effects of androgens on vascular inflammation is 

complicated by the fact that there are several potential receptor pathways that 

androgens can activate.  Using the classically described mechanism, 

testosterone can activate the androgen receptor directly or following its 

conversion by 5 alpha-reductase to the more potent androgen, 

dihydrotestosterone (DHT) (R. J. Handa et al., 1987; E. D. Lephart et al., 2001). 

Alternatively, testosterone can be metabolized to estradiol by the aromatase 

enzyme (C. E. Roselli et al., 1985) and subsequently activate estrogen receptor 

alpha (ERα) or beta (ERβ) (G. G. Kuiper et al., 1997; G. G. Kuiper et al., 1998).  

A third and less explored pathway for androgen action is through the conversion 

of DHT to 5α-androstane-3β,17β-diol (3β-diol), an ERβ agonist (G. G. Kuiper et 

al., 1996; G. G. Kuiper et al., 1997; Z. Weihua et al., 2002), by the enzymes 

3beta-hydroxysteroid dehydrogenase (3β-HSD), 3alpha- hydroxysteroid 

dehydrogenase (3α-HSD) and 17beta-hydroxysteroid dehydrogenase (17β-

HSD)(Y. Jin and T. M. Penning, 2001; Z. Weihua et al., 2002; A. Gangloff et al., 

2003; S. Torn et al., 2003; S. Steckelbroeck et al., 2004).  Blood vessels contain 

AR, ERα, ERβ, 5α-R, aromatase, and 3β-HSD (G. D. Snyder et al., 2002; Y. 

Nakamura et al., 2005; R. J. Gonzales et al., 2007; H.-C. Shih et al., 2008), 

therefore, the presence of these enzymes and receptors allows for potential 

androgenic and estrogenic effects which can influence vascular inflammation 

through a variety of pathways.  My current data point to ERβ as a possible 

alternative receptor pathway for DHT’s action during pathophysiological 

conditions.  This is a particularly interesting theory because it has recently been 



  
 

109 
 

shown that 3β-diol has anti-inflammatory actions in human umbilical vein 

endothelial cells and mouse aorta (G. D. Norata et al., 2010).  

In summary, I have shown that during hypoxia or hypoxia with glucose 

deprivation DHT decreased cerebral vascular inflammation by decreasing both 

COX-2 and HIF-1α levels, likely via an AR-independent mechanism.  This is of 

particular importance because it has been shown that men with low testosterone 

levels are at increased risk for coronary artery disease, hypertension, and stroke 

(K. M. English et al., 2000b; B. B. Yeap et al., 2009).   Physiologically, circulating 

androgen levels decrease as men age (H. A. Feldman et al., 2002); therefore, it 

is important to understand the impact of this decline on vascular function and 

health.    Because very little is known about the role of androgens in diseases 

such as stroke, I investigated the actions of androgens on cerebrovascular 

inflammation during pathophysiological conditions of hypoxia or hypoxia with 

glucose deprivation.  A better understanding of how androgens modulate 

inflammation could potentially provide insight into more effective approaches to 

manage the progression of vascular diseases in men, which can eventually lead 

to devastating consequences, such as heart attack or stroke.  

 



 
 

Figures and Legends 

A)  

 

 

 

B) 

1

2

3

4

*
*

In Vivo DHT Treament (18 days)

NORMOXIA HYPOXIA

PLB DHT PLB DHT

C
O
X
-2
 P
ro
te
in
 L
e
v
e
ls
 i
n
 P
ia
l 
A
rt
e
ri
e
s

(I
n
te
n
s
it
y
 R
a
ti
o
 v
s
 P
la
c
e
b
o
)

 

Figure 4.1.  Chronic in vivo DHT treatment increases COX-2 under normoxic 
conditions and inhibits hypoxia-induced COX-2 levels following hypoxic exposure 
in rat pial arteries.  COX-2 levels following normoxic and hypoxic exposure ex 
vivo (1% O2; 6 h) in pial arteries isolated from castrated male rats treated in vivo 
with placebo (PLB) or DHT (45mg pellet; 18 days).  Panel A: Representative blot 
for COX-2 protein levels in pial artery lysates.   GAPDH was used as a loading 
control and a standard molecular weight marker (STD) was loaded on the left 
hand side of blot.  Panel B:  Data analysis of mean intensity ratios of DHT treated 
groups compared to PLB following normoxic or hypoxic exposure. Each bar 
represents the mean +/- SEM of n≥ 5 per group. *P<0.05 vs. Veh.  
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Figure 4.2.  Ex vivo DHT treatment increases COX-2 under normoxic conditions 
and decreases COX-2 following hypoxia in rat pial arteries. COX-2 levels in pial 
arteries, dissected from castrated male rats, treated with DHT (10 or 100 nM; 6 
h) or vehicle (Veh) ex vivo followed by exposure to normoxia or hypoxia ex vivo 
(1% O2; 6 h).  A: Representative blot for COX-2 and GAPDH (loading control) 
protein levels.  B: Data analysis of COX-2 mean intensity ratio compared to 
vehicle (VEH).  Each bar represents the mean +/- SEM of n≥ 5 per 
group.*P<0.05 vs. Normoxia Veh; #P<0.05 vs. Hypoxia Veh.  
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Figure 4.3.  DHT blunted hypoxia-induced nuclear HIF-1α activation in rat pial 
arteries. HIF-1α DNA binding was assessed in pial artery nuclear isolates.  Panel 
A:  HIF-1α activation in nuclear isolates from castrated rat pial arteries pretreated 
ex vivo with vehicle or DHT (100 nM; 6 h) followed by exposure to normoxia or 
hypoxia (1% O2; 1 h).  A small population of arteries were stimulated with cobalt 
chloride (CoCl2), which inhibits the hydroxylases that normally target HIF-1α for 
degradation by the proteosome leading to HIF-1α stabilization, and used as a 
positive indicator of HIF-1α activation.  Panel B:  Assessment of HIF-1α 
activation in nuclear isolates from pial arteries isolated from castrated male rats 
treated in vivo with vehicle (Veh) or DHT (45mg pellet, 18 days) followed by  
exposure to hypoxia ex vivo (1% O2; 1 h). Each bar represents the mean +/- 
SEM of n≥ 4 per group. *P<0.001 vs. normoxia VEH; #P<0.001 vs. Hypoxia Veh.   
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Figure 4.4.  COX-2 is expressed in HBVSMC following IL-1β stimulation. Panel 
A: Human brain vascular smooth muscle cells (HBVSMC) were stimulated with 
IL-1β (5 ng/ml; 3 h) and immunocytochemistry verified cytokine-induced COX-2 
(red) levels.  Beta actin is shown in green and DAPI (blue) was used as a nuclear 
marker.  Panel B: HBVSMC labeled with either alpha smooth muscle actin 
(green) or smoothelin (red) antibodies to verify levels of vascular smooth muscle 
cell markers.   
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Figure 4.5. DHT differentially modulates COX-2 during normoxia and hypoxia in 
human HBVSMC. COX-2 protein levels was assessed in cells pretreated in vitro 
with Veh or DHT (10 nM; 18h)  then exposed in vitro to normoxia or hypoxia (1% 
O2; 6 h).  Panel A:  Representative blot for COX-2 protein levels in all groups.  
Beta actin served as a loading control.  Panel B:  Data analysis of COX-2 mean 
intensity ratio compared to vehicle (VEH).  Each bar represents the mean +/- 
SEM of n≥ 9 per group. *P<0.05 vs. Veh. 
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Figure 4.6. DHT blunted hypoxia-induced increases in HIF-1α protein in HBVSMC.  
HIF-1α localization via immunocytochemistry in an intact rat pial artery (panel A) and 
HBVSMC (panel B) stimulated with cobalt chloride (CoCl2; 3h).  Panel A represents 
CoCl2 induced HIF-1α in endothelial (left panel) and vascular smooth muscle (right 
panel) layers.   Labeling was more pronounced in the nuclear fraction as evidenced 
by the orientation of each cell type in the blood vessel wall. The endothelial nuclei 
are oriented in the direction of blood flow and the vascular smooth muscle oriented 
perpendicular to blood flow. Panel B represents CoCl2 induced HIF-1α protein 
localization in HBVSMC. Panel C:  HIF-1α protein levels were assessed via Western 
blot in HBVSMC pretreated in vitro with Veh or DHT (10 nM; 18h), then exposed to 
normoxia or hypoxia (1% O2, 6 h). CoCl2, which inhibits the hydroxylases that 
normally target HIF-1α for degradation by the proteosome leading to HIF-1α 
stabilization, was used as a positive control. Each bar represents the mean +/- SEM 
of n≥ 6 per group.*P<0.01 vs. Normoxia Veh; #P<0.01 vs. Hypoxia Veh.   
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Figure 4.7. DHT blunted HGD-induced COX-2 and HIF-1α levels HBVSMC via an 
AR-independent mechanism.   COX-2 and HIF-1α protein levels were assessed in 
HBVSMC pretreated in vitro with Veh, DHT (10 nM) or DHT + bicalutamide 
(androgen receptor antagonist, 1µM) for 18h, then exposed to normoxia or hypoixa 
with glucose deprivation (1% O2; 6 h). Panel A: COX-2 Western analysis results; 
each bar represents the mean +/- SEM of n≥ 9 per group.  *P<0.001 vs. Veh, 
#P<0.001 vs. HGD Veh.  Panel B:  HIF-1α Western analysis results; each bar 
represents the mean +/- SEM of n≥ 6 per group. *P<0.01 vs. Veh, #P<0.01 vs. HGD 
Veh.  
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CHAPTER 5: INFLAMMATION-INDUCED TLR4 EXPRESSION AND REACTIVE 

OXYGEN SPECIES ARE ATTENUATED BY DIHYDROTESTOSTERONE IN 

HUMAN PRIMARY VASCULAR SMOOTH MUSCLE CELLS 

 

Abstract 

Dihydrotestosterone (DHT) has been shown to attenuate endotoxin and 

cytokine- induced cyclooxygenase-2 (COX-2) in human vascular smooth muscle 

(VSM) cells. COX-2 plays a role in vascular inflammation and has been implicated 

as a source of reactive oxygen species (ROS). In rats, low doses of androgens have 

been shown to be protective during cerebral ischemia and to decrease oxidative 

stress in vascular tissues. Because toll-like receptor 4 (TLR4) has been implicated in 

injury-induced oxidative stress, I hypothesized that chronic DHT treatment will 

decrease injury induced stress by attenuating TLR4 expression and decreasing ROS 

following endotoxin or hypoxia with glucose deprivation (HGD) in primary human 

VSM cells. TLR4 localization was detected via confocal microscopy, TLR4 protein 

levels were measured via western blot, and ROS generation was measured using 

the indicator dye carboxy-H2DCFDA. Endotoxin, hypoxia, and HGD all increased 

TLR4 expression compared to controls.  In contrast, endotoxin and HGD-induced 

TLR4 expression was attenuated in the presence of DHT (10 nM). In the HGD 

studies, DHT’s effect on TLR4 was androgen receptor independent. Similar to the 

TLR4 studies, cytokine-induced ROS production was blunted by DHT. Thus in 
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conditions of injury induced stress, androgens may confer protection from vascular 

injury in part by attenuating both TLR4 expression and ROS production. 

 

Key Words 

Vascular smooth muscle, interleukin-1 beta, lipopolysaccharide, inflammation, 

androgen, toll-like receptor 4, ischemia  
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Introduction 

Vascular inflammation and oxidative stress contribute substantially to the 

formation and progression of cardiovascular disease.  Epidemiological data report 

that the overall risk for heart disease and stroke is highest in men but the severity of 

outcome is greatest in women (R. E. Petrea et al., 2009; M. Writing Group et al., 

2009).  Experimental studies provide evidence that these sex differences may be 

attributed to endogenous gonadal steroids. In general estrogen has been shown to 

have positive effects on the blood vessel wall and therefore be protective against 

cardiovascular disease.  On the other hand, the role for androgens in vascular 

disease is more complex based on mixed results especially as it pertains to vascular 

inflammation.  For example, in human umbilical vein endothelial cells, the potent 

androgen dihydrotestosterone (DHT) was shown to increased expression of vascular 

cell adhesion molecule (VCAM) in one study (A. K. Death et al., 2004), but decrease 

expression VCAM in another study using the same cell type but a lower dose of DHT 

(G. D. Norata et al., 2006).  The goal of this study was to assess the modulation of 

dihydrotestosterone (DHT) on the innate immune receptor Toll-like receptor 4 

(TLR4) and downstream reactive oxygen species (ROS) production following 

inflammation-induced injury in a human vascular smooth muscle (VSM) cell model. 

Vascular inflammation is important in the pathology and outcome of heart 

attack and stroke since ischemia evokes a strong inflammatory response 

characterized by activation and release of cytokines, chemokines, adhesion 

molecules, and proteolytic enzymes that exacerbate tissue damage (G. J. del Zoppo 

and T. Mabuchi, 2003; M. Nedergaard et al., 2003). The regulation of inflammation is 
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under the control of several transcription factors including the transcription factor 

nuclear factor kappa B (NFκB).  NFκB can be activated through the endotoxin 

signaling receptor, Toll-like receptor (TLR) or interleukin-1 receptor (IL-1R).  Both 

receptors share a homologous cytoplasmic signaling  Toll/IL-1R (TIR) domain that 

when activated initiates a signaling cascade culminating in activation of NFκB and 

transcription of pro-inflammatory genes (S. M. Dauphinee and A. Karsan, 2006). 

TLRs have mainly been shown to be expressed in immune cells, including 

monocytes, macrophages, dendritic cells and B cells.  However, expression of the 

TLR family member, TLR4, has also been reported in non-immune cells such as 

coronary vascular smooth muscle (J. Oyama et al., 2004; L. L. Stoll et al., 2004) and 

endothelial cells (J. Pugin et al., 1993; E. Faure et al., 2000; S. M. Dauphinee and A. 

Karsan, 2006).  The presence of TLR4 in VSM and endothelium suggest a role for 

TLR4 in vascular disease.  

Activation of TLR4, results in increased inflammation, oxidative stress, and 

ischemic damage.  TLR4 induces expression of a variety of pro-inflammatory 

mediators such as cytokines, chemokines, adhesion molecules and pro-

inflammatory enzymes, such as cyclooxygenase-2 (COX-2) and inducible nitric 

oxide synthase (iNOS), via activation of NFκB (S. M. Dauphinee and A. Karsan, 

2006).  These increases in COX-2 and iNOS lead to increased oxidative stress due 

to the peroxidase activity of COX-2 and peroxynitrite formation during NO 

production.  Oxidative stress is a major contributor to the progression of 

atherosclerosis (G. Zalba et al., 2007).  Evidence suggests that TLR4 plays role in 

pathology of cerebrovascular disease.  For example, symptomatic carotid artery 
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plaques have increased TLR4 expression compared to asymptomatic plaques (A. 

Katsargyris et al., 2011). In addition, TLR4 mRNA and protein significantly increase 

after intracerebral hemorrhage or cerebral ischemia in rodents (L. W. Weiyu Teng, 

Weishuang Xue, and Chao Guan, 2009; K. Hyakkoku et al., 2010), and these 

increases in TLR4 correlate with increased damage.  Taken together, these studies 

suggest that TLR4 may be a critical regulator of inflammation and oxidative stress 

both during endotoxin-induced inflammation and during ischemic injury. 

Androgens may provide protection against cardiovascular disease due to their 

anti-inflammatory and anti-oxidant actions.   Anti-inflammatory effects of androgens 

have been demonstrated in both humans and experimental animal models.  In 

androgen deficient men, testosterone replacement decreases cytokine levels (C. J. 

Malkin et al., 2004; S. Y. Kalinchenko et al., 2010a).  In TNFα-stimulated human 

umbilical vein endothelial cells, DHT (potent endogenous androgen receptor agonist) 

has been shown to decrease a variety of inflammatory proteins including COX-2 and 

TLR4 (G. D. Norata et al., 2006).  I recently demonstrated that DHT attenuated 

endotoxin-induced COX-2 levels in human coronary VSM cells (K. L. Osterlund et 

al., 2010).  I further observed that DHT decreased COX-2 levels in human brain 

VSM cells following hypoxia with glucose deprivation (which models so of the 

cellular insults that occur during ischemia; unpublished data). This suggests that 

DHT has the ability to suppress pro-inflammatory mediators following an 

inflammatory stimulus or hypoxic/ischemic stress.   Androgens, and DHT in 

particular, are reported to be potent anti-oxidants both in vitro and in vivo. In mouse 

embryonic stem cells, hydrogen peroxide-induced ROS generation, lipid peroxide 
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formation, and DNA fragmentation were inhibited by pretreatment with DHT (M. N. 

Lee et al., 2008). Castration has also been shown to induce oxidative stress in rat 

prostate epithelium, while androgen replacement partially reversed this oxidative 

stress in castrates (N. N. Tam et al., 2003).  These studies suggest that androgens 

can be protective by reducing inflammation and oxidative stress.  

Because TLR4 is implicated in oxidative stress associated with pathogenic 

endotoxin-induced inflammation and, more recently, implicated in injury-induced 

inflammation in the absence of endotoxin (T. V. Arumugam et al., 2009), I 

hypothesized that DHT treatment will decrease inflammation and oxidative stress by 

attenuating TLR4 expression and decreasing ROS following endotoxin or hypoxia 

with glucose deprivation in primary human VSM cells.  

 

Materials and Methods 

Animals 

Experimental and surgical protocols were approved by the Institutional Animal 

Care and Use Committee of the University of Arizona and Arizona State University.   

Adult male Long Evans rats were bred in house at the Arizona State University 

animal care facility.  Rats were housed under a 12:12-h light-dark cycle with food 

and water available ad libitum.  

 

Immunohistochemical Labeling for TLR4 in Pial Arteries 

Animals were deeply anesthetized with isoflurane vapor (5%/air mixture), and 

the thoracic cavity exposed. Following injection with heparin (10 to 15 units/kg) 



 

123 
 

animals were exsanguinated and whole brain was removed. Using a dissecting 

microscope, pial arteries were dissected and collected in filtered phosphate buffered 

saline (PBS) containing sodium nitroprusside (SNP; 100 µM) to maximally dilate 

arteries. Arteries were cut into small segments (2mm in length), transferred to 

eppendorf tubes, and washed with PBS/SNP for 10 min on a rotator to remove any 

blood from inside the lumen. Next vessel segments were fixed in 4% formaldehyde 

for 30 min at room temperature, washed (3 x 10 min) in PBS then permeabilized with 

methanol (-20°C; 5 min). Vessels were then washed with 2% bovine serum albumin 

(BSA) for 5 min and blocked with fresh BSA (2%) for 1 h at room temperature.  

Tissues were incubated in primary antibodies specific for either alpha actin (1:500; 

Santa Cruz Biotechnology, Santa Cruz, CA, USA) or TLR4 H80 (1:500; Santa Cruz 

Biotechnology) overnight at 4°C.  After incubation, vessels were washed (3 x 10 min) 

and incubated with Alexa Fluor 555 anti-mouse or Alexa Fluor 480 anti-rabbit 

secondary antibodies (Invitrogen; 1:6,000) either overnight at 4°C  or 1 h at room 

temperature followed by a final wash (3 x 10 min) in PBS before mounting. Using 

forceps, small pial artery segments were arranged on microscope slides that were 

cover slipped with VectaShield mounting medium containing 4’, 6-diamidino-2-

phenylindole (DAPI; Vector Laboratories, Burlingame, CA) to label nuclei, then 

sealed with fingernail polish. Images were obtained using a Carl Zeiss LSM 710 

confocal microscope (Carl Zeiss International, Germany).  In control staining 

conditions, vessels were incubated with the secondary antibody alone (data not 

shown). 
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Cell Culture and Hormone/Drug Treatment:  

Primary human coronary artery VSM cells (Lot # 4C1284) were purchased 

from Invitrogen Corporation (Carlsbad, CA) for use in TLR4 Western blot 

experiments.  Primary human coronary artery VSM (Lot # RI443) were purchased for 

Cell Systems Corporation (Kirkland, WA) for use in the TLR4 immunocytochemistry 

experiment.  Primary human brain VSM cells (Lot # 2733) were purchased from 

ScienCell Research Laboratories (Carlsbad, CA).  Cells were grown in a 5% CO2 

incubator at 37˚C, in Medium 231 (Invitrogen) supplemented with smooth muscle 

growth supplement (ScienCell) and 2% FBS (brain VSM cells) or 5% FBS (coronary 

VSM cells).  

Hormone/drug treatments were performed on cells at 80 to 90% confluency 

and at passage 5 or 6.  Cell treatments were carried out in hormone-free media 

supplemented with Charcoal Stripped FBS (Invitrogen).  A 6 h time point for TLR4 

induction and a 10 nM DHT dose were selected for studies to investigate the effects 

of DHT treatment on TLR4 protein expression based on my previous studies (K. L. 

Osterlund et al., 2010).   

 

Immunocytochemical Labeling for TLR4 in Human Brain VSM Cells: 

Immunocytochemistry was used to verify the expression of TLR4 in human 

coronary VSM cells.  Cells were plated on glass cover slips pre-coated with poly-L-

lysine and treated with vehicle or LPS (6 h, 100 µg/ml) under sterile conditions.  

Cells were fixed (4% formaldehyde), washed in PBS (pH 7.4), and permeabilized in 

methanol (-20°C).  Cells were first incubated in 2% BSA in PBS to block non-specific 
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binding, incubated with TLR4 H-80 (1:500) rabbit polyclonal antibody (Santa Cruz 

Biotechnology) in PBS containing 2% BSA for 1 h, washed in PBS (5x5 min), 

incubated with incubated with Alexa Fluor 555 anti-rabbit secondary antibodie 

(Invitrogen; 1:6,000) for 1 h in PBS containing 2% BSA and washed in PBS (5x5 

min).  Coverslips were mounted on glass slides using mounting medium containing 

4’, 6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA) to label 

nuclei.  Cells were visualized using a Zeiss 710 confocal microscope (Carl Zeiss 

International).  Omission of the primary antibody removed fluorescence signal and 

was used to determine specificity of binding (data not shown).  At passage 11, 

human coronary VSM cells  still expressed the smooth muscle-specific protein α-

Actin (not shown). 

 

Nuclear Isolation: 

Nuclear isolation was performed using a Nuclear Extract Kit (Active Motif, 

Carlsbad, CA) according to the manufacturer’s instructions. 

 

Western Blot for TLR4:  

Human coronary artery VSM cells were treated with DHT (10 nM) or vehicle 

(0.001% ethanol) for 6 h in the presence of vehicle (100 µl PBS) or 

lipopolysaccharide from Escherichia coli (LPS 100 µg/ml).  Human brain VSM cells 

were treated with DHT (10 nM) or vehicle (0.001% ethanol) for 18 h followed by 6 h 

of one of the following treatments in the continued presence of hormone: 1) 

normoxia (21% O2), 2) hypoxia (1% O2), or 3) hypoxia with glucose deprivation 
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(HGD; 1% O2 in glucose-free media). In a separate set of experiments, brain VSM 

cells were pre-treated for 1 h with the AR-antagonist bicalutamide (1 µM; dissolved 

in DMSO)  or vehicle (0.01% DMSO) followed by 18 h of co-treatment with either 

vehicle (0.001% ethanol) or DHT (10 nM) then followed by 6 h of HGD (1% O2 in 

glucose-free media) or normoxia. A bicalutamide dose of 1 µM was chosen based 

on previous studies (K. L. Osterlund et al., 2010).  TLR4 protein expression was 

examined using standard immunoblotting methods, as previously described (K. L. 

Osterlund et al., 2010). Briefly, cells were homogenized in lysis buffer and total 

protein content of whole cell lysate was determined.  Next, samples were diluted in 

Tris-Glycine SDS sample buffer (Invitrogen) and boiled for 5 min. Two color 

fluorescent standard (LI-COR Biosciences, Lincoln, NE) and diluted samples were 

loaded into 7.5% Smart gels (LI-COR).  Proteins were separated via SDS-

polyacrylamide gel electrophoresis. Separated proteins were transferred to 

nitrocellulose membranes and non-specific binding was blocked by incubation at 

room temperature for 30 min in PBS containing 1% Tween (TPBS) and 3% dried 

milk.  Membranes were incubated in TLR4 H-80 (1:200) rabbit polyclonal antibody 

(Santa Cruz) and β-actin (1:5000) mouse monoclonal antibody (Sigma) overnight at 

4˚C in TPBS. Following TPBS washes, the membranes were incubated in Goat Anti-

Mouse IR 800 Dye or Goat Anti-Rabbit IR 680 Dye secondary antibodies (1:15,000; 

LI-COR) for 1 h at room temperature.  TLR4 antibody specificity was verified with 

LPS stimulated Raw-264.7 (mouse macrophage) cell lysate (Santa Cruz), which is a 

positive control for TLR4 protein (data not shown).  Nuclear extract was verified 

using a polyclonal antibody for the nuclear protein lamin (1:1000, Cell Signaling).  
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Following additional TPBS washes, proteins were visualized using an Odyssey 

Infrared Imager and data was analyzed using Odyssey V3.0 software (LI-COR).   

  

Measurement of Reactive Oxygen Species 

Human coronary artery VSM cells were plated in 24-well cell culture dish at 

passage 8.  Cells were treated with vehicle (0.001% ethanol), or DHT (10 nM) for 18 

h in Medium 231 containing 5% charcoal stripped FBS (Invitrogen). For the detection 

of ROS, specifically hydrogen peroxide and superoxide free radical a stock solution 

of 5-(and-6-)-carboxy-2’,7’-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA, 

Invitrogen; 5 mM), was prepared in ethanol. Following 18 h of hormone treatment, 

cells were incubated at 37°C for 30 min in supplemented phenol red-free media 

(CSC Medium + 5% charcoal stripped FBS, Cell Systems Corporation, Kirkland, 

WA) containing 30µM carboxy-H2DCFDA in the presence or absence of interleukin-1 

beta (IL-1β; 5 ng/ml). Next, cells were washed with PBS once to remove the excess 

probe and replaced with phenol red-free/FBS-free media (DMEM/F12, Invitrogen) in 

preparation for fluorescence scanning. Fluorescent intensity was measured on a 

Tecan Safire2 multi-well fluorescence plate reader (Tecan Austria GmbH, Salzburg, 

Austria) using 495 nm excitation and 525 nm emission settings.  

 

Reagents: 

All reagents were purchased from Sigma Aldrich Corporation (St. Louis, 

Missouri) unless otherwise noted. 
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Statistical Analysis:  

Samples from each treatment were run on the same Western blot or 24-well 

plate (ROS measurement) for direct comparison and treatments were repeated for 

statistical analysis (n=4-24).  Data from Western blots are expressed as an optical 

density ratio relative to vehicle.  ROS measurements are expressed as fluorescence 

intensity. All values are reported as means ± SEM.  Data were compared using 

analysis of variance (ANOVA), and differences were compared using post hoc tests 

(Student-Newman-Keuls; Prism Software, Irvine, CA).  A level of p<0.05 was 

considered significant.  

 
 
Results 

TLR4 is Localized in the Endothelium an VSM of Rat Pial Arteries.   

Representative confocal images are shown in Figure 5.1.  TLR4 

immunoreactivity was detected in the endothelial (panel H) and smooth muscle 

(panel I) layer of both large (>100 µm, panel D-F) and small (<100 µm; panel A-C) 

rat pial arteries.   

 

TLR4 is Expressed in Human VSM Cells.   

Using immunocytochemistry, TLR4 immunoreactivity was detected in human 

coronary VSM cells.  Representative confocal images cells treated with vehicle (top 

panel) or 100µg/ml LPS (bottom panel) are shown in Figure 5.2A. Western blot 

revealed the presence of TLR4 in coronary VSM cell lysates. The anti-TLR4 H80 
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revealed bands migrating at ~95kDa, while anti-lamin showed bands at ~70kDa 

(Figure 5.2B).  Lamin was used to verify nuclear isolation methods. 

 

Endotoxin, Hypoxia, and HGD Increase TLR4 Expression in Human VSM Cells.  

TLR4 protein expression was examined under a variety of pathophysiological 

conditions. Human VSM cells were treated with vehicle under normoxia (21% O2), 

endotoxin (LPS, 100 µg/ml), hypoxia (1% O2), or HGD (1% O2 in glucose-free 

media), an in vitro model for some of the cellular insults that occur during ischemia, 

for 6 h.  All three pathophysiological conditions increased TLR4 expression 

compared to vehicle normoxia (p<0.001; Figure 5.3).  

  

DHT Decreases TLR4 Expression Following Endotoxin Exposure.  

To determine the effect of DHT on TLR4 expression following endotoxin-

induced inflammation, human coronary artery VSM cells were treated with vehicle or 

DHT (10 nM) in the presence or absence of  LPS (100 µg/ml).  LPS caused a 

significant increase in TLR4 compared to vehicle (p<0.001), and DHT attenuated this 

increase (p<0.01 vs. LPS; Figure 5.4).   

 

DHT Decreases TLR4 Expression Following HGD via an AR-Independent 

Mechanism.  

To determine the effect of DHT on TLR4 expression following ischemia-like 

conditions, human brain VSM cells were treated with vehicle or DHT (10 nM) for 18 

h, followed by 6 h of normoxia (21% O2) or HGD (1% O2 in glucose-free media) in 
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the continued presence of hormone. Furthermore, to determine if DHT attenuates 

ischemia-induced increases in TLR4 via androgen receptor (AR) activation, 

additional studies were conducted in the presence of the AR antagonist bicalutamide 

(1 µM).   HGD caused a significant increase in TLR4 compared to vehicle normoxia 

(p<0.001), and DHT attenuated this response (p<0.01 vs. HGD).  DHT’s attenuation 

of TLR4 expression in presence of LPS was not blocked by co-treatment with 

bicalutamide (Figure 5.5).   

 

DHT Decreases Cytokine-Induced Oxidative Stress.  

Reactive oxygen species (ROS) production was assessed in primary human 

coronary artery VSM cells pretreated with vehicle or DHT (10 nM) for 18 h, then 

exposed to the cytokine IL-1β (5 ng/ml, 30 min) in the presence of the ROS-indicator 

dye carboxy-H2DCFDA.  IL-1β increased ROS production compared to vehicle 

(p<0.01), and DHT blocked this response (Figure 5.6).  

 

Discussion 

The goal of this study was to determine if DHT treatment decreases oxidative 

stress by attenuating both TLR4 expression and ROS in VSM.  I examined the 

effects of the non-aromatizable androgen DHT on TLR4 expression and oxidative 

stress in human VSM cells under conditions of endotoxin-induced inflammation and 

HGD.   My results demonstrate that: 1) TLR4 is expressed in human VSM cells and 

both the endothelial and smooth muscle cell layer of rat pial arteries, 2) endotoxin, 

hypoxia, and HGD all increased TLR4 expression compared to vehicle/normoxic 
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controls, 3) DHT inhibited endotoxin-induced and HGD-induced TLR4 expression, 4) 

DHT’s effect during HGD is androgen-receptor independent, and 5) DHT attenuates 

cytokine-induced ROS production.  A summary diagram is presented in Figure 5.7.  

In this study, I used primary culture of human VSM cells to investigate the 

effect of DHT on TLR4 expression and ROS production.  The use of cultured cells 

can provide certain limitations.  For example, in this study, each cell type originated 

from a single donor.  In the current study I found that DHT reduced TLR4 expression 

in both coronary and brain VSM cells, which originated from different donors, thus 

minimizing the concern of using cells isolated from a single donor.  Furthermore, I 

have also observed that DHT attenuates increases in another pro-inflammatory 

mediator COX-2 following cytokine stimulation via an AR-independent mechanism in 

human brain VSM cells isolated from a different donor (unpublished data) and have 

previously reported this AR-independent effect on COX-2 levels in human coronary 

VSM cells (K. L. Osterlund et al., 2010).  A second limitation of using vascular 

cultured cells is that their properties change over time.  For example, smooth muscle 

cells in culture are no longer contractile.  To minimize the risk of changes in culture, 

all experiments were performed after a small number of passages (5-6).  At the time 

of experiments (passages 5-6) the cells in this study expressed the smooth muscle 

cell markers smoothelin and alpha actin (data not shown), as well as the gonadal 

steroid receptors AR, ERα, ERβ (unpublished data).   

To my knowledge this is the first report of hypoxia or HGD’s effects on TLR4 

expression in VSM cells.  In contrast, LPS has been shown to increase TLR4 

expression in human aortic VSM cells (F. Y. Lin et al., 2006; H. Li et al., 2007; Y. H.-
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J. Heo S-K, Noh E-K, Park W-H, Park S-D, 2008). Furthermore, this increase in 

TLR4 was dependent on NADPH oxidase (an enzyme responsible for 

superoxide/ROS production), providing further evidence for that TLR4 activation is 

associated with increased oxidative stress.  In contrast to my finding that hypoxia 

increased TLR4 expression in human VSM cells, one report in endothelial cells 

found that hypoxia increased ROS and decreased TLR4 expression (I. Ishida et al., 

2002).  However, a more recent study in rat cardiac microvascular endothelial cells 

showed that hypoxia with reoxygenation increased TLR4, NFκB, interleukin-6, and 

tumor necrosis factor alpha and that administration of a TLR4-neutralizing antibody 

could block these effects of hypoxia (Z. Zhang et al., 2011) .  Furthermore, in 

macrophages hypoxia has been shown to increase TLR4 expression via activation 

of the transcription factor hypoxia inducible factor 1 alpha (HIF-1α) (K. So Young et 

al., 2010). In further support of this idea, in endothelial cells LPS has been shown to 

increase HIF-1α stabilization (A. Brooks et al., 2010).   Thus, it appears that in most 

cases hypoxia has been shown to upregulate TLR4 expression, in a fashion 

consistent with what I show in the current study. 

My data also show, for the first time, that HGD, and in vitro model for some 

aspects of ischemia, increases TLR4 expression in human VSM cells.  Although, 

data in VSM cells had previously been lacking, in whole brain TLR4 mRNA and 

protein have been shown to significantly increase after intracerebral hemorrhage or 

cerebral ischemia induced by middle cerebral artery occlusion (MCAO, in vivo stroke 

model) in rodents (L. W. Weiyu Teng, Weishuang Xue, and Chao Guan, 2009; K. 

Hyakkoku et al., 2010; X. K. Tu et al., 2010).  Furthermore, TLR4 deficient mice 
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have lower infarct volumes, better neurological and behavioral test outcomes, less 

brain inflammation, and decreased NFκB activation after MCAO than controls (J. R. 

Caso et al., 2007; J. R. Caso et al., 2008; F. Hua et al., 2009; K. Hyakkoku et al., 

2010).  In addition, TLR4 deficient mice also have lower levels of malondialdehyde 

(cytotoxic product of membrane lipid peroxidation caused by ROS) after MCAO (J. 

R. Caso et al., 2007; J. R. Caso et al., 2008).  This further supports the idea that 

TLR4 activation increases ROS production.   It has also been shown that oxidative 

stress upregulates TLR4 expression in rat and human cerebral endothelial cells (P. 

Nagyoszi et al., 2010).   Using IL-1β, a ligand for the IL-1 receptor that contains a 

homologous cytosolic signaling domain to TLR4 and therefore activates the same 

pathway as TLR4, I also show that ROS production is increased following 

stimulation of this pathway, further strengthening the link between the TLR4 

signaling pathway and oxidative stress. 

To my knowledge this is the first report of DHT’s effects on TLR4 expression 

or oxidative stress in VSM cells, although, a similar effect of DHT to reduce TLR4 

expression following LPS or tumor necrosis factor alpha-induced inflammation has 

been reported in human endothelial cells (G. D. Norata et al., 2006). In mouse 

macrophages, testosterone treatment has been shown to decrease both TLR4 

expression and sensitivity (J. A. Rettew et al., 2008).  DHT has also been shown to 

reduce oxidative stress in other cell types. As previously mentioned, in mouse 

embryonic stem cells, hydrogen peroxide-induced ROS generation, lipid peroxide 

formation, and DNA fragmentation were inhibited by pretreatment with DHT (M. N. 

Lee et al., 2008). Castration has also been shown to induce oxidative stress in rat 
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prostate epithelium, while androgen replacement partially reversed this oxidative 

stress in castrates (N. N. Tam et al., 2003).  Furthermore, DHT has also been shown 

to increase antioxidant levels and reduce the levels of the cytokine tumor necrosis 

factor-alpha in a rat model of arthritis (K. Ganesan et al., 2008).  In human umbilical 

vein endothelial cells, DHT has been shown to protect against hydrogen peroxide-

induced apoptosis (Z. R. Xu et al., 2010).   In male rats, DHT inhibited oxidative-

stress-induced platelet aggregation (S. Li et al., 2007) .  These studies support an 

anti-inflammatory, anti-oxidant role of DHT. 

There are several potential mechanisms by which DHT may alter TLR4 

expression.  Negative regulation of TLR4 signaling has been shown to occur in the 

vasculature via several androgen-sensitive proteins including, phosphatidylinositol 3-

kinase (PI3K), the anti-apoptotic zinc-finger protein A20, fas-associated death 

domain (FADD), or the chemokine receptor CXCR4 (S. M. Dauphinee and A. 

Karsan, 2006).  All of these proteins/pathways have been shown to be regulated by 

androgens.  For example, in macrophages testosterone-induced apoptosis has been 

shown to be FADD-dependent (L. Jin et al., 2006). A20 mRNA expression has been 

shown to be up-regulated by DHT (10 nM) in human prostate cancer cells (O. 

Golovko et al., 2005). In human aortic endothelial cells, testosterone stimulated rapid 

phosphorylation of Akt in a time- and dose-dependent manner via PI3K. 

Furthermore, co-immunoprecipitation assays revealed a testosterone-dependent 

interaction between AR and the p85alpha subunit of PI3K (J. Yu et al., 2010).  And 

finally, the synthetic androgen (R1881) has been shown to upregulate CXCR4 in 

prostate cancer cells (J. Cai et al., 2010).  These results provide evidence for just 
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some of the potential mechanisms by which androgens may downregulate TLR4 

expression. 

DHT’s anti-inflammatory effects do not appear to be androgen-receptor 

mediated in human VSM cells.  My current finding shows that DHT reduces HGD-

induced TLR4 expression via an AR-independent mechanism, since the AR 

antagonist bicalutamide had no effect.  I have previously observed that DHT also 

attenuates cytokine (K. L. Osterlund et al., 2010), endotoxin (K. L. Osterlund et al., 

2010), hypoxic, and HGD-induced COX-2 expression via an AR-independent 

mechanism in human VSM cells (unpublished data).  Others have also 

demonstrated AR-independent actions of androgens, for example DHT can activate 

the sex hormone binding globulin receptor (N. Fortunati et al., 1996; A. M. Nakhla 

and W. Rosner, 1996) and can increase intracellular calcium via an unidentified 

membrane-bound receptor (W. P. Benten et al., 1999b; W. P. Benten et al., 1999a).   

Furthermore, several authors have also hypothesized that a membrane bound AR 

may exist that is not blocked by classical AR antagonists (E. F. Konoplya and E. H. 

Popoff, 1992; W. P. Benten et al., 1999b; W. P. Benten et al., 1999a; C. A. Heinlein 

and C. Chang, 2002).  Since DHT cannot be aromatized to estradiol like 

testosterone can, it is frequently used to explore the effects of androgens mediated 

by the androgen receptor. Using the classically described mechanism of action, 

testosterone can activate the androgen receptor (AR) directly or following its 

conversion by 5 alpha-reductase to the more potent androgen, dihydrotestosterone 

(DHT) (R. J. Handa et al., 1987; E. D. Lephart et al., 2001). Alternatively, 

testosterone can be metabolized to estradiol by the aromatase enzyme (C. E. 
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Roselli et al., 1985) and subsequently activate estrogen receptor alpha (ERα) or 

beta (ERβ) (G. G. Kuiper et al., 1997; G. G. Kuiper et al., 1998).  A third and less 

well explored pathway for androgen action is through the conversion of DHT to 5α-

androstane-3β,17β-diol (3β-diol), an ERβ agonist (G. G. Kuiper et al., 1996; G. G. 

Kuiper et al., 1997; Z. Weihua et al., 2002), by the enzymes 3beta-hydroxysteroid 

dehydrogenase (3β-HSD), 3alpha- hydroxysteroid dehydrogenase (3α-HSD) and 

17beta-hydroxysteroid dehydrogenase (17β-HSD)(Y. Jin and T. M. Penning, 2001; 

Z. Weihua et al., 2002; A. Gangloff et al., 2003; S. Torn et al., 2003; S. 

Steckelbroeck et al., 2004).    Blood vessels contain AR, ERβ, and 3β-HSD (G. D. 

Snyder et al., 2002; Y. Nakamura et al., 2005; R. J. Gonzales et al., 2007; H.-C. 

Shih et al., 2008), as do human VSM cells (unpublished data), thus allowing for the 

possibility that DHT is acting via ERβ during pathophysiological conditions.  In 

support of this theory, it has recently been shown that 3β-diol has anti-inflammatory 

actions in human umbilical vein endothelial cells and mouse aorta (G. D. Norata et 

al., 2010).  I intend to pursue this DHT/ERβ pathway in future studies. 

In summary, I have shown that DHT reduces TLR4 expression and oxidative 

stress during inflammation and hypoxia with glucose deprivation in human VSM 

cells.  These findings demonstrate that androgens may provide protection against 

inflammation in VSM under a variety of pathophysiological conditions in part by 

decreasing TLR4 expression and subsequent ROS production.   This is of particular 

importance because understanding the mechanisms by which androgens influence 

vascular inflammation may contribute to new therapeutic methods for the treatment 
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of cardiovascular diseases such as atherosclerosis, myocardial infarction, and 

stroke.  

 

 

  



 

Figures and Legends 

 

Figure 5.1.  TLR4 is Localized
Confocal microscopy revealed the presence and localization of TLR4 in larger and 
small rat pial arteries (A to C 
anti-TLR4 H80 (RED) are shown in panels
are shown in panels A and D.  Merged images are illustrated in panels C and F.
Confocal laser scanning simultaneously captured both the endothelial and vascular 
smooth muscle layer in a rat pial artery segment (approx.
Panel G represents an enlarged image of the endothelial layer (blood vessel lumen) 
and panel G represents the smooth muscle layer (edge of vessel wall).
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TLR4 is Localized in the Endothelium and VSM of Rat Pial Arteries.  
Confocal microscopy revealed the presence and localization of TLR4 in larger and 
small rat pial arteries (A to C ≥ 100 µm; D to F ≤ 100 µm). Fluorescent labeling for 

TLR4 H80 (RED) are shown in panels B and E and anti alpha actin (GREEN) 
are shown in panels A and D.  Merged images are illustrated in panels C and F.
Confocal laser scanning simultaneously captured both the endothelial and vascular 
smooth muscle layer in a rat pial artery segment (approx. 250 µm dia.; panel F).  
Panel G represents an enlarged image of the endothelial layer (blood vessel lumen) 
and panel G represents the smooth muscle layer (edge of vessel wall).

 

in the Endothelium and VSM of Rat Pial Arteries.  
Confocal microscopy revealed the presence and localization of TLR4 in larger and 

≥ 100 µm; D to F ≤ 100 µm). Fluorescent labeling for 
B and E and anti alpha actin (GREEN) 

are shown in panels A and D.  Merged images are illustrated in panels C and F. 
Confocal laser scanning simultaneously captured both the endothelial and vascular 

250 µm dia.; panel F).  
Panel G represents an enlarged image of the endothelial layer (blood vessel lumen) 
and panel G represents the smooth muscle layer (edge of vessel wall).  



 

 

Figure 5.2. Localization of TLR4 immunoreactivity in primary 
VSM cells (passage 11). Cells were imaged using confocal microscopy.  Cells were 
stimulated with vehicle (top row) or lipopolysaccharide (LPS; 100 µg/ml) for 6 hours 
(bottom row; panel A).  Nuclei labeled with 4',6
BLUE), TLR4-ir (GREEN), and merged images are shown in panel A..  Panel B 
shows a representative Western blot of nuclear and cytosolic fraction human brain 
VSM cell lysate in which the left side was exposed to Anti
bands migrating ~95kDa.  The right side of the blot was incubated in Anti
immunoreactivity and bands were detected at ~70kDa.  HBVSM= Human brain VSM 
cells. 
 

E 
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Localization of TLR4 immunoreactivity in primary human coronary 
. Cells were imaged using confocal microscopy.  Cells were 

stimulated with vehicle (top row) or lipopolysaccharide (LPS; 100 µg/ml) for 6 hours 
(bottom row; panel A).  Nuclei labeled with 4',6-diamidino-2-phenylindole (

ir (GREEN), and merged images are shown in panel A..  Panel B 
shows a representative Western blot of nuclear and cytosolic fraction human brain 
VSM cell lysate in which the left side was exposed to Anti-TLR4 H80 resulting in 

ng ~95kDa.  The right side of the blot was incubated in Anti
immunoreactivity and bands were detected at ~70kDa.  HBVSM= Human brain VSM 

 

 

 

human coronary 
. Cells were imaged using confocal microscopy.  Cells were 

stimulated with vehicle (top row) or lipopolysaccharide (LPS; 100 µg/ml) for 6 hours 
phenylindole (DAPI; 

ir (GREEN), and merged images are shown in panel A..  Panel B 
shows a representative Western blot of nuclear and cytosolic fraction human brain 

TLR4 H80 resulting in 
ng ~95kDa.  The right side of the blot was incubated in Anti-lamin 

immunoreactivity and bands were detected at ~70kDa.  HBVSM= Human brain VSM 
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Figure 5.3.  Endotoxin, Hypoxia, and HGD Increase TLR4 Expression in Human 
VSM Cells. TLR4 protein expression was assessed in primary human VSM cells 
from brain (hypoxia & HGD study) or coronary artery (LPS study).  Cells were 
exposed to 6 h of the endotoxin LPS (100 µg/ml), hypoxia (1% O2), hypoxis with 
glucose deprivation (HGD).   *P<0.05 vs. normoxia Veh (n≥3 per group).  
 
  



 

141 
 

Veh LPS LPS + DHT

0.5

1.0

1.5

2.0 *
HCAVSM

T
L
R
4
  
P
ro
te
in
 L
e
v
e
l

(I
n
te
n
s
it
y
 R
a
ti
o
 v
s
 V
e
h
ic
le
)

 

 

Figure 5.4.  DHT decreases TLR4 Expression Following Endotoxin Exposure. 
TLR4 protein expression was assessed in primary human coronary artery VSM cells 
treated with Veh or DHT (10 nM; 6 h), in the absence or presence of the endotoxin 
LPS (100 µg/ml, 6 h).  *P<0.001 vs. Veh (n≥ 3 per group).  HCAVSM = human 
coronary artery VSM cells.  
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Figure 5.5. DHT decreases TLR4 Expression Following HGD via an AR-
Independent Mechanism. TLR4 protein expression was assessed in primary 
human brain VSM cells pretreated with Veh, DHT (10 nM) or DHT + Bicalutamide (1 
µM) for 18 h, then exposed to hypoxia with glucose deprivation (HGD, 1% O2; 6 h). 
*P<0.001 vs. Veh (n≥ 5 per group). HBVSM = human brain VSM cells. 
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Figure 5.6. DHT Decreases Cytokine-Induced Oxidative Stress.  ROS production 
was assessed in primary human coronary artery VSM cells pretreated with Vehicle 
or DHT (10 nM) for 18 h, then exposed to IL-1β (5 ng/ml, 30min) in the presence of 
the ROS-indicator dye carboxy-H2DCFDA. *P<0.01 vs. Veh (n≥ 7 per group). 
HCAVSM = human coronary artery VSM cells. 
 

 

  



 

 

 

Figure 5.7. Summary Diagram of DHT’s Effects During Inflammation and 
Ischemia.  During inflammation or ischemia TLR4 activation leads to increased 
activation of NFκB resulting in increased production of COX
DHT inhibits COX-2, TLR4 and ROS production thus reducing inflammation and 
oxidative stress in the vasculature.
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Summary Diagram of DHT’s Effects During Inflammation and 
During inflammation or ischemia TLR4 activation leads to increased 

activation of NFκB resulting in increased production of COX-2, TLR4, and ROS.  
2, TLR4 and ROS production thus reducing inflammation and 

oxidative stress in the vasculature.   

 

 

Summary Diagram of DHT’s Effects During Inflammation and 
During inflammation or ischemia TLR4 activation leads to increased 

TLR4, and ROS.  
2, TLR4 and ROS production thus reducing inflammation and 
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CHAPTER 6: ANTI-INFLAMMATORY EFFECT OF DIHYDROTESTOSTERONE 

DURING CYTOKINE-INDUCED INFLAMMATION IN HUMAN BRAIN VASCULAR 

SMOOTH MUSCLE CELLS IS MEDIATED THROUGH ESTROGEN RECEPTOR 

BETA 

 

Abstract 

The existence of sex differences in cardiovascular disease suggests a role for 

gonadal steroids in modulating vascular inflammation. Vascular inflammation has 

been shown to be an early and critical event in the pathogenesis of many 

cardiovascular diseases (i.e. atherosclerosis and ischemia reperfusion injury).  Sex 

steroids (especially estradiol) have been implicated in alleviating vascular 

inflammation in experimental animal models.  Additionally, my past studies have 

shown that dihydrotestosterone (DHT) treatment decreases expression of 

cyclooxygenase-2 (COX-2) during cytokine-induced inflammation and this response 

is androgen receptor (AR)-independent.  Since DHT can be converted to 3β-diol, an 

estrogen receptor (ER) β-selective agonist, I hypothesized that DHT would decrease 

IL-1β induced COX-2 expression in primary human brain vascular smooth muscle 

cells (HBVSMC) via conversion to 3β-diol and subsequent activation of ERβ.  

Expression of mRNA was detected in HBVSMC for the gonadal steroid receptors 

AR, ERα, and ERβ.  Furthermore, mRNA was also detected for steroid metabolizing 

enzymes necessary for conversion of DHT to 3β-diol [3alpha-hydroxysteroid 
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dehydrogenase (HSD), 3β-HSD, 17β-HSD, and for the inactivation of 3β-diol 

(CYP7B1)].  Treatment (18 h) with either DHT (10 nM) or its metabolite 3β-diol (10 

nM) reduced IL-1β-induced increases in COX-2 expression. Pre-treatment with the 

AR antagonist bicalutamide (1 µM) did not block the effect of DHT. Both the non-

selective ER antagonist ICI 182,780 (1 µM) and the selective ERβ antagonist 

PHTPP (1 µM) inhibited the effect of DHT, suggesting that DHT actions are ERβ-

mediated.  Therefore, DHT appears to be protective against cerebrovascular 

inflammation via conversion to 3β-diol and subsequent activation of ERβ.   

 

Key Words 

Vascular smooth muscle, interleukin-1 beta, estrogen receptor beta, inflammation, 

androgen  
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Introduction 

The cerebral vasculature plays a central role in the pathogenesis of 

cardiovascular diseases, such as stroke (G. J. del Zoppo and T. Mabuchi, 2003), 

and in the initiation of inflammation after cerebral ischemia which is a key 

determinant in stroke outcome (H. C. A. Emsley and P. J. Tyrrell, 2002; G. J. del 

Zoppo and T. Mabuchi, 2003).  Following ischemia, inflammation is initiated by 

cytokine-induced activation the transcription factor nuclear factor kappa B (NFκB) 

leading to increases production of pro-inflammatory mediators, such as inducible 

nitric oxide synthase and cyclooxygenase-2 (COX-2) (Q. Wang et al., 2007; A. 

Brooks et al., 2010).  I previously reported that the potent androgen receptor agonist, 

dihydrotestosterone (DHT), can suppress levels of COX-2 following endotoxin or 

cytokine stimulation.  I further demonstrated that this response is independent of 

androgen receptor stimulation (K. L. Osterlund et al., 2010). 

Investigating the effects of sex steroids on vascular inflammation is 

complicated by the numerous potential receptor pathways that these compounds 

can utilize to alter gene transcription and cellular responses.  Both androgens and 

estrogens have been shown to have anti-inflammatory effects (C. J. Malkin et al., 

2003; G. D. Norata et al., 2006; D. Xing et al., 2007; K. L. Osterlund et al., 2010), 

although androgens have been reported to have some pro-inflammatory effects as 

well (J. A. McCrohon et al., 1999; A. K. Death et al., 2004).  Using the classically 

described mechanism, testosterone can activate the androgen receptor (AR) directly 

or following its conversion by 5 alpha-reductase to the more potent androgen, 

dihydrotestosterone (DHT) (R. J. Handa et al., 1987; E. D. Lephart et al., 2001). 
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Alternatively, testosterone can be metabolized to estradiol by the aromatase enzyme 

(C. E. Roselli et al., 1985) and subsequently activate estrogen receptor alpha (ERα) 

or beta (ERβ) (G. G. Kuiper et al., 1997; G. G. Kuiper et al., 1998).  A third and less 

well explored pathway for androgen action is through the conversion of DHT to 5α-

androstane-3β,17β-diol (3β-diol), an ERβ agonist (G. G. Kuiper et al., 1996; G. G. 

Kuiper et al., 1997; Z. Weihua et al., 2002), by the enzymes 3beta-hydroxysteroid 

dehydrogenase (3β-HSD), 3alpha- hydroxysteroid dehydrogenase (3α-HSD) or 

17beta-hydroxysteroid dehydrogenase (17β-HSD)(Y. Jin and T. M. Penning, 2001; 

Z. Weihua et al., 2002; A. Gangloff et al., 2003; S. Torn et al., 2003; S. 

Steckelbroeck et al., 2004).  3β-diol is converted to inactive metabolites by the 

enzyme CYP7B1 (M. Sundin et al., 1987; Z. Weihua et al., 2002).  Since blood 

vessels contain AR, ERα, ERβ, 5α-R, aromatase, and 3β-HSD (T. C. Register and 

M. R. Adams, 1998; G. D. Snyder et al., 2002; Y. Nakamura et al., 2005; R. J. 

Gonzales et al., 2007; H.-C. Shih et al., 2008), the expression of these enzymes and 

receptors allows for any of the potential receptor mediated effects which can 

influence vascular inflammation.   

Similar to testosterone and estradiol, 3β-diol has recently been shown to 

reduce expression of inflammatory markers in human umbilical vein endothelial cells 

(G. D. Norata et al., 2010).  Therefore, I have hypothesized that during cytokine-

induced inflammation, DHT decreases the pro-inflammatory mediator COX-2 via 

metabolism to 3β-diol and subsequent activation of ERβ in human brain vascular 

smooth muscle cells (HBVSMC).  I chose COX-2 as my marker for vascular 

inflammation because COX-2 has been shown to be particularly important in 
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cerebral ischemia since COX-2 inhibition can decrease infarct size in experimental 

models of stroke (K. Sugimoto and C. Iadecola, 2003) and because I have 

previously shown that in human coronary artery vascular smooth muscle cells, DHT 

decreases cytokine-induced COX-2 protein expression via an AR-independent 

mechanism (K. L. Osterlund et al., 2010).  

 

Materials and Methods 

Cell Culture and Hormone/Drug Treatment:  

Primary HBVSMC, isolated from a 20 year old male donor (Lot #ACBRI 405), 

were purchased from Cell Systems Corporation (Kirkland, WA).  Primary HBVSMC 

isolated from fetal cells (Lot# 2733) were purchased from ScienCell Research 

Laboratories (Carlsbad, CA).  Cells were grown in 5% CO2, 95% room air 

atmosphere at 37˚C, in Medium 231 (Invitrogen Corporation, Carlsbad, CA) 

supplemented with smooth muscle growth supplement (ScienCell) and 2% FBS. 

Hormone/drug treatments were performed on cells at 80 to 90% confluency 

and at passage 8 or 9.  At passage 9, HBVSMC still expressed the smooth muscle-

specific proteins α-Actin and smoothelin (data not shown).  Cell treatments were 

carried out in hormone-free media supplemented with Charcoal Stripped FBS 

(Invitrogen).  A 6 h time point for COX-2 induction and a 10 nM DHT dose were 

selected for these studies based on my previous studies (K. L. Osterlund et al., 

2010).  Cells were treated with DHT (10 nM), 3β-diol (10 nM) or vehicle (0.001% 

ethanol) for 18 h followed by interleukin-1beta (IL-1β, 1 ng/ml or 5 ng/ml); for an 

additional 6 h.    In a separate set of experiments, cells were pre-treated for 1 h with 
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the AR-antagonist bicalutamide (BIC, 1 µM, Tocris Bioscience, Ellisville, MO; 

dissolved in DMSO), the non-selective ER antagonist ICI 182,780 (ICI, 1 µM; Tocris 

Bioscience; dissolved in ethanol), or the selective ERβ antagonist 4-[2-Phenyl-5,7-

bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP, 1 µM; Tocris 

Bioscience; dissolved in ethanol) followed by 18 h of co-treatment with either vehicle 

(0.001% ethanol + 0.01% DMSO for BIC study; 0.001% ethanol for PHTPP or ICI 

studies), DHT (10 nM), or 3β-diol (10 nM), then 6 h of IL-1β (5 ng/ml).  Antagonist 

doses of 1 µM were chosen based on results from previous studies (K. L. Osterlund 

et al., 2010). 

 

Quantitative Real-Time RT-PCR 

Quantitative real-time reverse transcriptase polymerase chain reaction 

(QPCR) was used to measure mRNA expression of gonadal steroid hormone 

receptors and steroid metabolizing enzymes in adult male cells treated with 

hormone-free media for 6 h.  RNA was extracted using a standard 

phenol/chloroform/isoamyl procedure (R. Ribaudo et al., 2001) and purity and 

concentration was confirmed spectrophotometrically using a Nanodrop 2000 

(Thermo Scientific, Wilmington, DE).  RNA (1 µg) was reverse-transcribed using 

iSCRIPT (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer’s 

instructions.  The resulting cDNA was quantified using the fluorescent detection 

reagent Quant-iT OliGreen ssDNA Reagent (Invitrogen, Carlsbad, CA).  The quantity 

of cDNA in each PCR reaction was normalized based on the fluorescent 

quantification, and real-time RT-PCR was performed on 0.34 pg of template using a 
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LightCycler 480 (Roche Diagnostics Incorporated, Indianapolis, IN).  Each reaction 

included 12µl of SYBR green master mix (Roche Diagnostics Incorporated), 0.5 µl 

forward primer, 0.5 µl reverse primer, and 2 µl of template or water (control). Data 

are reported as absolute femtograms (fg) template based on a standard curve 

generated by serial diluting the product formed by the respective primers.  Primer 

sequences and product sizes (base pairs) are listed in Table 1. The reaction 

involved an initial melting step at 95 °C for 10 min followed by 50 cycles of 95 °C 

(denature) for 10 s, 60 °C (annealing) for 10 s, and 72 °C (elongation) for 6 s. A 

modification of this protocol with a 65° annealing temperature was used for the 17β-

HSD and 3α-HSD primer sets and a 55°C annealing temperature was used for the 

ERβ primer set. Samples were assayed alongside a cDNA standard curve for each 

primer to determine the absolute cDNA concentration present. For standard curve 

generation, cDNA was diluted to a stock concentration of 10 pg/ml then serially 

diluted from 1 pg/ml to 0.0001 fg/ml in PCR grade sterile water to generate eight 

working standards for each primer pair. The size of the amplified cDNA was 

confirmed by 2% agarose gel electrophoresis (Figure 6.2A). Negative controls, 

where water was used in place of template, were used in all experiments. Levels of 

mRNA expression for each sample were determined by comparison to the standard 

curve and reported as the absolute concentration of cDNA. Specificity was 

confirmed via thermal melting curve analysis which showed a single peak at the 

predicted melting temperature for each primer set. 
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Western Blot:  

Levels of COX-2 protein were examined using standard immunoblotting 

methods, as previously described (K. L. Osterlund et al., 2010). Briefly, cells were 

homogenized in lysis buffer and total protein content of whole cell lysate was 

determined.  Next, samples were diluted in Tris-Glycine SDS sample buffer 

(Invitrogen) and boiled for 5 min. Two color fluorescent standard (LI-COR 

Biosciences, Lincoln, NE) and diluted samples were loaded into 7.5% Smart gels 

(LI-COR).  Proteins were separated via SDS-polyacrylamide gel electrophoresis. 

Separated proteins were transferred to nitrocellulose membranes and non-specific 

binding was blocked by incubation at room temperature for 30 min in PBS containing 

1% Tween (TPBS) and 3% non-fat dried milk.  Membranes were incubated with 

COX-2 (1:1000) mouse monoclonal antibody (Cayman Chemical, Ann Arbor, MI) 

and β actin (1:5000) mouse monoclonal antibody (Sigma Aldrich Corporation, St. 

Louis, MO) overnight at 4˚C in TPBS. Following TPBS washes, the membranes 

were next incubated in Goat Anti-Mouse IR 800 Dye (1:15,000) secondary antibody 

(LI-COR) for 1 h at room temperature.  COX-2 antibody specificity was verified with 

LPS stimulated Raw-264.7 (mouse macrophage) cell lysate (Santa Cruz 

Biotechnology, Santa Cruz, CA), which is a positive control for COX-2 protein.  

Vascular smooth muscle phenotype was confirmed (data not shown) in adult male 

and fetal HBVSMC at passage 9 with anti-alpha actin monoclonal antibody (1:500, 

Santa Cruz Biotechnology) and anti-smoothelin polyclonal antibody (1:500, Santa 

Cruz Biotechnology). Following additional TPBS washes, proteins were visualized 
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and quantitated using an Odyssey Infrared Imager and data was analyzed using 

Odyssey V3.0 software (LI-COR).   

 

Reagents: 

All reagents were purchased from Sigma Aldrich Corporation (St. Louis, MO) 

unless otherwise noted. 

 

Statistical Analysis:  

Samples from each treatment group were run on the same Western blot to 

allow for direct comparison.   For each treatment, individual measures were 

repeated to achieve an appropriate number for statistical analysis (n=4-17).  Data 

from QPCR studies are expressed as fg of cDNA and all measures were repeated a 

sufficient number of times for statistical analysis (n=7-8).  Data from Western blots 

are expressed as an optical density ratio relative to vehicle.  All values are reported 

as means ± SEM.  Unless otherwise noted, data were compared using 1 way 

analysis of variance (ANOVA) across treatment groups using Prism Software (Irvine, 

CA), and when indicated, differences were compared post hoc using Student 

Newman-Keuls test.  A level of p<0.05 was considered significant.  
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Results 

Effects of DHT on COX-2 During IL-1β-Induced Inflammation are AR-

Independent/ER-dependent.   

I have previously shown that DHT decreases cytokine-induced COX-2 

expression in human coronary artery vascular smooth muscle cells via an AR-

independent mechanism (K. L. Osterlund et al., 2010).   To confirm this effect of 

DHT treatment in HBVSMC and to test AR and ER-dependence, HBVSMC were 

pre-treated for 1 h with vehicle, the AR antagonist bicalutamide (1 µM), or the non-

selective ER antagonist ICI 182,780 (1 µM), then treated with vehicle or DHT (10 

nM; 18 h) followed by vehicle or IL-1β (5 ng/ml; 6 h) in continued presence of 

hormone/antagonist.  DHT decreased IL-1β-induced increases in COX-2 protein 

(p<0.05 vs. IL-1β; Figures 1 and 2).  DHT’s effect was not blocked by the AR 

antagonist bicalutamide (Figure 6.1), but was blocked by the non-selective ER 

antagonist ICI 182,780 (p<0.05 vs. IL-1β+DHT; Figure 6.2).  Neither antagonist had 

an effect on COX-2 levels alone. 

 

Gonadal Steroid Receptors and Steroid Metabolizing Enzyme mRNAs are 

Expressed in HBVSMC.    

To confirm expression of necessary gonadal steroid receptors and steroid 

metabolizing enzymes for DHT metabolism/receptor activation in HBVSMC, 

HBVSMC were grown in hormone-free media and mRNA levels were measured by 

QPCR. The size of the amplified cDNA was confirmed by 2% agarose gel 

electrophoresis for each primer set (Figure 6.3A).  Expression of mRNA for AR, 
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ERα, ERβ, 3α-HSD, 3β-HSD, 17β-HSD, and CYP7B1 was detected in adult 

HBVSMC. AR expression was higher than ERα or ERβ expression (p<0.05; Figure 

6.3B), 3α-HSD expression was higher than 3β-HSD, 17β-HSD, or CYP7B1 

expression (p<0.05; Figure 6.3C). 

 

DHT and 3β-diol Inhibited Moderate and Low Dose Cytokine-Induced Increases 

in COX-2.    

In order to determine if DHT’s anti-inflammatory actions could be mimicked by 

3β-diol, adult male HBVSMC were treated with vehicle, DHT (10 nM), or 3β-diol (10 

nM) for 18 h followed by vehicle or IL-1β (5 ng/ml; 6 h) in continued presence of 

hormone.  Both DHT and 3β-diol decreased IL-1β-induced increases in COX-2 

protein (p<0.05 vs. IL-1β; Figure 6.4A). To determine if DHT/3β-diol could inhibit low 

levels of cytokine-induced inflammation, HBVSMC were treated with vehicle, DHT 

(10 nM; 18 h), or 3β-diol (10 nM; 18 h) followed by vehicle or a low dose of IL-1β (1 

ng/ml; 6 h) in the continued presence of hormone.  The lower (1ng/ml) dose of IL-1β 

caused a significantly smaller increase in COX-2 expression compared to the higher 

(5 ng/ml) dose (p<0.001, two-way ANOVA), but still increased COX-2 expression 

compared to vehicle treated cells (p<0.01 vs. VEH).  Both DHT (p<0.01 vs. IL-1β) 

and 3β-diol (p<0.01 vs. ILI-1β) prevented low dose IL-1β-induced increases in COX-

2 protein (Figure 6.4B).  The lowest dose of IL-1β (0.2 ng/ml) did not increase COX-

2 expression above vehicle levels (data not shown).  
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DHT Inhibited Cytokine-Induced Increases in COX-2 via an ERβ-Dependent 

Mechanism.   

In order to determine if DHT’s anti-inflammatory actions are ERβ-dependent, 

adult male HBVSMC were pre-treated for 1 h with vehicle or the selective ERβ 

antagonist PHTPP (1 µM), then treated with vehicle or DHT (10 nM; 18 h) followed 

by vehicle or IL-1β (5 ng/ml; 6 h) in continued presence of hormone/antagonist.  

DHT decreased IL-1β-induced increases in COX-2 protein (p<0.05 vs. IL-1β; Figure 

6.5).  DHT’s effect was blocked by the selective ERβ antagonist PHTPP (p<0.01 vs. 

IL-1β+DHT).   

 

Discussion 

The goal of this study was to determine if DHT’s anti-inflammatory effects are 

mediated via ERβ.  Using COX-2 protein expression as a marker for vascular 

inflammation, I examined the effects of the non-aromatizable androgen, DHT, and its 

metabolite 3β-diol, on COX-2 protein expression in HBVSMC.   The results of these 

studies show that: 1) DHT decreases cytokine-induced COX-2 expression via an 

AR-independent/ER-dependent mechanism in HBVSMC.   2) Primary cultured 

HBVSMC express AR, ERα, ERβ, and the enzymes necessary for 3β-diol 

metabolism (3α-HSD, 3β-HSD, 17β-HSD, and CYP7B1).   4) Both DHT and its 

metabolite 3β-diol attenuate moderate (5 ng/ml) and low dose (1 ng/ml) IL-1β-

induced COX-2 expression.  5) DHT attenuates cytokine-induced COX-2 expression 

via ERβ-dependent mechanism. Taken together, these data support my hypothesis 
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that during cytokine-induced inflammation in HBVSMC, DHT decreases COX-2 via 

metabolism to 3β-diol and subsequent activation of ERβ.  

In addition to my recent finding that DHT can inhibit cytokine-induced COX-2 

production in human coronary artery smooth muscle cells (K. L. Osterlund et al., 

2010), androgens have been shown to have other cardioprotective, anti-

inflammatory, and anti-oxidant effects.  Cardioprotective effects of androgens 

include inhibition of hypoxic pulmonary hypertension (M. Oka et al., 2007) and 

decreased infarct size after cerebral ischemia in rodents (Y. Pan et al., 2005; J. 

Cheng et al., 2008; Z. K. Li et al., 2008; M. Uchida et al., 2009; J. Cheng et al., 

2010).  In addition, low testosterone levels predict increased incidence of stroke (B. 

B. Yeap et al., 2009) and poorer outcome after stroke in men (L. L. Jeppesen et al., 

1996).  Androgens have been shown to reduce inflammation in a variety of 

cells/tissues including human monocytes (Z. G. Li et al., 1993), human macrophages 

(M. P. Corcoran et al., 2010), mouse macrophages (D. A. Padgett and R. M. Loria, 

1998; J. A. Rettew et al., 2008; Y. Qiu et al., 2010),  human prostate cancer cells (E. 

T. Keller et al., 1996), human endothelial cells (H. Hatakeyama et al., 2002; T. K. 

Mukherjee et al., 2002; G. D. Norata et al., 2006; H. Jin et al., 2009), and human 

coronary artery vascular smooth muscle cells (K. L. Osterlund et al., 2010).  

Androgen treatment in vivo has also been shown to decrease inflammatory markers 

in androgen deficient men (C. J. Malkin et al., 2004), men with autoimmune 

rheumatic conditions (A. Bizzarro et al., 1987; M. Cutolo et al., 1991), men with 

metabolic syndrome (S. Y. Kalinchenko et al., 2010a; S. Y. Kalinchenko et al., 

2010b), and rabbits fed a high cholesterol diet (Y. Qiu et al., 2010).  Androgens have 
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also been shown to have anti-oxidant effects in rat ventral prostate (N. N. Tam et al., 

2003) and human endothelial cells (Z. R. Xu et al., 2010).  Thus, these data indicate 

that androgen therapy might protect against vascular inflammation in androgen 

deficient men already predisposed to cardiovascular events.  Since androgen levels 

decline with age (B. B. Yeap, 2008), androgen deficiency is not uncommon in older 

men  Therefore, my data suggest that targeting the 3β-diol/ERβ pathway may be a 

more direct approach to reduce vascular inflammation. This could be accomplished 

with 3β-diol treatment, treatment with another ERβ selective agonist such 

asdiarylpropionitrile or inhibition of CYP7B1, the enzyme that converts 3β-diol to 

inactive metabolites (M. Sundin et al., 1987; Z. Weihua et al., 2002).   

The results of my current studies point to ERβ as an alternate receptor 

pathway utilized by DHT during cytokine-induced inflammation.   Since  DHT can be 

converted to 3β-diol by the enzymes 3α-HSD, 3β-HSD and 17β-HSD (Y. Jin and T. 

M. Penning, 2001; Z. Weihua et al., 2002; A. Gangloff et al., 2003; S. Torn et al., 

2003; S. Steckelbroeck et al., 2004), I sought to determine if these enzymes are also 

found in HBVSMC.  My data show that primary HBVSMC express the gonadal 

steroid receptors AR, ERα, ERβ, as well as enzymes involved in 3β-diol metabolism, 

3α-HSD, 3β-HSD, 17β-HSD, and CYP7B1. This is consistent with previous studies 

showing that blood vessels contain AR, ERα, ERβ, and 3β-HSD (G. D. Snyder et al., 

2002; Y. Nakamura et al., 2005; R. J. Gonzales et al., 2007; H.-C. Shih et al., 2008).   

Results of my studies also show that both DHT and 3β-diol decrease cytokine-

induced COX-2 expression and that DHT’s effects are mediated via ERβ since an 

ERβ selective antagonist can block the actions of DHT.  These data are supported 
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by a recent study by Norata et al (2010) showing that 3β-diol has anti-inflammatory 

actions in human umbilical vein endothelial cells and mouse aorta, and that these 

effects are also mediated by ERβ (G. D. Norata et al., 2010).   

Many studies have shown that ERβ activation, like androgen treatment, has a 

variety of cardioprotective and anti-inflammatory effects.  Cardioprotective effects of 

ERβ activation include protection against vascular injury in mice (M. D. Iafrati et al., 

1997),  prevention of L-glutamate-induced increases in blood pressure in male rats 

(S. Gingerich and T. L. Krukoff, 2006), prevention of aldosterone/high salt intake-

induced increases in blood pressure, cardiac mass, and cardiac myocyte 

hypertrophy in rats (P. A. Arias-Loza et al., 2007), prevention of neointima formation 

in mice (Y. D. Krom et al., 2007), protection against damage in a rat carotid injury 

model (S. Makela et al., 1999),  protection against cerebral ischemia in rodents (H. 

V. Carswell et al., 2004; N. R. Miller et al., 2005),  protection against myocardial 

ischemia in mice (T. Pelzer et al., 2005; I. Nikolic et al., 2007; M. Wang et al., 2008; 

N. D. Vornehm et al., 2009; M. Wang et al., 2009), and protection against in vitro 

ischemia in mouse brain endothelial cells (J. Guo et al., 2010).  In humans, ERβ 

gene polymorphisms have been associated with higher systolic blood pressure (S. 

Ogawa et al., 2000; J. A. Ellis et al., 2004) and increased risk of myocardial 

infarction (K. M. Rexrode et al., 2007; S. Domingues-Montanari et al., 2008).  A 

similar phenotype is observed in ERβ deficient mice, which develop both systolic 

and diastolic hypertension as they age (Y. Zhu et al., 2002).   ERβ activation, like 

androgens, has been shown to have anti-inflammatory effects in a variety of 

cells/tissues such as rodent microglial (A. E. Baker et al., 2004; J. A. Smith et al., 
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2011), mouse brain (C. M. Brown et al., 2010), motorneurons (A. Das et al., 2011), 

astrocytes (D. K. Lewis et al., 2008), rat vascular smooth muscle cells (D. Xing et al., 

2007),  and human endothelial cells (G. D. Norata et al., 2010).  Taken together, 

these studies show that ERβ activation has similar protective effects to androgens, 

and support the theory that some of the beneficial effects of androgens may occur 

through activation of ERβ. 

Aside from ERβ activation, other AR-independent mechanisms for androgen 

action have been proposed for DHT’s anti-inflammatory actions.  DHT can activate 

the sex hormone binding globulin receptor to increase cyclic AMP and protein kinase 

A (N. Fortunati et al., 1996; A. M. Nakhla and W. Rosner, 1996).  DHT can also 

increase intracellular calcium via an unidentified membrane-bound receptor (W. P. 

Benten et al., 1999b; W. P. Benten et al., 1999a).   Furthermore, several authors 

have also hypothesized that a membrane bound AR may exist that is not blocked by 

classical AR antagonists (E. F. Konoplya and E. H. Popoff, 1992; W. P. Benten et 

al., 1999b; W. P. Benten et al., 1999a; C. A. Heinlein and C. Chang, 2002).  Whether 

these alternative pathways for androgen action may also contribute to DHT’s anti-

inflammatory effects is yet to be determined.   

In this study, I used primary human cultured vascular smooth muscle cells to 

investigate the mechanism of DHT’s anti-inflammatory effect.  Although more 

clinically relevant compared to rodent studies, the use of cultured cells does provide 

certain limitations.  First, each cell type originated from a single donor.  However, my 

previous studies in primary human coronary artery vascular smooth muscle cells 

originating from a different donor also showed that DHT attenuated increases in 
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COX-2 levels following IL-1β stimulation via an AR-independent mechanism (K. L. 

Osterlund et al., 2010).   Furthermore, my findings match those of Norata et al 

(2010) who showed that 3β-diol decreased cytokine-induced vascular inflammation 

via an ERβ-dependent mechanism in human umbilical vein endothelial cells (G. D. 

Norata et al., 2010).   Taken together these studies minimize the concern of using 

cells isolated from a single donor.  The second major limitation of using cultured 

vascular smooth muscle cells is that their properties change over time.  For 

example, smooth muscle cells quickly lose their contractile properties(J. Thyberg et 

al., 1997).  It is possible that receptor levels for androgens and cytokines may also 

change in culture.  To minimize the risk of changes in culture, all experiments were 

performed after a small number of passages (8 or 9).  Furthermore, at the time of 

experiments (passages 8-9) the cells still expressed the smooth muscle cell markers 

smoothelin and alpha actin (data not shown). 

In summary, I have shown that DHT decreases cytokine-induced COX-2 

expression via an ERβ-dependent mechanism that likely involves the metabolism of 

DHT to the ERβ agonist 3β-diol.  This is supported by my finding that HBVSMC 

express ERβ and the necessary enzymes to convert DHT to 3β-diol and by my 

finding that 3β-diol mimics the anti-inflammatory effect of DHT (Figure 6.6).  Thus, I 

have identified an ERβ-dependent anti-inflammatory effect for DHT in HBVSMC.  A 

deeper understanding of how androgens modulate inflammation could potentially 

provide insight into more effective approaches to manage the progression of 

vascular diseases which eventually lead to devastating end points, such as heart 

attack or stroke. 
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Figures and Legends 

 

Target Gene Forward Primer Reverse Primer 
Product 
Size 

Androgen 
Receptor 

5’-AGTGGATGGGCTGAAAAA-3’ 5’- GGGTGTGGAAATAGATGGG-3’ 305 bp 

Estrogen 
Receptor α 

5’- AGGGAAAGTAGGGCAGAAA-3’ 5’- ACGCTGGGAAATGAAGAA-3’ 172 bp 

Estrogen 
Receptor β 

5’-AAGAATATCTCTGTGTCAAGGCCATG-‘3 5’-GGCAATCACCCAAACCAAAG-3’ 143 bp 

3α-HSD 5’-TGGGGTTGTGGTCCTGGCCA-3’ 5’CCACACGCAGGGCCTTCTGG-3’ 229 bp 

3β-HSD 5’- CAGCCAGGCATGGCCGACTC-3’ 5’ CTGCTGCCACCTCATGGGCC-3’ 235 bp 

17β-HSD 5’-AGAACCTGCTCTCCGCGCCT-3’ 5’- TCCATTGGGGCCCCTCCTCC-3’ 305 bp 

CYP7B1 5’- ATGGCAGCAGTGCGTGACGA-3’ 5’- CGCACACAGTAGTCCCCGGT-3’ 221 bp 

 
 

Table 6.1. Primer sequences used for quantitative real time reverse 
transcriptase polymerase chain reaction.  Primer sequences used for QPCR and 
product sizes in base pairs are listed for androgen receptor, estrogen receptors 
alpha and beta, 3alpha-hydroxysteroid dehydrogenase (HSD), 3beta-HSD, 17beta-
HSD, and CYP7B1. 
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Figure 6.1.  Effects of DHT on IL
Independent.  COX-2 protein expression was assessed in fetal HBVSMC pre
treated for 1 h with vehicle (VEH) or bicalutamide (BIC, 1 µM) followed by VEH or 
dihydrotestosterone (DHT, 10 nM) for 18 h, then exposed to IL
the continued presence of hormo
B: COX-2 levels after bicalutamide treatment. *P<0.01 vs. VEH, #P<0.001 vs. IL
(n= 4-17 per group).  
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Effects of DHT on IL-1β-Induced COX-2 are Androgen Receptor
2 protein expression was assessed in fetal HBVSMC pre

treated for 1 h with vehicle (VEH) or bicalutamide (BIC, 1 µM) followed by VEH or 
dihydrotestosterone (DHT, 10 nM) for 18 h, then exposed to IL-1β (5 ng/ml; 6 h) in 
the continued presence of hormone/antagonist. A: Representative blot for COX

2 levels after bicalutamide treatment. *P<0.01 vs. VEH, #P<0.001 vs. IL

 

 

2 are Androgen Receptor-
2 protein expression was assessed in fetal HBVSMC pre-
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Figure 6.2.  Effects of DHT on IL
Dependent.  COX-2 protein expression was assessed in fetal HBVSMC pre
for 1 h with vehicle (VEH) or ICI 182,780 (ICI, 1 µM), followed by VEH or 
dihydrotestosterone (DHT, 10 nM) for 18 h, t
the continued presence of hormone/antagonist. A: Representative blot for COX
B: COX-2 levels after ICI treatment
vs. IL-1β+DHT (n=6-17 per group).
 

164 
 

 

*

# ^

*

*

5ng/ml IL-1β

VEH+ICI VEH DHT DHT+ICI

Effects of DHT on IL-1β-Induced COX-2 are Estrogen Receptor 
2 protein expression was assessed in fetal HBVSMC pre

for 1 h with vehicle (VEH) or ICI 182,780 (ICI, 1 µM), followed by VEH or 
dihydrotestosterone (DHT, 10 nM) for 18 h, then exposed to IL-1β (5 ng/ml; 6 h) in 
the continued presence of hormone/antagonist. A: Representative blot for COX

2 levels after ICI treatment. *P<0.01 vs. VEH, #P<0.05 vs. IL
17 per group). 
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Figure 6.3.  Gonadal Steroid
mRNAs are Expressed in HBVSMC.
products run on a 2% agarose gel.  B) Hormone receptors AR, ERα, and ERβ 
mRNA expression was assessed in adult male HBVSMC treated for 6 h with 
hormone-free media. *P<0.05 vs. ERα or ERβ (n=7
metabolism enzymes 3α-HSD, 3β
was assessed in adult male HBVSMC treated for 6 h with hormone
*P<0.05 vs. 3β-HSD, 17-β
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Gonadal Steroid Receptors and Steroid Metabolizing Enzyme 
mRNAs are Expressed in HBVSMC.   A) Representative images of QPCR 
products run on a 2% agarose gel.  B) Hormone receptors AR, ERα, and ERβ 
mRNA expression was assessed in adult male HBVSMC treated for 6 h with 

free media. *P<0.05 vs. ERα or ERβ (n=7-8 per group).  C) Steroid 
HSD, 3β-HSD, 17β-HSD, and CYP7B1 mRNA expression 

was assessed in adult male HBVSMC treated for 6 h with hormone
β-HSD, or CYP7B1 (n= 7-8 per group). 

 

 

 

Receptors and Steroid Metabolizing Enzyme 
A) Representative images of QPCR 

products run on a 2% agarose gel.  B) Hormone receptors AR, ERα, and ERβ 
mRNA expression was assessed in adult male HBVSMC treated for 6 h with 

8 per group).  C) Steroid 
HSD, and CYP7B1 mRNA expression 

was assessed in adult male HBVSMC treated for 6 h with hormone-free media. 
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Figure 6.4. DHT and 3β-diol Inhibited Moderate and Low Dose Cytokine-
Induced Increases in COX-2.   A: COX-2 protein expression was assessed in adult 
male HBVSMC treated with VEH, DHT (10 nM), or 3β-diol (10 nM) for 18 h, then 
exposed to IL-1β (5 ng/ml; 6 h) in the continued presence of hormone. *P<0.001 vs. 
VEH, #P<0.05 vs. IL-1β (n= 10-13 per group). B: COX-2 protein expression was 
assessed in adult male HBVSMC treated with VEH, DHT (10 nM), or 3β-diol (10 nM) 
for 18 h, then exposed to a low dose of IL-1β (1 ng/ml; 6 h) in the continued 
presence of hormone. *P<0.01 vs. VEH, #P<0.01 vs. IL-1β (n= 4-10 per group). 
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Figure 6.5. DHT Inhibited Cytokine-Induced Increases in COX-2 via an ERβ-
Dependent Mechanism.  COX-2 protein expression was assessed in adult male 
HBVSMC pre-treated for 1 h with vehicle (VEH) or the ERβ antagonist, PHTPP (1 
µM),  followed by VEH or DHT (10 nM) for 18 h, then exposed to IL-1β (5 ng/ml; 6 h) 
in the continued presence of hormone/antagonist. *P<0.001 vs. VEH, #P<0.05 vs. 
IL-1β, ^P<0.001 vs. IL-1β+DHT (n= 10-13 per group). 
 
  



 

 

 

Figure 6.6.  Schematic 
Inflammatory Actions.  
induced inflammation, dihydrotestosterone (DHT) reduces cyclooxygenase
2) expression via metabolism to 3 beta
hydroxysteroid dehydrogenase (HSD), 3β
muscle cells.  3β-diol then activates estrogen receptor beta (ERβ) and 
downregulates COX-2 expression. This pathway can be inhibited by the enzyme 
CYP7B1, which converts 3β
receptor), NFκB (nuclear factor kappa B).
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Figure 6.6.  Schematic Diagram of Proposed Mechanism for DHT’s Anti
  In our proposed model, during interleukin

induced inflammation, dihydrotestosterone (DHT) reduces cyclooxygenase
2) expression via metabolism to 3 beta-diol (3β-diol) by the enzymes 3α
hydroxysteroid dehydrogenase (HSD), 3β-HSD, and/or 17β-HSD in vascular smooth 

diol then activates estrogen receptor beta (ERβ) and 
2 expression. This pathway can be inhibited by the enzyme 

h converts 3β-diol to its inactive metabolites. IL-1R (interleukin
receptor), NFκB (nuclear factor kappa B). 
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CHAPTER 7: DISCUSSION 

 

The overall goal of this dissertation was to determine the mechanisms by 

which androgens can influence the vascular inflammatory response under both 

physiological and pathophysiological conditions.  The hypotheses tested were 1) 

dihydrotestosterone (DHT) increases levels of vascular inflammatory mediators 

under physiological conditions via androgen receptor (AR) activation, 2) DHT 

decreases levels of vascular inflammatory mediators under pathophysiological 

conditions via an AR-independent mechanism, and 3) DHT’s anti-inflammatory 

effects during vascular inflammation are estrogen receptor beta (ERβ)-mediated.   

In support of my first hypothesis, I found that DHT increased cyclooxygenase-

2 (COX-2) expression under normoxia/normal conditions in human coronary artery 

vascular smooth muscle (VSM) cells, human brain VSM cells, and rat pial arteries.  

In human coronary VSM cells, I showed that this effect was AR-dependent.  In 

support of my second hypothesis, I found that DHT decreased cytokine-, endotoxin-, 

hypoxia-, or hypoxia with glucose deprivation (HGD)-induced COX-2 expression in 

human VSM cells.  In addition, DHT also decreased hypoxia-induced COX-2 and 

hypoxia-inducible factor-1 alpha (HIF-1α) expression in rat pial arteries, hypoxia and 

HGD-induced HIF-1α in human brain VSM cells, endotoxin and HGD-induced toll-

like receptor 4 (TLR4) expression in human VSM cells, and cytokine-induced 

oxidative stress in human VSM cells. I found that DHT’s effect on cytokine-induced 

COX-2 expression was AR-independent in human coronary and brain VSM cells, 
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and that DHT’s effects on HGD-induced COX-2 and TLR4 expression were AR-

independent in human brain VSM cells.  In support of my third hypothesis, I found 

that DHT decreased cytokine-induced COX-2 expression in human brain VSM cells 

via an ERβ-dependent mechanism, likely via metabolism to 3β-diol. 

Androgens appear to be pro-inflammatory during normal, physiological 

conditions via activation of AR.  Support for this hypothesis can be found in the 

present studies, as well as in the literature.  In chapter 3, I show that in human 

coronary VSM cells, but not human brain endothelial cells, DHT increases COX-2 

expression under basal, un-stimulated conditions.   In chapter 4, I also show that 

DHT increases COX-2 under normoxia in both rat pial arteries and human brain 

VSM cells.  Previous data also shows that DHT has pro-inflammatory effects in the 

absence of induced inflammation or injury.  DHT treatment, in vivo and ex vivo, 

increases nuclear factor kappa B (NFκB)-DNA binding activity, and increases COX-2 

and inducible nitric oxide synthase (iNOS) protein levels in the absence of induced 

inflammation via an AR-independent mechanism in rat cerebral arteries (R. J. 

Gonzales et al., 2009).   Taken together, the data point to an AR-mediated, pro-

inflammatory role for androgens under normal, physiological conditions. 

Androgens appear to be anti-inflammatory during pathophysiological 

conditions, via an AR-independent mechanism.  In chapter 3, I demonstrated that 

DHT could inhibit cytokine- or endotoxin-induced COX-2 expression when co-

administered for 6 h.  This effect was not blocked by the AR antagonist bicalutamide.  

In chapter 4, I found that DHT prevented or attenuated hypoxia-induced COX-2 and 

HIF-1α expression in human VSM cells and rat pial arteries.  I also showed that DHT 
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attenuated HGD-induced COX-2 and HIF-1α expression in human brain VSM.  This 

effect was not blocked by the AR antagonist bicalutamide.  In chapter 5, I showed 

that DHT inhibited endotoxin- or HGD-induced TLR4 expression in human brain 

VSM cells. Again, the effects of DHT during HGD were not inhibited by bicalutamide.  

Finally, in chapter 6, I show that DHT inhibited cytokine-induced COX-2 expression 

in fetal and adult human brain VSM cells, while bicalutamide had no effect.  Taken 

together, my studies show that under pathophysiological conditions of cytokine-, 

endotoxin-, hypoxia, or HGD DHT decreases vascular inflammation, likely via an 

AR-independent mechanism.   

DHT’s anti-inflammatory effects appear to be at least partially mediated by the 

DHT metabolite 3β-diol and ERβ signaling.  In chapter 6, I show that DHT’s effect to 

attenuate cytokine-induced COX-2 expression in brain VSM cells cannot be blocked 

with an AR antagonist, but can be blocked with either a non-selective ER antagonist, 

or a selective ERβ antagonist.  Additionally I found that DHT’s anti-inflammatory 

effects could be mimicked by its metabolite 3β-diol, an ERβ agonist.  Using QPCR, I 

also showed that human brain VSM cells express AR, ERβ, and ERα as well as the 

enzymes necessary to metabolize DHT to 3β-diol (3α-HSD, 3β-HSD and 17β-HSD).  

My data is supported by a recent study from Norata et al (2010), who also found that 

3β-diol, via ERβ activation, could attenuate cytokine-induced adhesion molecules, 

monocyte chemoattractant protein, and interleukin-6 in human umbilical vein 

endothelial cells.  They also found that 3β-diol decreased endotoxin-induced 

interleukin-6, and adhesion molecule expression in male mouse aorta (G. D. Norata 

et al., 2010).   Furthermore, in vitro treatment with 3β-diol has been shown to 
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downregulate thromboxane receptor expression in vascular smooth muscle, which 

was blocked by pretreatment with an ERβ antagonist (R. G. Mishra et al., 2006).  

These studies provide evidence that 3β-diol, acting via ERβ, has anti-inflammatory 

effects in the vasculature.  In addition, my study also shows that human brain VSM 

cells have the enzymes necessary to convert DHT to 3β-diol and that DHT’s anti-

inflammatory effect is ERβ-mediated.   

Based on my studies, I hypothesize that DHT has at least two separate 

pathways that it can utilize to influence vascular inflammation.  Under normal 

physiological conditions, DHT activates the AR and causes an increase in pro-

inflammatory mediators such as COX-2.  Conversely, under pathophysiological 

conditions, such as endotoxin, cytokine, hypoxia, or HGD, DHT is converted to 3β-

diol, which subsequently activates ERβ causing a decrease in pro-inflammatory 

mediators such as COX-2.    Based on this theory, low dose androgen treatment 

would be beneficial for men with existing cardiovascular disease or inflammatory 

illness.  Since humans have generally started to develop atherosclerosis by 

adulthood, this theory would support the use of androgen replacement therapy or 

ERβ agonists in virtually any androgen-deficient man.   Since androgen levels 

decline with age (B. B. Yeap, 2008), this represents a large proportion of the male 

population.  Clinical data supports this hypothesis.   In men, low androgen levels 

predict increased incidence of stroke (B. B. Yeap et al., 2009), aortic aneurysm (B. 

B. Yeap et al., 2010), hypercholesterolemia, diabetes, coronary heart disease (K. M. 

English et al., 2000b; A. Ponholzer et al., 2010) and hypertension (K. M. English et 

al., 1997).  Furthermore, low androgen levels are also associated with poorer 
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outcome after stroke (L. L. Jeppesen et al., 1996), increased vascular mortality (C. J. 

Malkin et al., 2010), increased arterial stiffness (M. Yaron et al., 2009), increased 

inflammation (V. Kupelian et al., 2010), adverse lipid profile, high levels of fibrinogen, 

insulin, and pro-coaguable factors (K. M. English et al., 1997). T replacement has 

also been used in clinical settings to relieve symptoms of angina (K. M. English et 

al., 2000a) and to reduce inflammation (C. J. Malkin et al., 2004).  These data 

indicate that androgen therapy may be beneficial in aging men.  However, my data 

suggest that targeting the 3β-diol/ERβ pathway may be a more direct approach to 

reduce vascular inflammation. This could be accomplished with 3β-diol treatment, 

treatment with another ERβ selective agonist such as diarylpropionitrile (DPN), or 

inhibition of CYP7B1, the enzyme that converts 3β-diol to inactive metabolites (M. 

Sundin et al., 1987; Z. Weihua et al., 2002).   

The majority of my studies were performed using cultured cells, which can 

present a number of limitations that need to be addressed.   First, each cell type 

originated from a single donor. However, the human coronary VSM cells using in 

chapter 3 were from a different donor than those from chapter 5.  Also, the human 

brain VSM cells used in chapter 4 were from a different donor than those used in 

chapter 5 and chapter 6.  Therefore, I have found anti-inflammatory effects of DHT in 

vascular smooth muscle cells from 4 different donors.  In addition, my work is 

supported by studies that have found similar results in rodent tissue (chapter 4) (R. 

J. Gonzales et al., 2009) and human endothelial cells (G. D. Norata et al., 2006; G. 

D. Norata et al., 2010).    
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A second concern with using cultured cells, and smooth muscle cells in 

particular, is that properties can change in culture.  For example, smooth muscle 

cells lose their contractile properties in culture.  For this reason, experiments were 

performed at the smallest number of passages possible to minimize this risk.   

Furthermore, I confirmed that each VSM cell type was still expressing the VSM cell 

specific proteins alpha-actin and smoothelin, and that my endothelial cells still 

expressed the endothelial cell specific protein Von Willebrand Factor, at same 

number of passages in which the experiments were performed. Furthermore, in 

chapter 2 I confirmed that human coronary VSM cells expressed AR at passage 6, 

and in chapter 6 I confirmed that human brain VSM cells they expressed AR, ERα, 

ERβ, 3β-HSD, 17β-HSD, and CYP7B1 at passage 9.  Expression of these hormone 

receptors and hormone metabolism enzymes provides evidence that these cells still 

expressed all the necessary proteins for gonadal steroid receptor activation and 

metabolism of DHT.  I believe the benefits of using a more clinically relevant human 

cell model outweigh the risk for changes in culture and inter-donor variability for the 

mechanistic questions answered by my studies.  However, in vivo studies in rodents 

will be necessary to confirm that DHT’s anti-inflammatory effects in culture translate 

to beneficial physiological changes in live animals.   

In order to provide further support for my theory that DHT’s anti-inflammatory 

effects occur via ERβ activation, there are several future studies I would like to 

conduct.  First, I would like provide evidence that human brain VSM cells can 

produce 3β-diol from DHT.  In order to do this, I would treat human brain VSM cells 

with vehicle or DHT (10nM, 100nM, or 1µM) for 18 h and then measure 3β-diol in the 
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media using liquid chromatography mass spectrometry (LCMS). With increasing 

concentrations of DHT the cells should produce increasing amounts of 3β-diol.  

Next, I would like to repeat my DHT and 3β-diol studies outlined in chapter 6 in 

human brain endothelial cells, as well as the LCMS experiment, in order to 

determine if endothelial cells also have the ability to convert DHT to 3β-diol, and if 

DHT has ERβ/3β-diol mediated anti-inflammatory effects in human brain endothelial 

cells.  I would then like to repeat these studies ex vivo in rat pial arteries to 

determine the net effect of DHT/ 3β-diol when both VSM cells and endothelial cells 

are present.   To further clarify the role of the AR, I would compare the effects of 

DHT and 3β-diol on cytokine-induced COX-2 expression in freshly isolated pial 

arteries from testicular feminization mutation (TFM) rats that lack functional ARs and 

wild type male rats.  I predict that both DHT and 3β-diol would decrease cytokine-

induced COX-2 expression in wild type and TFM rats, but that an ERβ antagonist 

would block these effects.  These studies would provide support for my hypothesis 

that DHT’s anti-inflammatory effects are 3β-diol/ERβ –mediated and AR-

independent in the cerebral vasculature. 

For my second set of experiments, I would like to determine the mechanism 

by which ERβ activation inhibits cytokine-induced COX-2 expression.  To do this I 

would use a COX-2 promoter/luciferase reporter gene assay.  Interleukin-1 beta (IL-

1β) stimulation would be used to increase COX-2 transcription. IL-1 receptor 

activation leads increased activation of NFκB, which binds to an NFκB binding site in 

the COX-2 promoter causing increased transcription of COX-2 (C. Cao et al., 1997; 

J. S. Michael et al., 1999).  Human brain VSM cells would be transfected with a 
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vector containing the COX-2 promoter driving a luciferase reporter gene or a control 

vector. The transfected cells will be pre-treated (18 h) with vehicle, DHT or 3β-diol 

and challenged with IL-1β (6 h) in the continued presence of hormone.  These 

experiments would be repeated using the AR antagonist bicalutamide to determine 

AR involvement and the ERβ specific-antagonist PHTPP to determine ERβ 

involvement. I predict that DHT and 3β-diol would attenuate COX-2 transcriptional 

activity compared to vehicle following IL-1β stimulation, via an AR-independent, 

ERβ-dependent mechanism.  These findings would provide molecular evidence to 

support the hypothesis that DHT decreases cytokine-induced COX-2 expression via 

conversion to 3β-diol and subsequent ERβ-mediated suppression of COX-2 

transcription.  

Finally, to determine if DHT’s anti-inflammatory effects via ERβ activation 

have an effect in vivo, I would like to compare the effects of low-dose in vivo DHT 

treatment on infarct size and COX-2 expression in middle cerebral arteries isolated 

from ERβ deficient mice and wild type mice that have undergone middle cerebral 

artery occlusion (MCAO; in vivo stroke model) or endotoxin (LPS) injection.  These 

studies would also be repeated in TFM rats and wild type rats. I predict that DHT 

would reduce infarct size and pial vessel COX-2 expression in the wild type rodents 

and TFM rats, but not in the ERβ-deficient mice.  In addition basilar arteries (the 

largest pial vessel) would be isolated from each of these rodents for length-tension 

measurements using a wire myograph system.  I predict that the vessels from 

rodents that were subjected to LPS challenge or MCAO would have increased COX-

2 expression and thus would have a greater contractile response to COX-2 
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inhibition.  I predict that vessels from DHT treated wild type rodents and TFM rats 

would have a reduced contractile response to COX-2 inhibition compared to vehicle 

treated wild type rodents or DHT treated ERβ deficient mice.  These studies would 

provide support for my hypothesis that low dose DHT is anti-inflammatory and 

protective against ischemia and inflammation via an ERβ-mediated mechanism. 

In conclusion, my data support my hypotheses that DHT increases levels of 

vascular inflammatory mediators under physiological conditions via AR activation, 

DHT decreases levels of vascular inflammatory mediators under pathophysiological 

conditions via an AR-independent mechanism, and that DHT’s anti-inflammatory 

effects during inflammation are ERβ-mediated. These studies contribute to the field 

of vascular inflammation in two important ways.  First, I have identified ERβ 

activation as an important anti-inflammatory pathway for androgens in VSM. This 

finding is particularly intriguing because estrogens have almost exclusively been 

shown to have protective effects in the vasculature, while the effects of androgens 

have been contradictory, with many animal studies shown detrimental effects, and 

but much of the clinical data showing protective effects.  The discrepancy appears to 

be largely dose and condition dependent.   The subjects of animal studies are 

generally young healthy rodents, while the subjects of clinical studies are generally 

middle aged to elderly men with declining or already deficient androgen levels likely 

with significant amounts of atherosclerosis.   Since I have found androgens only to 

be protective under pathophysiological conditions, many of the studies in healthy 

young rodents may not yield similar results unless some form of inflammatory or 

ischemic insult was induced.  Furthermore, doses of androgens administered in 
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human studies are more likely to be the lowest physiological dose, while rodent 

studies and many cell culture studies tend to use slightly higher doses to maximize 

effects.  For instance, one study in human umbilical vein endothelial cells used 

400nM DHT and found pro-inflammatory effects of DHT, while another used a very 

low 0.1 nM dose and anti-inflammatory effects of DHT in the same cell type (A. K. 

Death et al., 2004). Additionally, using a rodent model of cerebral ischemia, Uchida 

et al. found that low doses of either T or DHT were protective against ischemia 

induced brain damage, while higher doses were actually detrimental (M. Uchida et 

al., 2009).  Therefore, both experimental conditions and dose are of upmost 

importance when examining the effects of androgens on vascular inflammation. The 

results obtained in my studies should be physiologically relevant since a low dose of 

DHT was used.   

The second important contribution to the field I have made is demonstrating 

the presence of a variety of steroid metabolizing enzymes in human VSM cells.  This 

data emphasized the importance of local de novo synthesis of gonadal steroids in 

human vasculature.  Many studies focus on plasma hormone levels, but the 

presence of a variety of gonadal steroid metabolizing enzymes within VSM cells 

allows for both ER and AR mediated effects of androgens, as I have demonstrated.     

I believe that due to DHT’s anti-inflammatory and anti-oxidant effects that I 

have observed in the vasculature, that low-dose androgen therapy or ERβ agonists 

may be beneficial in aging, androgen deficient men with atherosclerosis to prevent 

rupture of plaques by reducing oxidative stress and inflammation.  In addition, these 

protective effects of DHT/ERβ agonist treatment may also be beneficial in reducing 
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damage following stroke.  Due to the negative cardiovascular effects of androgen 

deficiency, men at risk for cardiovascular events, such as a heart attack or stroke, 

should have their androgen levels tested.  If androgen levels are low, these men 

could be placed on low dose androgen or ERβ agonist therapy to prevent plaque 

rupture or reduce secondary brain or heart injury following cerebral or cardiac 

ischemia.  This preventative measure could reduce the frequency and severity of 

ischemic events in aging men. 
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LIST OF ABBREVIATIONS 
 

 
3α-HSD: 3 alpha-hydroxysteroid dehydrogenase 

3β-diol: 5α-androstane-3β,17β-diol 

3β-HSD: 3 beta-hydroxysteroid dehydrogenase 

5α-R: 5 alpha reductase 

17β-HSD: 17 beta-hydroxysteroid dehydrogenase 

ACh: actylcholine 

AIF: apoptosis inducing factor 

AR: androgen receptor 

ARE: androgen response element 

BIC: bicalutamide 

BKCa: large conductance calcium activated potassium channel 

cAMP: cyclic adenosine monophosphate 

cGMP: cyclic guanosine monophosphate 

COX-1: cyclooxygenase-1 

COX-2: cyclooxygase-2 

DHEA: dehydroepiandrosterone 

DHT: dihydrotestosterone (5α-androstan-17β-ol-3-one) 

DPN: diarylpropionitrile 

E: estrogen/estradiol 

EDHF: endothelium derived hyperpolarizing factor 
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EETs: epoxyeicosatrienoic acids 

ELAM: endothelial cell leukocyte adhesion molecule 

eNOS: endothelial nitric oxide synthase 

ER: estrogen receptor 

ERα: estrogen receptor alpha 

ERβ: estrogen receptor beta 

ERE: estrogen response element 

GABA: gamma amino butyric acid 

GPCR: g protein coupled receptor 

HBVSMC: human brain vascular smooth muscle cells 

HBMEC: human brain microvascular endothelial cells 

HCASMC: human coronary vascular smooth muscle cells 

HGD: hypoxia with glucose deprivation 

HIF-1α: hypoxia inducible factor 1 alpha 

HRE: hormone response element 

HUVEC: human umbilical vein endothelial cells 

ICAM: inter-cellular adhesion molecule 

ICI: ICI 182,780  

IκB: Inhibitor of NFκB 

IL-1β: interleukin-1beta 

IL-1R: interleukin-1 receptor 

IL-6: interleukin-6 

iNOS: inducible nitric oxide synthase 
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IP3: inositol 1,4,5-triphosphate 

LPS: lipopolysaccharide 

M3: muscarinic 3 acytlcholine receptor 

MCAO: middle cerebral artery occlusion (in vivo stroke model) 

MLCK: myosin light chain kinase 

NADPH: nicotinamide adenine dinucleotide phosphate 

NFκB: nuclear factor kappa B 

NO: nitric oxide 

NOS: nitric oxide synthase 

NOX: nicotinamide adenine dinucleotide phosphate oxidase 

OGD: oxygen glucose deprivation (in vitro stroke model) 

OVX: ovariecotomy, ovariectomized 

PARP: poly (ADP ribose) polymerase 

PE: phenylephrine 

PHTPP: 4-[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol 

PIP2: phosphatidylinositol 4,5 bisphosphate 

PLC: phospholipase C 

PTT: 4,4',4''-(4-Propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol 

ROS: reactive oxygen species 

sEH: soluable epoxide hydrolase 

T: testosterone 

TIR: Toll/interleukin-1 receptor domain 

TLR4: toll-like receptor 4 
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TNFα: tumor necrosis factor alpha 

VCAM-1: vascular cell adhesion molecule-1 

VEGF: vascular endothelial growth factor 

VGCC: voltage gated calcium channels 

VSM: vascular smooth muscle 

 
 


