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ABSTRACT 

  

 The purpose of this dissertation was to elucidate the role of androgens in the 

regulation of systemic BP and uterine vascular function.  There is a well-established sexual 

dimorphism in human cardiovascular disease (CVD), in which men are more likely to 

develop hypertension and coronary artery disease (CAD) compared to age-matched pre-

menopausal women, which suggests that testosterone (TES) is deleterious to 

cardiovascular health.  The findings of the present studies in this dissertation challenge this 

dogma, and instead, provide support that TES and its metabolites 5α- and 5β- 

dihydrotestosterone (DHT) are beneficial to blood pressure (BP) and vascular function.  

The first project utilized male Sprague-Dawley (SD) and testicular feminized male (Tfm) 

rats to evaluate the long-term effects of endogenous and exogenous androgens on systemic 

blood pressure (BP).  This study provided new evidence and novel findings that androgens 

(TES and 5α-DHT) exert long-term anti-hypertensive effects on systemic BP in male rats.  

These anti-hypertensive mechanisms involve estrogen-independent, non-genomic, 

signaling pathways which reduce the renin angiotensin system (RAS) expression in the 

kidney.  Thus, the antihypertensive effects of androgens appear to involve both rapid 

effects on systemic vasodilation and long-term effects on the kidney to promote fluid 

excretion. The present findings are important for future therapeutic applications of TES 

and/or DHT therapy to treat hypertension in hypogonadal men.  The second project utilized 

female SD rats to investigate the vascular effects and signaling mechanisms of androgens 

at the uteroplacental interface during normal and preeclampsia (PE).  In this study, the 

deoxycorticosterone (DOCA)-salt pregnant rat was validated as an acceptable animal 
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model of PE, with hallmark characteristic of the disease including hypertension, 

proteinuria, and fetal intrauterine growth restriction (IUGR). The results reveal that 

androgens elicit rapid vasorelaxation of isolated uterine arteries (UA) from normal 

pregnant (NP) and PE pregnant (PEP) rats and evoke mechanisms that appear to be highly 

dependent on endothelial nitric oxide synthase (eNOS) signaling and the activation of 

voltage-gated (KV) and Ca2+-activated (BKCa) K
+ channels.  In PEP rats, UA sensitivity to 

TES decreased, while UA sensitivity to 5β-DHT increased compared to NP rats.  Further, 

mRNA expression of 5β-reductase decreased in the uterine arteries and placenta of PEP 

rats compared to NP control rats.  Thus, the vasodilatory effects of androgens may 

contribute to the regulation of uterine blood flow during normal pregnancy and reductions 

in androgen production may contribute to the pathogenesis of PE.  The increased sensitivity 

of the UA to 5β-DHT and impaired production of 5β-DHT at the uteroplacental interface 

in the PEP rats suggest a possible therapeutic role for androgens, particularly 5β-DHT, in 

the treatment of reduced uterine blood flow and hypertension in women with PE. 
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NOMENCLATURE 

4-AP 4-aminopyridine  

A4 Androstenedione 
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BNP Brain natriuretic peptide 

BP Blood pressure 

BSA Bovine serum albumin 

Ca2+ Calcium 

CAD Coronary artery disease 



vii 

 

CaM Calmodulin 

cAMP Cyclic adenosine monophosphate  

CCC Central control center 

cGMP Cyclic guanosine monophosphate  

CNS Central nervous system 

CO Cardiac output 

Ct Cycle threshold 

CVD Cardiovascular disease 

DAG Diacylglycerol 

DHEA Dehydroepiandrosterone 

DHEAS Dehydroepiandrosterone sulfate 

DHT Dihydrotestosterone 

DOCA Deoxycorticosterone 

EC50 effective concentration 50  

ECF Extracellular fluid volume 

EDHF Endothelial derived hyperpolarizing factor 

Ef-1 Elongation factor-1 

Emax Maximal response 

eNOS Endothelial nitric oxide synthase 

ET Endothelin  

GFR Glomerular filtration rate 

Gly Glybenclamide 

GPCR G-protein-coupled receptors  

GTP Guanosine triphosphate  
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HR Heart rate 

HSP Heat shock protein 

IbTx Iberiotoxin 

iNOS Inducible nitric oxide synthase 

IP3 Inositol 1,4,5-trisphosphate  

IUGR Intrauterine growth restriction 

JG Juxtaglomerular 

JGA Juxtaglomerular apparatus 

K+ Potassium    

KATP ATP-dependent K+ channels  

KCl Potassium Chloride 

KDR Kinase insert domain receptor 

KHB Krebs Henseleit solution 

Kir Inward rectifying potassium channel 

KV Voltage-gated K+ channels  

L-NMMA L-NG -monomethyl Arginine citrate  

LST Losartan 

MD Macula densa 

MI Myocardial infarction 

MLC  Myosin light chain  

MLCK Myosin light chain kinase 

MLCP Myosin light chain phosphatase 

Na+ Sodium   

NaCl Sodium Chloride 
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NADPH Nicotinamide adenine dinucleotide phosphate 

NE Norepinephrine 

nNOS Neural nitric oxide synthase 

NO Nitric oxide 

NOS Nitric oxide synthase 

NP Normal pregnant 

NPA NW-propyl-L-Arginine  

NZGH New Zealand genetically hypertensive  

PE Preeclampsia 

PEP Preeclampsia pregnant 

PG Prostaglandin 

PGF2α Prostaglandin F2α 

PGI2 Prostacyclin 

PIGF Placental growth factor 

PKC Protein kinase C  

PKG Protein kinase G 

PLC Phospholipase C 

PNS Peripheral nervous system 

RAS Renin-angiotensin-system 

ROCC Receptor-operated Ca2+ channel  

ROS Reactive oxygen species 

rt-PCR Real-time polymerase chain reaction 

RUPP Reduced uterine perfusion pressure 

SC Subcutaneous 
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SCC Side chain cleavage 

SD Sprague-Dawley 

SEM Standard error of the mean 

sEng Soluble endoglin 

Ser Serine 

sFlt-1 Soluble fms-like tyrosine kinase-1 

sGC Soluble guanylate cyclase  

SHR Spontaneously hypertensive rat 

SMOC Second messenger-operated Ca2+ channels  

SNS Sympathetic nervous system 

SOCC Store-operated Ca2+ channels 

SSBG Sex steroid binding globulin 

SV Stroke volume 

TES Testosterone 

Tfm Testicular feminized male  

Thr Threonine 

TPR Total peripheral resistance 

TxA2 Thromboxane A2 

UA Uterine artery 

UV Uterine vein 

VEGF Vascular endothelial growth factor 

VOCC Voltage-operated Ca2+ channel 

VSM Vascular smooth muscle 

WKY Wistar Kyoto 
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1. INTRODUCTION 

 

1.1 Systemic blood pressure 

 The mammalian cardiovascular system is a closed circulatory system that 

transports vital nutrients, oxygen, waste products, and various other homeostatic 

substances throughout the body.  Structurally composed of blood, blood vessels, and the 

heart, the circulatory system generates a pressure gradient, which drives blood flow and 

tissue perfusion.  Blood pressure (BP), the force that blood exerts against the vascular wall, 

is the measurable driving force for blood flow and is clinically used as a measure of 

cardiovascular function and health.   

  BP fluctuates continuously in response to changes in body temperature, exercise, 

fluid balance, posture, respiration, and other physical and physiological variables.  These 

normal fluctuations elicit integrated responses from the cardiovascular, endocrine, neural, 

and renal systems to maintain adequate blood pressure, blood flow, and tissue perfusion.  

Adopted from Ohm’s Law, voltage = current x resistance, the equation, BP = cardiac 

output (CO) x total peripheral resistance (TPR), defines the simplified determinates of BP 

regulation.  Systemically, a far more intricate process unfolds.  Studies suggest that BP can 

vary by up to 30%, and these changes initiate dynamic, homeostatic, regulatory 

mechanisms that involve a combination of short-term and long-term compensatory 

adjustments in heart rate (HR), stroke volume (SV), total peripheral resistance (TPR), and 

extracellular fluid (ECF) volume (Figure 1).  Disturbances to any of these regulatory or 

compensatory mechanisms may result in potentially dangerous physiological changes 

within the body. Understanding basic cardiovascular physiology and BP regulating 
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mechanisms and the roles that these mechanisms play in BP homeostasis may facilitate 

further understanding of the development of BP regulating abnormalities, particularly 

hypertension (Millar-Craig, Bishop et al. 1978, Joyner and Limberg 2014). 

 

 

 

 

 

 

Figure 1. Regulation of blood pressure through the influences of cardiac output and total 

peripheral.   

 

 

1.1.1 Cardiovascular physiology 

1.1.1.1 Cardiac physiology 

  The amount of blood pumped by the heart per minute (CO) is directly proportional 

to the rate of cardiac contraction (HR) and the volume of blood ejected from the heart (SV) 

during each cardiac contraction.  Specialized pacemaker cells within the heart, in addition 

to the autonomic nervous system (ANS), determine HR, while SV is dependent upon the 

volume of blood in the heart prior to contraction (preload), the pressure of blood in the 

vasculature working against the ejection of blood (afterload), and the force with which the 

cardiac muscle contracts (contractility).  Both HR and SV are affected by systemic neural 

and hormonal activity, and work together to regulate CO (Young 2010). 
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1.1.1.2 Vascular physiology 

  As blood is pumped from the left ventricle of the heart into the systemic circulation, 

the structure and function of the vasculature facilitates a continuous flow of blood to ensure 

adequate tissue perfusion.  Most blood vessels have three distinct tissue layers: the tunica 

intima, the tunica media, and the tunica adventitia.  The inner most layer, the tunica intima, 

consists of a single layer of endothelial cells and an underlying layer of connective tissue, 

the internal elastic lamina.  The endothelium provides a structural barrier between 

circulating blood and the vascular wall and regulates adhesion molecules, inflammatory 

responses, vascular permeability, and vascular tone.  The middle vascular layer, the tunica 

media, is composed of connective tissue, both collagen and elastin, and vascular smooth 

muscle (VSM) cells.  These cells contract and relax in response to neural and hormonal 

stimuli, which result in changes in the luminal diameter of the blood vessels, thereby 

altering the vascular resistance to blood flow.  The outer most layer, the tunica adventitia, 

is mainly composed of collagen and elastin.  This layer provides structural integrity to the 

vessels and supports the intravascular nutrient supply (Berne and Levy 2018).   

  Based on the size and function of the blood vessel, the tunic layers may vary in 

thickness and structural composition.  Large conduit arteries (>10 mm luminal diameter) 

conduct blood away from the heart, and structurally, these arteries have the highest 

percentage of elastic fibers, which enable a vascular elastic accommodation and 

subsequent compression of blood within the vessel.  This Windkessel effect allows for 

vascular distension during contraction of the heart (systole), as arterial pressure increases, 

and elastic recoil during relaxation of the heart (diastole), as the blood flows downstream 

and cardiac output declines (Mei, Zhang et al. 2018).  This elastic recoil helps to maintain 
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BP between heart beats.   Resistance vessels, or muscular arteries, are smaller arteries (0.1-

10 mm) that have a greater percentage of VSM cells and a lower percentage of elastic 

tissue compared to the larger conduit arteries.  The large number of VSM cells within the 

resistance vessels enable greater potential for change in arterial diameter for the regulation 

of vascular resistance.  The resistance vessels constrict and dilate independent of upstream 

pressure changes and respond to various mechanical, neural, and hormonal stimuli.  Thus, 

these resistance vessels play an important role in the regulation of TPR, downstream blood 

flow, and tissue perfusion  (Young 2010). 

1.1.1.2.1 Endothelial function  

  The vascular endothelium lines the inner surface of all blood vessels and provides 

a structural barrier between the circulating blood and the vascular wall.  Additionally, the 

endothelium plays a role in the regulation of coagulation, immune response, and vascular 

tone.  Endothelial cells secrete a variety of vasoactive mediators that maintain vascular 

health and alter the contractile state of underlying VSM cells.  The common endothelium-

derived vasodilators include nitric oxide (NO), prostacyclin (PGI2), and endothelium-

derived hyperpolarizing factors (EDHF). The common endothelial-derived 

vasoconstrictors include endothelin (ET), thromboxane (TXA2), and reactive oxygen 

species (ROS) (Kobayashi, Murata et al. 2011).   

1.1.1.2.2 Nitric oxide 

  As the most potent endothelium-derived vasodilator, NO plays a central role in the 

maintenance of cardiovascular homeostasis, with effects on vascular tone, local blood 

flow, and systemic BP.  NO is also a key modulator of vascular structure and function, and 

promotes angiogenesis and vascular remodeling, while inhibiting platelet aggregation and 
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monocyte adhesion (Landmesser, Hornig et al. 2004, Forstermann 2010).  The 

bioavailability of NO is largely dependent upon its synthesis from L-arginine which is 

mediated by a family of three nitric oxide synthase (NOS) enzymes: inducible NOS 

(iNOS), endothelial NOS (eNOS), and neuronal NOS (nNOS).  iNOS is an inducible 

isoform expressed in response to inflammatory parameters, whereas eNOS and nNOS are 

constitutively expressed in the endothelium and/or VSM cells.  iNOS is a defense 

mechanism of the immune system while eNOS and nNOS regulate VSM structure and 

function (Forstermann, Closs et al. 1994).   

  The structure of each NOS isoform includes a multi-domain enzyme with a heme-

containing N-terminal oxygenase and a C-terminal reductase domain.  The oxygenase 

domain binds tetrahydrobiopterin (BH4), oxygen (O2), and L-arginine, while the reductase 

domain binds nicotinamide adenine dinucleotide phosphate (NADPH).  The oxygenase 

and reductase domains are linked by a calmodulin (CaM)-recognition site, which binds 

calcium (Ca2+).  In the reductase domain, Ca2+-CaM binding facilitates the transfer of 

electrons from NADPH to the oxygenase domain.  The electron transfer facilitates the 

oxidation of L-arginine into L-citrulline, which results in the release of NO.  Independent 

of Ca2+-CaM binding, post-translational phosphorylation and dephosphorylation of serine 

(Ser) and threonine (Thr) residues also regulate eNOS activation.  Simultaneous multi-site 

phosphorylation acts to balance the activation of NOS and subsequent production of NO 

(Mount, Kemp et al. 2007).  There are five identified phosphorylation sites which either 

activate or deactivate production of NO by eNOS.  While the effects of Ser114 and Ser615 

phosphorylation have not been clearly established, phosphorylation of Ser633 and Ser1177 

agonize eNOS production of NO, while phosphorylation of Thr495 antagonizes eNOS 
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function.  eNOS phosphorylation stimulates a flux of electrons within the reductase 

domain, which increases the sensitivity of the Ca2+-dependent pathways and activates the 

Ca2+-independent protein kinase B (Akt) intracellular signaling mechanisms.  In cultured 

endothelial cells, high basal levels of Thr495 phosphorylation contribute to NO synthesis, 

which may contribute to the regulation of vascular tone (Mount, Kemp et al. 2007).  In 

addition to Ca2+-CaM binding and NOS phosphorylation, other regulatory mechanisms 

such as heat shock proteins may also contribute to eNOS regulation (Forstermann, Closs 

et al. 1994, Weissman, Jones et al. 2002, Forstermann 2010).   

 The main source of endothelial NO is classically considered to be derived from 

constitutively expressed eNOS, yet accumulating evidence suggests that the expression of 

nNOS in endothelial and VSM cells may contribute to the regulation of blood flow and 

vascular tone (Buchwalow, Podzuweit et al. 2002, Costa, Rezende et al. 2016).  For 

example, nNOS expressed in the coronary arterial endothelium has been observed to 

maintain blood flow via NO-activated cGMP vasodilation in eNOS knock-out mice 

(Huang, Sun et al. 2002).  While nNOS expression may contribute to blood flow, the 

expression appears to vary among vascular beds.  In the kidney, endothelial NO is derived 

from nNOS expressed in the endothelial lining of the efferent arterioles and from eNOS 

expressed in the afferent arterioles; together nNOS and eNOS appear to regulate renal 

blood flow and maintain microvascular function.  In addition to the vasodilatory effects on 

the renal vasculature, nNOS-derived NO appears to reduce the vasopressor effects of 

angiotensin II (Ang II) in the kidney (Ichihara, Inscho et al. 1998).    

 The expression of the NOS isoforms is influenced by several physiological factors.  

Mechanical factors, such as sheer stress and exercise training significantly increase eNOS 
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expression and NO bioavailability in the aortic endothelium (Moncada and Higgs 1995, 

Nosarev, Smagliy et al. 2014).  Hormonal factors, such as estradiol (E2) increase both 

eNOS and nNOS gene expression in the skeletal muscle vasculature (Weiner, Lizasoain et 

al. 1994).  Changes in isoform expression may be associated with the development of 

various vascular diseases.  Decreases in eNOS expression have been observed in rodents 

predisposed to atherosclerosis (Won, Zhu et al. 2007) and variations in genomic NOS 

isoform expression appear to exacerbate endothelial dysfunction (Anea, Cheng et al. 2012).   

1.1.1.2.3 Regulation of VSM cells 

  VSM cells of resistance vessels are maintained in a state of partial contraction 

known as basal vascular tone.  This regulates blood flow and tissue perfusion, and 

contributes to the regulation of TPR and systolic BP.  Changes in vascular tone depend 

upon factors that influence the contractile state of VSM cells, which is regulated by 

cytosolic Ca2+ concentration.  A multitude of physiological factors, including humoral, 

neural, and mechanical stimuli modulate cell membrane ion permeability and alter 

cytosolic Ca2+ concentration.   

  Membrane permeability relies upon a resting membrane potential, which is an 

electrical potential gradient generated by the balance of electrolyte concentrations and 

permeabilities across the cell membrane.  Within each cell, sodium-potassium ATP-ase 

(Na+/K+-ATP-ase) pumps are continuously extruding Na+ ions out of the cell and 

transporting K+ ions into the cell.   K+ channels regulate resting membrane potential as the 

intracellular K+ ions move towards their equilibrium potential and cross the membrane to 

reestablish a chemical balance between intracellular and extracellular ion concentrations.  

K+ channels are the most diverse group of membrane ion channels that regulate the 
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membrane potential and subsequently regulate vascular tone.  There are four known classes 

of K+ channels: voltage-gated potassium channels (KV), Ca2+-activated potassium channels 

(KCa), ATP-activated potassium channels (KATP), and inward rectifying potassium 

channels (Kir).  These channels share a common selectivity for K+ ions and contribute to 

the overall electrical activity of the cell membrane.  The basic K+ channel structure consists 

of two, four, or six transmembrane helices which span the lipid bilayer and are divided into 

two parts: the pore-forming domain which transport K+ ions and the regulatory domain 

which senses stimuli.  All K+ channels have pore-forming domains with two evenly spaced 

K+ binding sites.  Binding sites appear to operate under two configurations, with either an 

S1/S3 configuration or an S2/S4 configuration that transport K+ ions.  These channels rely 

on gaiting mechanisms to close channel accessibility and regulate ion transport across the 

membrane.  As ions move across the membrane, changes in the equilibrium potential affect 

cell polarization and facilitate the opening and/or closing of ion channel function  (Feletou 

2011). 

  The contraction and relaxation of VSM cells is regulated by cytosolic Ca2+ 

concentration.  Ca2+ release from the mitochondria and sarcoplasmic reticulum and the 

influx of extracellular Ca2+ through membrane-bound ion channels increase intracellular 

Ca2+ concentration.  Ca2+ is transported across the membrane through Ca2+ ion channels 

that include voltage-operated Ca2+ channels (VOCC), receptor-operated Ca2+ channels 

(ROCC), second messenger-operated Ca2+ channels (SMOC), and store-operated Ca2+ 

channels (SOCC).  Intracellular Ca2+ then binds to CaM and activates myosin light chain 

kinase (MLCK) phosphorylation of the myosin light chain (MLC) and activates myosin 

and actin cross-bridge cycling.  Cross-bridge cycling shortens the VSM cells and 
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circumferentially reduces luminal diameter of the blood vessel.  In contrast, VSM cell 

relaxation is induced by a reduction in cytosolic Ca2+ concentration, mediated by 

sarcoplasmic reticulum Ca2+ uptake and plasma membrane pump Ca2+ extrusion.  

Additionally, increases in MLC phosphatase (MLCP) reduces MLC phosphorylation and 

activates cyclic adenosine monophosphate (cAMP)-induce MLCK inhibition, which 

further facilitates MLC dephosphorylation (Korthuis 2011).  

  Vasoactive mediators modulate cytosolic Ca2+ concentration via several 

mechanisms including changes in membrane channel permeability and second messenger 

systems.  For example, the endothelium-derived NO signaling transduction pathway 

regulates MLC phosphorylation and alters the contractile state of VSM cells via soluble 

guanylate cyclase (sGC)-mediated conversion of guanosine triphosphate (GTP) into cyclic 

guanosine monophosphate (cGMP), which activates cGMP-dependent protein kinase G 

(PKG).  The protein kinase signaling pathway reduces intracellular Ca2+ concentration and 

increases MLCP, which shift the VSM cell into a state of de-phosphorylated MLCK-

induced vasorelaxation (Forstermann 2010).   There are over one thousand identified G-

protein-coupled receptors (GPCR) that activate Gs, Gi, and Gq proteins.  G-proteins 

transduce extracellular signals into intracellular responses.  Epinephrine, adenosine, and 

prostacyclin activate Gs-proteins and increase vasorelaxation via increases in cAMP, 

inhibition of MLCK, and reduction of MLC phosphorylation.  Gi-protein-coupled 

receptors, which are activated by norepinephrine, inhibit cAMP and increase the activity 

of MLCK, which promotes VSM contraction.  Gq-proteins promote vasoconstriction and 

are activated by several humoral and neural stimuli, which include norepinephrine, Ang II, 

and Et-1.  These Gq-proteins activate intracellular phospholipase C (PLC) signaling 
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cascades and increase inositol 1,4,5-trisphosphate (IP3), diacylglycerol (DAG), and second 

messenger protein kinase C (PKC). IP3 promotes sarcoplasmic reticulum Ca2+ release, 

while PKC phosphorylates regulatory proteins and affects plasma membrane channels to 

enhance VSM cell contraction (Thorneloe and Nelson 2005, Hill-Eubanks, Werner et al. 

2011).   

1.1.2 Renal physiology 

 Renal function is dependent upon an abundant and constant supply of blood.  Under 

normal physiological conditions, the human kidneys receive roughly 25% of cardiac output 

and produce approximately 180 liters of filtrate each day.  Blood enters the kidney via the 

renal artery, which continuously branches until the afferent arterioles deliver blood to each 

of the estimated 1 million nephrons in each kidney.  Each nephron ultra-filters an estimated 

20% of the circulating plasma through a highly intricate capillary network called the 

glomerulus.  The glomerular capillaries are impermeable to red blood cells and larger 

solutes (e.g. proteins, larger peptides, etc.), but the filtered fluid that passes through the 

capillary bed collects in Bowman’s capsule.  As the filtrate collects, hydrostatic pressure 

within the capsule facilitates the flow of filtrate away from the glomerulus and into the 

renal tubule, where water, electrolytes, nutrients, and waste products are reabsorbed and/or 

secreted, and eventually excreted as urine.  Unfiltered blood leaves the glomerulus through 

the efferent arteriole and enters the peritubular capillaries before leaving the renal 

circulation and returning to the systemic venous vasculature.  The peritubular capillaries 

parallel the renal tubule and serve to support the process of reabsorption and/or secretion 

of fluids and solutes across the tubular membrane between the filtrate and circulating 

blood.   
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 Filtrate successively flows through four functional sections of the renal tubule: the 

proximal tubule, the loop of Henle, the distal tubule, and a common collecting duct that is 

shared by numerous individual nephrons.  The selective reabsorption of the filtrate begins 

in the proximal convoluted tubule, where approximately 67% of the filtered Na+ and water 

are reabsorbed back into circulation.  Filtrate reabsorption continues into the loop of Henle 

which consists of three major segments: thin descending limb, thin ascending limb, and 

thick ascending limb.  Each segment is characterized by varying cell morphology, which 

functions to selectively allow the reabsorption of approximately 15-25% of filtered sodium 

chloride or water.  The loop of Henle plays a central role in concentrating the urine as the 

differential movement of sodium chloride and water across the ascending and descending 

limb tubule membranes, respectively, establishes a hypertonic medullary interstitial 

osmotic gradient.   As filtrate continues into the distal tubule and collecting duct, salt and 

water reabsorption is fine tuned in response to intrarenal and systemic endocrine signaling 

molecules, resulting in the formation of the final urine volume, that then flows to the ureter 

and to the bladder for storage and excretion (Berne and Levy 2018). 

1.2 Blood pressure regulation 

 BP is a tightly regulated systemic variable aimed at providing optimal blood flow 

and tissue perfusion to all metabolically active tissues.  The feedback mechanisms that 

detect changes in BP, blood volume, and tissue perfusion, work together to regulate BP.   

In the brain, heart, and kidney, baroreceptors and chemoreceptors activate neural and 

hormonal signaling mechanisms that mediate short-term and long-term effects on CO, 

TPR, and ECF volume.   In addition, mechanical influences, such as shear stress and 

myogenic response, further influence blood flow and BP, respectively, at the local level.  
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The cardiovascular regulatory effects on HR, SV, and TPR mediate short-term BP 

homeostasis, while the renal effects contribute to long-term regulation of ECF volume and 

BP.   

1.2.1 Shear Stress and Myogenic Response –Mechanical Regulation 

 BP and blood flow continuously exert internal physical stresses on the vascular 

wall.  The frictional force, known as wall shear stress on the endothelium, and vascular 

stretch, known as circumferential distension of the vascular wall, influence biochemical 

reactions within the vessels that play an important role in the maintenance of blood flow 

and vascular health.  Sustained shifts in local response mechanisms can result in deleterious 

changes in the vasculature and alter the form and function of the blood vessels.   

 Flow-mediated vasodilation occurs in response to acute increases in shear stress.  

The frictional force of blood flow against the vascular wall activates endothelial surface 

molecules and intracellular signaling pathways.  As the primary bioactive chemical 

produced in response to increases in vascular shear stress, NO contributes to cGMP-

induced vasodilation of VSM cells and endothelial oxidative balance.  Other signaling 

molecules such as EDHF and PGI2 are also activated during increases in flow, inducing 

flow-mediated vasodilation (Lu and Kassab 2011).  Vasorelaxation of VSM cells increases 

luminal diameter, decreases flow-mediated sheer stress, and enhances downstream blood 

flow.    

 Circumferential stretch exerts perpendicular stress on the vascular wall in response 

to changes in arterial pressure.  Circumferential increases in wall stress occur with 

increases in BP, which mechanically alters membrane bound, stretch-sensitive, Ca2+ 

channels in the vascular wall.   This mechanical stretch opens Ca2+ channels and initiates 
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extracellular Ca2+ influx, which results in VSM cell contraction and the reduction of blood 

flow to downstream tissue beds.  As the BP decreases, a decrease in vascular stretch 

reduces intracellular Ca2+ influx, and results in the subsequent relaxation of VSM, 

increasing downstream blood flow.  This mechanical response regulates local blood flow 

to specific tissues and also contributes to changes in TPR (Meininger and Davis 1992).  

The applied loads of flow-mediated shear stress and pressure-mediated circumferential 

stress mediate the local homeostatic regulation of blood flow.   

1.2.2 Autonomic Nervous System – Neural Regulation 

  The ANS consists of sympathetic and parasympathetic branches that innervate the 

cardiovascular and renal systems, in addition to many other organ systems in the body.  

Changes in systemic BP and ECF volume are detected by centrally located arterial 

baroreceptors in the aortic arch and carotid sinus, by volume receptors located in the heart 

and great veins, and through mechanical manipulation of membrane-bound stretch 

receptors.  These signaling mechanisms propagate action potentials (AP) through afferent 

nerve fibers to the central control center (CCC) of the central nervous system (CNS).  The 

CCC modulates ANS outflow to the cardiovascular system to reestablish setpoint BP in 

response to changes in BP and blood volume.  

  Systemic BP is regulated by a balance between the sympathetic nervous system 

(SNS) and the parasympathetic nervous system (PNS) functions of the ANS.  One function 

of the SNS is to mobilize the systemic fight-or-flight response, while both the SNS and 

PNS function to control homeostasis in a push-pull manner.  The neurotransmitters of the 

ANS, norepinephrine (NE) and acetylcholine (ACh), initiate an intricate and dynamic 

balance of VSM contraction and relaxation, which regulate vascular tone.  The SNS 
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adrenergic nerve endings innervate VSM cells, and NE release activates α1- and α2 -

receptors, which initiate VSM cell contraction.  Decreases in adrenergic activity result in 

a reduction of α1-adernergic receptor-mediated VSM cell contraction, which promotes 

VSM cell relaxation.  NE release also activates 2-adrenoceptors and induces VSM cell 

relaxation, however, these 2 receptors are specific to the vascular beds of the lungs and 

skeletal muscles.  In the heart, the SNS neurotransmitters regulate CO through effects on 

B1-adrenoreceptors to increase HR and cardiac contractility.  Overall, the effects of the 

SNS result in an increase in CO and TPR and subsequently increase systemic BP, while 

the PNS modulates HR and CO during rest and opposes the stimulatory actions of the SNS, 

thereby decreasing systemic BP.   

1.2.3 Endocrine System – Humoral Regulation 

 The endocrine system secretes chemical messengers to work with the nervous 

system to coordinate short- and long-term regulation of BP by cardiovascular and renal 

systems.  These BP regulating hormones are derived from numerous endocrine organs, 

such as the brain, heart, and kidney, and act upon target tissues to elicit both short-term 

and long-term effects on the cardiovascular system and kidney.  In the heart, 

cardiomyocytes secrete atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) 

in response to atrial distension, an indicator of blood volume.  ANP and BNP bind to target 

cells in the peripheral vasculature and induce acute increases in vasodilation and acute 

increases in vascular permeability, to promote the redistribution of fluid and decrease BP 

(Curry 2005).  In the kidney, natriuretic peptides vasodilate the afferent arteriole and 

vasoconstrict the efferent arteriole, which increases GFR, eliciting a natriuretic action by 
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directly inhibiting sodium chloride reabsorption and increasing urinary sodium (Na+) 

excretion (Ballermann and Brenner 1987).  

 In contrast to ANP and BNP, chemical messengers of the renin-angiotensin-system 

(RAS) increase systemic BP in response systemic hypotension and reductions in ECF 

volume.  As the biologically active product of the RAS cascade, Ang II increases release 

of aldosterone from the adrenal cortex, and directly acts upon the cardiac, brain, vascular, 

and renal tissues to regulate BP.  Continuously secreted by the liver, angiotensinogen (Agt) 

is cleaved in the circulation by renin.  Renin, an aspartyl protease, plays a central role in 

BP regulation as the rate limiting step in the production of Ang II.  Renin is primarily 

produced by renal juxtaglomerular (JG) cells, which are pressure-sensitive cells located in 

the walls of the renal afferent arterioles.  Renin secretion increases in response to decreases 

in renal perfusion pressure and increases in sympathetic nervous activity.  Renin and Agt 

catalyze to form angiotensin I (Ang I), which is then converted into the biologically active, 

Ang II, by angiotensin converting enzyme (ACE).  Ang II binds to specific receptors in the 

adrenal gland, brain, cardiovascular, and renal systems, to increase TPR, CO, and increase 

Na+ reabsorption (Wilcox, Subramanian et al. 1997).  In the brain, Ang II influences 

hypothalamic and brainstem regulation of autonomic and neurosecretory centers to 

enhance sympathetic outflow (Young and Davisson 2015). In the cardiovascular system, 

Ang II stimulates cardiac contractility, enhances sympathetic signal propagation, and 

increases vasoconstriction.  In the renal system, Ang II decreases glomerular filtration rate 

(GFR) and promotes tubule Na+ reabsorption, while in the adrenal gland, Ang II stimulates 

the cortex to synthesize and secrete aldosterone and the adrenal medulla to produce 

catecholamines, which further enhance BP and renal tubule reabsorption of Na+.  Ang II 
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acts through two main receptors, the angiotensin type 1 receptor (AT1R) and the 

angiotensin type 2 receptor (AT2R).  In the vasculature, AT1R activation mediates arterial 

vasoconstriction and cardiovascular remodeling, while AT2R activation functions to 

counterbalance AT1R-mediated effects, by inducing vasodilation and increasing 

cardiomyocyte ANP production.  Mas-receptors and angiotensin 1-7 receptors also act to 

offset AT1R effects.  ANP acts to suppress RAS function, despite evidence that Ang II 

stimulates ANP production (Kerkela et al. 2015), which suggests a push-pull balance exists 

between these two feedback mechanisms to maintains BP and ECF volume homeostasis 

under normal physiological conditions. 

 In the kidneys, a local RAS appears to influence renal function independent of the 

systemic RAS components.  With all RAS components locally expressed within the 

kidney, local Ang II production offers a new perspective for the pathophysiology of 

hypertension and the renal regulation of BP.  Specialized cells of the juxtaglomerular 

apparatus (JGA) respond to changes in renal perfusion pressure and renal tubule filtrate 

osmolarity.  The JGA is comprised of the macula densa (MD), juxtaglomerular, and 

mesangial cells.  The MD cells reside in a distinct portion of the early distal convoluted 

tubule, where they sense the delivery of solute from the loop of Henle to the distal tubule 

and communicate with the juxtaglomerular and mesangial cells to regulate glomerular 

filtration and Na+ excretion.  Elevated sodium chloride delivery to the distal tubule 

increases adenosine production from the MD cells.  The increased adenosine production 

elicits vasoconstriction of the afferent arterioles and stimulates renin production and 

secretion from the juxtaglomerular cells.  The afferent arteriolar vasoconstriction reduces 

glomerular blood flow and GFR, while renin production upregulates the local RAS cascade 
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and results in an increase of intrarenal Ang II production.   Ang II receptors are widely 

distributed throughout the kidney and activation of AT1Rs decrease renal blood flow, 

reduce glomerular filtration, and regulate renal Na+ and water excretion.  The AT2Rs 

expressed in the proximal tubule and collecting ducts oppose the AT1R effects on GFR and 

Na+ excretion.  In a number of experimental animal studies, upregulation of the intrarenal 

RAS promotes kidney disease and hypertension, while suppression mitigates these effects  

(Kobori, Nishiyama et al. 2003).  Some studies suggest ACE expression regulates 

intrarenal Ang II production and protects against experimentally induced hypertension 

(Gonzalez-Montelongo, Marin et al. 2013, Yang and Xu 2017).   

1.3 Hormonal Effects 

 There are many hormones that influence underlying vascular tone.  The 

mineralcorticoid aldosterone, primarily synthesized in the zona glomerulosa of the adrenal 

gland, is also produced in both endothelial and vascular smooth muscle cells.   Aldosterone 

acts through acute, non-genomic and/or chronic, genomic mechanisms that modulate 

vascular resistance and blood flow by altering NO synthesis and bioavailability (Toda, 

Nakanishi et al. 2013).   The glucocorticoids, such as cortisol, influence vascular tone by 

increasing vascular sensitivity to catecholamines through cytosolic corticosteroid receptors 

such as type 1 mineralcorticoid receptors that bind aldosterone, deoxycorticosterone, and 

corticosterone and type II glucocorticoid receptors that bind cortisol and other 

glucocorticoids such as dexamethasone.  Corticosteroids further potentiate the action of 

other vasoconstrictor hormones such as Ang II, vasopressin, endothelin, and thromboxane 

(Ullian 1999).  Intravenous infusion of the androgen DHEA has vasodilatory effects in 

vivo (Perusquia, Hanson et al. 2018, Sharma, Coridon et al. 2018).  Additional hormones 
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such as growth hormones, placental lactogen, and prolactin regulate vascular tone through 

NO and prostacyclin production in rats (Gonzalez, Rosas-Hernandez et al. 2015).   

 Androgens are a specific chemical group of steroid hormones that have long been 

recognized for their role in mediating the differentiation, development, and growth of the 

male reproductive system.  Early experimental animal studies observed decreases in the 

sexual and aggressive behavior of castrated roosters that were attributed to chemical 

substances released from the testes. Testosterone (TES) and its metabolite 

dihydrotestosterone (DHT), were later identified as the testicular substances that enhanced 

secondary male sex characteristics, such as beard growth, voice deepening, and the male 

body configuration.  Today, there is greater understanding of the roles of androgens in 

many other physiological functions besides reproduction, such as the cardiovascular, 

haemopoietic, immune, musculoskeletal, and neural systems (Navarro, Allard et al. 2015, 

Davey and Grossmann 2016).  Androgen biosynthesis, summarized in Figure 2, is initiated 

with the enzymatic conversion of cholesterol to pregnenolone by cytochrome P450, a side-

chain cleaving enzyme.  This rate-limiting step occurs in the internal mitochondrial 

membrane of specific cell types in androgen-synthesizing tissues including the Leydig 

cells in the testis, theca interna and corpus luteum cells in the ovary, trophoblastic cells in 

the placenta, zona reticularis cells in the adrenal gland, and a few select cell types in the 

brain (Ghayee and Auchus 2007).  Pregnenolone is then transferred to the endoplasmic 

reticulum and enzymatically converted into dehydroepiandrosterone (DHEA) or other 

precursors of TES. Approximately 10% of TES is reduced to the more potent metabolite 

5α-DHT in peripheral target organs, while 0.3% is aromatized into estrogen in select cells 
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of the brain and peripheral tissues.  The greatest source of aromatase in the brain resides 

in the hypothalamus; however, most systemic aromatase resides in adipose tissue.  

 

 

Figure 2.  Biosynthesis of androgens   

 

 

 As a lipophilic steroid molecule, approximately 97% of circulating TES is bound 

to plasma proteins.  Approximately 30-45% of TES is bound to a high-affinity sex steroid 

binding globulin (SSBG), while 50-70% is bound to lower-affinity plasma albumin, and 

3% remains as a free unbound, bioavailable hormone.  TES is metabolized in various target 

tissues and produces several interesting vasoactive metabolites, including its reduced 

metabolites 5α- and 5β-DHT.  5β-DHT, the stereoisomer to the genomically potent 

androgen 5α-DHT, is genomically inactive, but a highly efficacious vasodilator compared 

to TES and/or 5α-DHT (Perusquia, Navarrete et al. 2007, Perusquia and Stallone 2010).  
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5α-DHT is frequently employed as a tool to verify that the effects of TES are independent 

of its aromatization to estrogen, since 5α-DHT cannot be converted to estrogen  (Chou, 

Sudhir et al. 1996, Deenadayalu, White et al. 2001).   

 Androgens are recognized as high lipophilic molecules that freely permeate the 

plasma membrane of target cells and bind to cytosolic androgen receptors (AR), a ligand-

dependent nuclear transcription factor.  This classic pathway results in the synthesis of 

proteins that mediate the biological effects of androgens.  Independent of this classical 

pathway, there also appear to be rapid, non-genomic, transcription-independent pathways 

for TES and its metabolites that activate intracellular second messenger signaling 

mechanisms (Norman, Mizwicki et al. 2004). 

1.3.1 Classical Genomic Pathway 

 TES and its major metabolite 5α-DHT have long been recognized as the most 

abundant and potent endogenous androgenic hormones, which operate through a classical 

genomic pathway by binding to cytosolic ARs found in multiple target tissues.  Also 

known as nuclear receptor subfamily 3, group C, member 4, the AR is coded by a single 

gene found on the X chromosome at Cq11-12, which codes for the protein functional 

domains: N-terminal domain, DNA-binding domain, hinge region, and a ligand-biding 

domain.  ARs are associated with a complex of heat shock proteins (HSPs), which aid in 

stability and function of unbound protein receptors and help facilitate ligand binding of 

TES or 5α-DHT.   TES can directly bind to the cytosolic AR, or be reduced to 5α-DHT, 

and then bound as 5α-DHT to the same cytosolic ARs.    
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1.3.2 Non-Genomic Pathway 

 There is increasing evidence that androgens also act through non-DNA binding, 

nuclear receptor-independent, non-genomic mechanisms, which activate a variety of 

intracellular protein kinases, adenylyl cyclase, and voltage-gated and/or ligand-gated ion 

channels.  These non-genomic effects of androgens can be demonstrated using androgens 

that are conjugated to bovine serum albumin (BSA), which prevents the steroids from 

crossing the cell membrane, or testicular feminized male (Tfm) rodents, which possess 

defective cytosolic ARs.  

 The non-genomic androgen signaling occurs in several target tissues, yet the 

signaling mechanisms remain poorly understood.  Androgens induce rapid, non-genomic 

increases in intracellular Ca2+ concentration in skeletal muscle (Sinha-Hikim, Taylor et al. 

2004), neuroblastoma cells (Estrada, Varshney et al. 2006), osteoblasts (Lieberherr and 

Grosse 1994), sertoli cells (Gorczynska and Handelsman 1995), T-cells, and macrophages 

(Benten, Lieberherr et al. 1997, Benten, Lieberherr et al. 1999, Wunderlich, Benten et al. 

2002).  In cardiomyocytes, TES increases intracellular Ca2+ release from the endoplasmic 

reticulum and mitochondria (Bennett, Gardiner et al. 2010).  In the vasculature, TES exerts 

acute vasodilatory effects on large arteries such as the aorta and coronary and small 

resistance arteries such as the mesenteric, prostatic, pulmonary, and subcutaneous arteries 

in several species (Costarella, Stallone et al. 1996, English, Jones et al. 2000, Perusquia 

and Stallone 2010).  Several studies suggest that TES induces endothelium-independent 

vasodilation (Deenadayalu, White et al. 2001, Ding and Stallone 2001), while other studies 

suggest that physiological concentrations of TES-produce endothelium-dependent 

vasorelaxation (Tep-areenan, Kendall et al. 2002).  TES-induced vasorelaxation appears to 
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involve NO production as TES increases eNOS- or nNOS-derived NO availability through 

non-genomic signaling mechanisms.  Non-genomic signaling pathways include cytosolic 

AR intracellular activation of Akt signaling-induced NOS phosphorylation (Yu, Akishita 

et al. 2012), VOCC inhibition (Crews and Khalil 1999, English, Jones et al. 2002, Jones, 

Pugh et al. 2003), or K+ channel activation, more specifically Kv and/or BKCa channels 

(Deenadayalu, White et al. 2001, White, Owen et al. 2007, Deenadayalu, Puttabyatappa et 

al. 2012).  There appears to be crosstalk between the genomic and non-genomic signaling 

mechanisms, which may influence the acute effects of androgens on vascular function.  

These effects of androgens on vascular function may provide valuable insight into the roles 

that androgens play in the progression of various vascular diseases, specifically 

hypertension and cardiovascular disease (CVD).     

1.4 Hypertension 

 Hypertension is defined as chronically elevated arterial BP, and according to the 

American Heart Association, high blood pressure affects nearly 46% of American adults.  

Appropriately nicknamed the “silent killer”, hypertension presents with few clinical 

symptoms and often remains undiagnosed.  Left untreated, hypertension can cause 

irreversible organ damage (Yoon, Gu et al. 2015, Merai, Siegel et al. 2016) and 

uncontrolled hypertension can progress into various forms of CVD such as coronary artery 

disease (CAD), heart failure and stroke, and kidney failure. Uncontrolled hypertension also 

contributes to the development of vascular dementia and accelerates cognitive decline, and 

is linked to the development of Alzheimer’s disease (Aronow, Fleg et al. 2011).   

Hypertension presents in approximately 69% of first time myocardial infarction (MI) 
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patients, 77% of first time stroke patients, 74% of patients with congestive heart failure, 

and 60% of patients with peripheral arterial disease (Aronow, Fleg et al. 2011).   

 BP measurements are used clinically as an indicator of cardiovascular function.  

The normal systolic and diastolic BP guidelines consider normal pressures to be less than 

120/80 mmHg.  Stage 1 hypertension is considered to fall within the systolic pressure range 

of 130 to 139 mmHg and diastolic pressure range of 80 to 89 mmHg, and any systolic BP 

measurement over 140 mmHg is considered Stage 2 hypertension (Putra, Balasooriya et 

al. 2019).  Hypertension is diagnosed as either primary, also known as essential, or 

secondary hypertension. Primary hypertension, the most commonly diagnosed 

hypertensive disorder, is considered idiopathic hypertension with no identifiable cause, 

while secondary hypertension is associated with an underlying disease or medical 

condition such as renal artery stenosis.  Medical disorders such as metabolic syndrome, 

sleep apnea, renal dysfunction, adrenal tumors, thyroid disorders, and vascular defects 

increase the risk for developing hypertension.  Additionally, hypertension is associated 

with risk factors such as age, pregnancy, stress, and sex (Aronow, Fleg et al. 2011).   

 The observed sex disparities in hypertension that exist between men and women 

appear to reverse with age.  In younger adults, 50 years of age or less, hypertension is more 

prevalent in men as compared to age-matched pre-menopausal women, whereas 

hypertension is more prevalent in post-menopausal women compared to age-matched men 

(Lloyd-Jones, Adams et al. 2010).   Independent of sex disparities, hypertension progresses 

with age.  It is estimated that 7.5% of adults between 18 and 39 years of age are 

hypertensive, while 63.1% of adults aged 60 and older are hypertensive (Fryar, Ostchega 

et al. 2017).   
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1.5 Cardiovascular Disease 

 Hypertension is an important predisposing factor in the development of CVD.  As 

the leading cause of death in the United States, CVD varies with age, diet, race, and sex.  

Early clinical and epidemiological studies led to the dogma that TES exacerbates the 

development of hypertension and CVD in men.  These studies imply that TES exerts 

deleterious effects on cardiovascular function and metabolism, leading to higher 

incidences of atherosclerosis, hypertension and CVD in males (Carson and Rosano 2012, 

Rezanezhad, Borgquist et al. 2018).  This dogma gained further support from studies which 

demonstrated deleterious effects of exogenous androgen supplementation on CAD in 

athletes and on vascular complications in female-to-male transgender individuals (Death, 

McGrath et al. 2004).  Some experimental animal studies also reveal that TES enhances 

vascular tone and exacerbates hypertension, which could result in higher incidence of CVD 

(Schror, Morinelli et al. 1994, Reckelhoff, Zhang et al. 1998).  In contrast, more recent 

clinical and epidemiological studies challenge this dogma.  Studies suggest a direct 

correlation between androgen deficiency and the increased prevalence of chronic diseases, 

such as atherosclerosis, chronic kidney disease, dyslipidemia, hypertension, insulin 

resistance, and metabolic syndrome.  These studies further suggest that TES therapy 

improves these chronic conditions and provides cardio-protection (Liu, Death et al. 2003, 

Traish, Abdou et al. 2009, Carson and Rosano 2012, Kelly and Jones 2013, Kelly and Jones 

2013, Traish, Guay et al. 2014, Wallis, Brotherhood et al. 2014, Traish and Zitzmann 2015, 

Shoskes, Tucky et al. 2016, Traish, Haider et al. 2017).   

 Analysis of the short-term and long-term effects of exogenous androgen therapy 

demonstrates marked improvements in the metabolic profile and vascular function of  older 
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hypogonadal men, and reductions in the prevalence of CVD and CVD-associated mortality 

(Shoskes, Tucky et al. 2016, Traish, Haider et al. 2017).  In women, controversial topics 

regarding hormone therapy and the selection of therapeutic strategies revolve around age-

related differences in the systemic response to estrogen therapy.  Experimental animal 

studies reveal that estrogen deficiency adversely affects the metabolic profile and vascular 

function of ovariectomized females and increases the risk for developing hypertension 

(Wong, Ma et al. 2007).  However, there appears to be an age-related difference between 

the cardio-protective effects of estrogen in young, pre-menopausal vs. deleterious effects 

in aged, post-menopausal women (Yang and Reckelhoff 2011).   

1.6 Animal models of hypertension and CVD 

 A wide range of animal models have been developed over the years to study the 

pathophysiology of primary and secondary hypertension.  The first animal model used to 

study hypertension was a renal ischemia model in which the renal artery was surgically 

occluded to create a renin-dependent form of secondary hypertension (Goldblatt, Lynch et 

al. 1934).  A variety of additional animal models have been developed to closely mimic 

the progression of secondary hypertension in several endocrine disorders such as 

aldosteronism, pheochromocytoma, Cushing’s syndrome, hyperparathyroidism, and hypo- 

and hyper-thyroidism.  While these animal models provide insight into secondary 

hypertension, they fail to mimic the complex and multifactorial progression of primary 

hypertension, which accounts for 90% of all clinically diagnosed hypertension (Velasco 

and Vongpatanasin 2014, Thomas, Ruel et al. 2015).   The animal models that have been 

employed to study primary hypertension target specific theories regarding the 

pathophysiology of essential hypertension.  The early experimental animal studies utilized 
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a canine model of hypertension, whereas the current experimental animal models more 

commonly employ the laboratory rat.  Rats are a well-established and accepted animal 

models for CVD research (Miller, Kaplan et al. 2011).  The experimentally-induced 

models of hypertension include the Ang II infusion model and deoxycorticosterone acetate 

(DOCA)-salt model, while the genetically induced animal models include the Dahl salt 

sensitive rat, the New Zealand Genetically Hypertensive (NZGH) rat, and the 

Spontaneously Hypertensive Rats (SHR) (Leong, Ng et al. 2015).    

 The two experimentally induced animal models increase ECF volume to induce 

hypertension.  The Ang II infusion model uses Ang II infusion to vasoconstrict the 

vasculature, increase aldosterone secretion, and increase sympathetic outflow to the 

kidneys (Young and Davisson 2015).  The DOCA-salt model represents a high-blood 

volume model of hypertension that uses a synthetic mineralcorticoid to expand ECF 

volume and increase CO and TPR.  While uninephrectomy is often combined with this 

model to further induce volume overload (Selye, Hall et al. 1943), the model closely 

mimics the symptoms of hypertension in humans with hallmark cardiovascular 

remodeling, proteinuria, and glomerulosclerosis (Chamorro, Wangensteen et al. 2004). 

 The genetically-induced Dahl-salt sensitive rat is a high-blood volume animal 

model that was developed to induce hypertension when fed a high salt diet; however, their 

salt sensitivity appears to vary between animals, and in some instances the hypertension 

can rapidly progress into severe and fatal hypertension (Dahl, Heine et al. 1962).  In this 

model, ACE and ANP receptor gene defects facilitate the development of hypertension, 

and these animals present with cardiac hypertrophy and cardiac failure around 4-5 months 

of age.  Renal changes such as proteinuria and impairments in endothelium-dependent 
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relaxations are also prevalent in this model.  RAS inhibitors, vasodilators, and ET-1 

receptor antagonist decrease hypertension in Dahl-salt sensitive rats (Leong, Ng et al. 

2015).   The NZGH rat and SHR genetically-induced hypertensive animal models are high 

renin production models of hypertension.   The NZGH rat has been genetically altered to 

have a BP quantitative trait that affects ATP-ase production and the vascular response to 

vasopressin (Barnard, Kelly et al. 2001).  The SHR is the most widely used model to study 

hypertension and screen for antihypertensive agents (Trippodo and Frohlich 1981), as this 

model is derived from the Winstar-Kyoto rat lines and begin to show signs of increased 

BP around 5-6 weeks of age and reach hypertensive BP measurements by 10 weeks of age 

(Leong, Ng et al. 2015).  This model is one of the most commonly used models to study 

essential hypertension in humans, as these rats presents with human-like hypertensive 

disorders, such as cardiac hypertrophy, cardiac failure, and renal dysfunction (Pinto, Paul 

et al. 1998).   

1.7 Dissertation scope 

 The projects in this dissertation aim to investigate the genomic and non-genomic 

effects of TES and its metabolites on the regulation of BP in both normotensive and 

hypogonadal hypertensive male rats, and on the mechanisms of androgen-induced 

vasorelaxation in the uterine arteries of both normal-pregnant and hypertensive-pregnant 

(preeclamptic) female rats. 
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2. PROJECT RATIONALE 

 

2.1 Project 1- Anti-hypertensive effects of androgens on BP regulation 

 This project utilized a normotensive male Sprague-Dawley (SD) rat model to 

investigate the antihypertensive effects of androgens on systemic blood pressure, and the 

role of the RAS in hypogonadal hypertension.    

2.1.1 Hypertension and cardiovascular disease 

2.1.1.1 Epidemiology 

 As one of the most common worldwide diseases, hypertension affects nearly 30% 

of American adults aged 40-59 and over 60% of adults over the age of 60.  Associated with 

many environmental, demographic, and genetic risk factors, hypertension is a challenging 

public health concern.  Left uncontrolled, hypertension can readily progress into various 

forms of CVD such as atrial fibrillation, CAD, MI, and stroke.  As the leading cause of 

morbidity and mortality in the United States, CVD accounts for more deaths than cancer, 

accidental injuries, and lower respiratory diseases each year (Lloyd-Jones, Adams et al. 

2010, Arnett, Blumenthal et al. 2019). 

 The increased prevalence of CVD in men compared to age-matched pre-

menopausal women has led to the firmly entrenched dogma that androgens, more 

specifically TES, exacerbate the development of hypertension and CVD.  In contrast, more 

recent clinical and experimental animals studies dispute the deleterious effects of TES and 

reveal beneficial and even cardio-protective effect of TES on cardiovascular health (Liu, 

Death et al. 2003, Wu and von Eckardstein 2003, McGrath, McRobb et al. 2008, Tsang, 

Wu et al. 2008, Traish, Haider et al. 2017).   
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2.1.1.2 Androgen Therapy 

In healthy adult males, TES levels can range from 12 to 30 nmol/L (Burger 2002).  TES 

production peaks during adolescence and then progressively declines approximately 0.4-

2% annually after the age of 30 (Harman, Metter et al. 2001, Wu, Tajar et al. 2008).  In the 

United States, low TES occurs in approximately 40% of men aged 45 years or older 

(Tenover, Matsumoto et al. 1987), and it is estimated that only 9% of these hypogonadal 

men undergo TES therapy to restore physiological concentrations (Harman, Metter et al. 

2001, Shores, Sloan et al. 2004, Araujo, Esche et al. 2007).    

 Clinical studies from the 1940s first documented the beneficial effects of androgens 

on the cardiovascular system.  In these studies, intramuscular injections of TES were used 

to treat angina pectoris and peripheral vascular disease (Hamm 1942, Walker 1942, Lesser 

1946), and the results from these studies suggested that therapeutic TES improved systemic 

BP, peripheral blood flow, and coronary blood flow (Walker 1942).  During this time, TES 

therapy was also clinically used to treat endocrine disorders involving pituitary tumors, 

brain resections, testicular-atrophy or testicular-absence, and prominent genetic syndromes 

of hypogonadism such as Klinefelter syndrome (Nieschlag and Nieschlag 2019).   In 1941, 

the work of Charles B. Huggins and Clarence V. Hodges suggested that TES exerts 

deleterious effects on metastatic prostate cancer.  This conclusion convinced urologists that 

castration suppressed prostate cancer while TES therapy exacerbated the disease (Huggins 

1941).  Charles B. Huggins was then awarded the Nobel Prize in Medicine or Physiology 

in 1966 for his “fundamental discoveries concerning the hormone dependency of normal 

and neoplastic cells”.  These publications sparked the beginning of a long-standing 

controversy between the deleterious vs. beneficial effects of androgens; a debate which 
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continues today in both human clinical and experimental animal studies (Huggins 1941, 

Reckelhoff, Zhang et al. 1998, Tsang, Wu et al. 2008, Yassin and Doros 2013, Hansson, 

Moll et al. 2016, Morgentaler and Traish 2018).   

 In 2013, support for the deleterious effects of TES gained momentum when a 

clinical study was prematurely terminated after an interim report suggested that TES 

therapy increased the incidence of MI, stroke, and death in hypogonadal men (Vigen, 

O'Donnell et al. 2013).  Upon further investigation into this clinical study, significant 

shortcomings were revealed in the methodology and study design.  Additionally, there 

were indications that the primary results were misreported and that women were included 

within the alleged all-male study (Traish, Guay et al. 2014, Morgentaler, Miner et al. 2015).  

In contrast to the results of this controversial study, more recent clinical studies suggest a 

direct association between TES deficiency and the development of hypertension.  Further, 

these studies suggest that androgens prevent, and possibly reverse, both hypertension and 

metabolic syndrome (Traish, Haider et al. 2017), and long-term TES therapies reduce the 

incidence of CVD and prostate cancer (Sharma, Oni et al. 2015, Wallis, Lo et al. 2016). 

 Most experimental animal studies on hypertension fail to explain the beneficial 

effects of TES reported by human clinical studies, and support the dogma that TES is 

deleterious to cardiovascular health.  These studies are dominated by genetic and induced 

animal models of hypertension, such as the widely used Spontaneously Hypertensive Rat 

(SHR).  While TES does exacerbate hypertension in SHR males (Reckelhoff, Zhang et al. 

1998, Honda, Unemoto et al. 1999, Reckelhoff, Zhang et al. 2000), these animal are 

hypertensive irrespective of androgen status, thus, the pathogenic actions of androgens are 

difficult to decipher.  Further, the short-term nature of these experiments (often 1-4 weeks) 
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is problematic to understanding the longer-term effects of androgens on BP regulation.  

This may explain why findings from these established models of hypertension are so 

incongruous with the recent human clinical findings in which hypogonadism is associated 

with cardiovascular and metabolic dysfunctions, and TES therapy is associate with 

improved cardiovascular health.    

2.1.2 Effect of androgens on the cardiovascular system 

2.1.2.1 Genomic vs. non-genomic effects of androgens 

 Androgens are known to exert biological effects through both genomic and non-

genomic pathways.  The classical, genomic pathway involves gene transcription and 

translation, with subsequent changes in protein synthesis.  In target tissues, steroid 

molecules, such as TES, freely permeate the plasma membrane and bind to AR within the 

cytosol.  The hormone-receptor complex then undergoes translocation to the nucleus and 

functions as a transcription factor for protein synthesis.  This process of androgen-induced 

gene transcription typically peaks several hours to days after androgen exposure (Cato, 

Skroch et al. 1988).  In contrast, androgens have also been observed to initiate rapid, non-

genomic effects independent of gene transcription.  Many studies suggest that the rapid, 

non-genomic mechanisms include activation of second messenger signaling mechanisms 

and/or mitogen-activated protein kinase pathways (Heinlein and Chang 2002, Berg, Rice 

et al. 2014).   

 In the vascular system, TES and its metabolites 5α- and 5β-DHT, initiate rapid non-

genomic vasodilation, which appears to play a role in the maintenance of vascular health 

and local blood flow (Perusquia, Herrera et al. 2017, Isidoro, Ferrer et al. 2018).  In 

humans, TES vasodilates the pulmonary (Rowell, Hall et al. 2009) and umbilical arteries 
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(Saldanha, Cairrao et al. 2013), and acute intravenous infusion of TES into coronary 

arteries increases vasodilation and local blood flow in men with CAD (Webb, McNeill et 

al. 1999).  Similarly, TES acts as a coronary artery vasodilator in a variety of animal 

species, including rabbits, dogs, pigs, and rats (Yue, Chatterjee et al. 1995, Chou, Sudhir 

et al. 1996, Murphy and Khalil 1999, English, Jones et al. 2000, Deenadayalu, White et al. 

2001), with vasodilatory effects in various other vascular beds including the rat aorta 

(Perusquia, Hernandez et al. 1996, Ding and Stallone 2001), mesenteric arteries (Tep-

areenan, Kendall et al. 2002), and pulmonary vasculature (Jones, English et al. 2002).  

Furthermore, acute bolus intravenous injections of TES relax the peripheral vasculature 

and reduces arterial BP in conscious normotensive and hypertensive male rats (Perusquia, 

Herrera et al. 2017, Perusquia, Contreras et al. 2019). 

 Several experimental methods, including the use of flutamide, Tfm rats, or bovine 

serum albumin (BSA), have been developed to validate and elucidate the non-genomic vs. 

genomic effects of androgens.  Studies utilizing flutamide, an AR-antagonist with potent 

anti-androgenic effects, block classical AR binding and inhibit the genomic effects of male 

sex steroid hormones (Yue, Chatterjee et al. 1995).  Inhibition of the genomic effects of 

androgens similarly can be studied by use of the Tfm rat, which exhibits an X-linked 

recessive defect in cytosolic AR function.  The affected Tfm males are similar to the human 

testicular feminization syndrome, and although they are genotypically male (XY), the 

affected male rats exhibit a female phenotype and serve as a natural “knockout” model to 

study AR-mediated genomic effects of TES (Jones, English et al. 2002).  TES covalently 

bound to BSA can also be used to prevent the diffusion of TES into target tissues and 

prevent genomic effects of the androgens.  Each of these methods have been employed to 
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investigate the non-genomic effects of androgens on vascular function with similar 

conclusions that TES is able to activate VSM cells independent of the classical genomic 

AR pathway (Falkenstein, Tillmann et al. 2000, Perusquia and Stallone 2010).   

2.1.2.2 Non-genomic effects on vascular endothelium 

 The non-genomic effects of androgens have been observed in a number of tissue 

beds (Montano, Espinoza et al. 2014, Lucas-Herald, Alves-Lopes et al. 2017), yet the 

underlying mechanisms of these non-genomic effects of androgens remain poorly 

understood.  Several studies suggest that there is an interaction between androgens and 

endothelial function (Hotta, Kataoka et al. 2019), and that TES-induced vasodilation is 

dependent on the production of endothelial NO (Chou, Sudhir et al. 1996, Deenadayalu, 

White et al. 2001).  In human endothelial cells, TES initiates a dose-dependent increase in 

eNOS activity (Yu, Akishita et al. 2010) and acute intravenous infusions of TES in the 

brachial arteries of men with CAD improve endothelial function and flow-mediated NO 

release (Webb, McNeill et al. 1999, Ong, Patrizi et al. 2000).  Additionally, several 

experimental animal studies demonstrate reductions in androgen-induced vasodilation of 

resistance vessels pre-treated with NOS inhibitors (Chou, Sudhir et al. 1996).  

Interestingly, some studies suggest that nNOS may also contribute to androgen-induced 

endothelial NO (Goglia, Tosi et al. 2010, Perusquia and Stallone 2010).  In rats pretreated 

with S-methyl-l-thiocitrulline (SMTC), an nNOS-inhibitor, the acute systemic hypotensive 

effects of TES were abolished (Perusquia, Greenway et al. 2015).  Similar effects have 

been observed in humans, in which intravenous administration of SMTC produced dose-

dependent increases in systemic vascular resistance and diastolic BP (Seddon, 

Chowienczyk et al. 2008, Shabeeh 2017). 
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2.1.2.3 Non-genomic activation of ion channel function 

 Some experimental animal studies suggest that the non-genomic mechanism of 

TES-induced vasodilation is preserved in endothelial denuded vessels, and is therefore, not 

dependent upon endothelial NO production (Yue, Chatterjee et al. 1995, Perusquia, 

Hernandez et al. 1996, Honda, Unemoto et al. 1999).  In rabbits and male sheep, TES-

induced vasodilation was abolished in the absence of endothelium (Marrachelli, Miranda 

et al. 2010), while in female sheep, TES-induced vasodilation was only partially inhibited 

in endothelium-denuded blood vessels (Yildirim and Erol 2011).  While endothelial NO 

appears to contribute to TES-induced vasorelaxation, the signaling mechanism also relies 

upon changes in VSM cell ion channel permeability, specifically either Ca2+ and/or K+ ion 

channel function.  In the rat mesentery, TES activates BKCa channels in VSM cells (Tep-

areenan, Kendall et al. 2002).  In the rat thoracic aorta, TES-induces acute vasodilation via 

endothelial-derived prostanoid production which activates VSM cell BKCa channels and 

inhibits Ca2+ influx (Ma, Jiang et al. 2009).  In canine basilar arteries, TES activates VSM 

cell Kv and BKCa channels and inhibits voltage-dependent Ca2+ channels (Ramirez-Rosas, 

Cobos-Puc et al. 2011).  These variations in ion channel function may be influenced by 

differences in ion channel expression.  In male rats, castration decreases Kv channel 

expression in thoracic aorta VSM cells (Zhou, Fu et al. 2008).  Taken together, the data on 

non-genomic mechanisms of TES-induced vasodilation remain unclear, yet these 

mechanisms appear to involve the activation of endothelial-derived vasoactive mediators 

and/or the modulation of VSM cell ion channel activity through a combination of 

extracellular and intracellular signaling mechanisms.  
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2.1.3 Role of the kidneys 

 While the vasculature plays a central role in the acute regulation of BP, the kidneys 

play a central role in the long-term regulation of ECF volume, which directly affects 

systemic BP.  There is accumulating evidence that the function of an intrarenal RAS may 

contribute to the pathophysiology of hypertension (Yim and Yoo 2008).  In humans, 

kidney transplants from a normotensive donor into a hypertensive recipient ameliorate the 

pre-transplantation hypertension (Curtis, Luke et al. 2000).   Similar observations have 

been reported in experimental animal studies in which transplantation of a hypertensive 

SHR kidney into a normotensive WKY rat increases the post-transplantation arterial BP in 

the WKY rat (Rettig, Folberth et al. 1990, Rettig, Folberth et al. 1990).   

 The kidney is capable of locally producing all the RAS components; Agt is 

produced in the proximal tubules, renin is secreted from JG cells, and the AT1R is 

expressed throughout the nephron.  These components contribute to local Ang II 

production and effects independent of circulating concentrations.  Studies suggest that a 

progressive increase in intrarenal Ang II occurs during the development of hypertension 

(Zou, Imig et al. 1996, Navar, Mitchell et al. 2001) and that AT1R activation facilitates the 

intracellular compartmentalizing and collection of Ang II (van Kats, de Lannoy et al. 

1997).  Additionally, increases in intrarenal RAS function have been linked to the 

development of hypertension-associated renal injury (Navar, Mitchell et al. 2001, Kobori, 

Prieto-Carrasquero et al. 2004), with a positive correlation between renal function and 

androgen deficiency in many clinical cases of renal failure (Thirumavalavan, Wilken et al. 

2015).  Serum creatinine, used to estimate GFR, is greater in TES-deficient men , and 

serum TES levels are used to predict the progression of renal failure and the risk for 
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developing cardiovascular related mortality in men with chronic kidney disease (Yildiz, 

Seyrek et al. 2005, Dousdampanis, Trigka et al. 2014). 

 The enzymes necessary for synthesizing TES have been identified throughout 

various structures of the kidney (Quinkler, Diederich et al. 2004, Zhao, Leppert et al. 

2016), yet the direct effects of androgens and androgen deficiency on renal function have 

not been fully explored.  In human males, TES therapy delays the onset of end-stage-renal 

disease, which suggests that TES has a protective role in renal function (Kurniawan, Hsu 

et al. 2019).  In male SHR, TES deficiency impairs intrarenal RAS function, while TES 

therapy increases Agt and AT1R gene expression in the kidney (Chen 1996, Reckelhoff, 

Zhang et al. 1999), with similar results in intact male SD rats, where TES increases Na+/H+ 

exchange proteins and up-regulates intrarenal Agt expression (Quan, Chakravarty et al. 

2004, Kienitz and Quinkler 2008).  Interestingly, the TES metabolite, 5α-DHT, increases 

AT2R expression, which may suggest intrarenal regulation between androgens (Toot, 

Jenkins et al. 2008, Mishra, Hankins et al. 2016).   

2.1.4 Specific aims of project 1 

 The clinical studies and epidemiological observations that hypertension and CAD 

occur more frequently in men than in premenopausal women have led to the dogmatic view 

that TES and other androgens exert deleterious effects on cardiovascular health and 

exacerbate the development of CVD in men.  While there are many reports of beneficial 

effects of estrogen on the female cardiovascular system (Mendelsohn and Karas 1994, 

Farhat, Lavigne et al. 1996), TES is considered to exacerbate CVD in males (Mendoza, 

Zerpa et al. 1983, Chute, Baron et al. 1987).  Most previous animal studies have provided 

support for the dogmatic view that TES exacerbates CVD (Crofton, Share et al. 1989, 
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Reckelhoff, Zhang et al. 1998, Reckelhoff, Zhang et al. 1999).  The clinical and 

epidemiological studies that suggest deleterious effects of TES are controversial, at best.  

Interestingly, the clinical studies from the 1940s that first documented the beneficial effects 

of TES on angina pectoris (Hamm 1942, Walker 1942), hypertension, and peripheral 

vascular disease (Edwards, Hamilton et al. 1939, Lesser 1946), gained support from the 

more recent clinical trials, which demonstrated that acute intracoronary injections of TES 

improve myocardial ischemia and increase arterial dilation and blood flow in men with 

CAD (Webb, McNeill et al. 1999). In parallel, accumulating evidence, from more recent 

animal studies employing isolated blood vessels in vitro, reveals that TES and other 

androgen metabolites exert beneficial effects through rapid, nongenomic vasorelaxation 

mechanisms in a variety of large arteries and smaller resistance arteries at physiological 

and pharmacological androgen concentrations (Perusquia and Stallone 2010).  Although 

the mechanisms underlying the acute vasodilatory effects of TES have been established in 

vitro, and to a lesser extent in vivo, little is known about the long-term systemic effects of 

TES on BP.  Thus, the central hypothesis of the present investigation is that:  

 

Endogenous and exogenous androgens exert beneficial antihypertensive effects on BP 

regulation through suppression of the renin-angiotensin system, resulting in enhanced 

renal salt and water excretion in male SD and AR-deficient Tfm rats. 

This hypothesis will be tested by addressing the following specific aims: 

Specific Aim 1:  Determine the short-term and long-term effects of endogenous and 

exogenous TES on systemic blood pressure in normal male and Tfm 

rats. 
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Specific Aim 2:  Determine the systemic and renal mechanisms underlying the effects of 

TES on systemic blood pressure and RAS function in normal male and 

Tfm rats. 

 

2.2 Project II – Pregnancy-induced hypertension and preeclampsia 

 The DOCA-salt rat model of PE was used to investigate to role of androgens and 

the mechanisms of androgen-induced vasorelaxation in the UA of normal pregnant and PE 

pregnant female SD rats.  

2.2.1 Adaptations to pregnancy 

 During pregnancy, females undergo significant physiological adaptations, 

mediated by a series of dynamic shifts in sex steroid hormone production.  From the onset 

of ovulation, through conception and implantation, and into placental and fetal 

development, changes in the maternal endocrine, metabolic, cardiovascular, and renal 

systems maintain an environment conducive to fetal growth and development (Sherwood 

2013). In reproductively sound females, cyclic changes in the pituitary hormones, follicle 

stimulating hormones (FSH) and luteinizing hormones (LH), mediate the female ovulation 

cycle.  Fluctuations in circulating concentrations of estrogens and progesterone facilitate 

ovulation and prepare the female reproductive system for fertilization and pregnancy.  

Following ovulation, haploid oocytes fertilized in the fallopian tube form a diploid zygote 

that undergoes continuous cellular division as it migrates towards the uterus.  The rapidly 

dividing ball of cells begins to differentiate and self-organize into a multicellular blastocyst 

as it enters the uterus.  These cells consist of two distinct cell layers: embryoblast and 

trophectoderm.  The embryoblast, also known as the inner cell mass, gives rise to all 
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embryonic tissue, while the trophectoderm differentiates into syncytiotrophoblast and 

cytotrophoblast cells which form the placenta and fetoplacental unit (FPU).   Fetal 

cytotrophoblast cells invade the maternal vasculature and remodel maternal uterine spiral 

arteries into high-capacity, high-flow, low-resistance vessels to form the foundation of the 

FPU, which will serve as a major source of hormone and protein production throughout 

gestation.  FPU proteins and hormones are produced from the substrates that pass between 

maternal circulation, the placenta, and fetal circulation, and drive many of the 

cardiovascular and metabolic adaptations observed during pregnancy (Clifton, Stark et al. 

2012).   

2.2.1.1 Endocrine adaptations 

 Pregnancy involves a combination of autocrine, paracrine, and endocrine signaling 

factors among maternal, placental, and fetal tissues.  As the blastocyst implants in the 

uterine wall, differentiated trophoblast cells begin to secrete human chorionic 

gonadotropin (hCG), which stimulates the ovaries to continue progesterone production.  

Progesterone secretion from the corpus luteum of the ovaries is responsible for maintaining 

the pregnancy for the first seven to nine weeks of gestation until the placenta is established.  

During a luteal-placental transition phase, the placenta takes over the role of estrogen and 

progesterone production and becomes the primary endocrine organ of pregnancy.  

Throughout gestation, the placenta functions independently of the maternal endocrine 

system to ensure adequate fetal growth and development regardless of maternal 

homeostatic mechanisms (Tal R 2000).  

 The biosynthesis of progesterone and other steroid hormones of pregnancy, such 

as estrogen and TES, relies upon several precursors including cholesterol and 
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dehydroepiandrosterone sulfate (DHEAS).  Progesterone, the main hormone of pregnancy, 

is produced by the corpus luteum during early pregnancy and by the placenta throughout 

the remainder of gestation.  Progesterone production plays an important role in suppression 

of the maternal immunological response to fetal antigens and is vital to proper placental 

implantation. Further, progesterone promotes myometrial quiescence and prevents the 

onset of uterine contractions throughout gestation (Reshef Tal 2015).  Estrogen production 

relies upon the pro-hormone dehydroepiandrosterone (DHEA), which is produced by the 

fetal adrenal glands, hydroxylated in the fetal liver, and aromatized to estrogen in the 

placenta.  Estrogen production increases progressively with gestational age and promotes 

changes in the myometrium, which are necessary to prepare the uterus for parturition at 

term.  Additionally, the pro-hormones DHEA and androstenedione (A4) further facilitate 

androgen production during pregnancy.  The maternal adrenal glands, ovaries, and 

peripheral tissues, in addition to fetal and placental tissues, utilize these pro-hormones to 

facilitate the production of TES and DHT.  While a specific fetal zone in the fetal adrenal 

gland converts cholesterol and pregnenolone into fetal derived DHEAS, the maternal 

adrenal glands produce cytochrome P450 enzymes, P450 SCC and P450 c17, which 

catalyze DHEAS into DHEA.  The circulating androgens vary throughout pregnancy, as 

TES production increases in both early and late pregnancy, A4 increases late in gestation, 

and DHEAS decreases throughout gestation (Makieva, Saunders et al. 2014).  While fetal 

TES levels are elevated in male offspring, estrogen and DHT remain similar between sexes 

(Diez d'Aux and Pearson Murphy 1974, Rodeck, Gill et al. 1985).   
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2.2.1.2 Metabolic adaptations 

 Metabolic adaptations during pregnancy involve dynamic changes in the 

metabolism of carbohydrates, lipids, and protein.  The metabolic changes that occur in 

early pregnancy are proportional to increases in circulating progesterone concentrations, 

which induce smooth muscle relaxation, decrease gut motility, and promote increases in 

nutrient absorption within the first few weeks of pregnancy.   Increases in pancreatic insulin 

secretion and sensitivity during the first trimester of pregnancy are followed by marked 

increases in insulin resistance during the second and third trimesters of pregnancy 

(Newbern and Freemark 2011) as the metabolic demands of the developing fetus increase.  

As pregnancy progresses, the maternal metabolism shifts from the use of glucose for fuel 

to a dependency on lipolysis for energy requirements.  Using lipids for energy ensures an 

adequate preservation of circulating amino acids and glucose levels for the developing 

fetus (Soma-Pillay, Nelson-Piercy et al. 2016).  In addition to the increased nutrient 

requirements of pregnancy, Ca2+ and phosphate requirements increase as well.  Ca2+ is 

required for fertilization and implantation during early pregnancy.  During the third 

trimester of pregnancy, 80% of the fetal mineral requirements are derived from the 

maternal diet as intestinal absorption increases during pregnancy.  The increase is driven 

by calcitriol production in the maternal reproductive and renal systems and in the fetal 

renal system (Kovacs 2000). These metabolic changes during pregnancy promote and 

ensure a continuous nutrient supply to the developing fetus (Angueira, Ludvik et al. 2015).   

2.2.1.3 Hemodynamic adaptations 

 The maternal cardiovascular system undergoes a 30-50% increase in ECF volume 

during pregnancy.  In response to this increase in circulating blood volume, myocardial 
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contractility, CO, and SV increase, yet, paradoxically, systemic BP decreases by 

approximately 10 mmHg.  The decrease in systolic BP is largely attributed to a decrease 

in systemic vascular sensitivity and the resulting reduction in vascular tone both 

systemically and in the uterine artery (Cheung and Lafayette 2013). 

 In the uterine artery, the luminal diameter doubles in size during pregnancy with 

marked reductions in vascular tone and vasoconstrictor sensitivity.  Pregnancy-induced 

increases in sheer stress and exposure to changes in various circulating chemical 

messengers result in a subsequent vascular remodeling of the uterine arteries during 

pregnancy.  Continuous exposure to estriol, the dominant estrogen of pregnancy, and 

vascular endothelial growth factor (VEGF) enhance endothelial NO production and reduce 

vascular tone (Osol and Mandala 2009).  Compared to non-pregnant women, pregnant 

women have a decreased sensitivity to the pressor effects of Ang II infusions (Broughton 

Pipkin and Baker 1997).  During early pregnancy, a marked decrease in AT1R expression 

reduces uterine artery sensitivity to the pressor effects of Ang II and exacerbates the 

vasodilatory effects of NO.  The pressor effects of Ang II increase markedly in pregnant 

women administered prostaglandin (PG) synthesis inhibitors, such as aspirin and 

indomethacin.  This suggests that vasodilatory PG plays a role in suppressed vascular 

reactivity (Magness, Osei-Boaten et al. 1985).  Clinical observations suggest a placental 

origin for the suppressed vascular response to Ang II, as the suppression was lost within 

15-30 minutes after delivering the placenta.  Bolus administration of progesterone during 

labor reduces the pressor effects of Ang II and mitigates the vasoconstrictive actions of 

Ang II (Abdul-Karim and Assali 1961).  These findings suggest that the pressor effects of 

Ang II during pregnancy might not be completely controlled by PG, but rather a PG 
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metabolite that initiates a similar vascular response (Gant, Worley et al. 1980).  The PG 

most likely responsible for vasodilation during pregnancy is prostacyclin (PGI2).  PG is 

metabolized into 5α-dihydroprogesterone (5α-DHP) by the enzyme 5α-reductase, the same 

enzyme responsible for the conversion of TES into 5α-DHT.  Interestingly, 5α-DHT is 

elevated in the placenta, and infusion of 5α-DHT restores vascular refractoriness to Ang 

II.  These studies suggest that reduced sensitivity to Ang II is potentially mediated through 

a 5α-reductase enzyme-mediated increase in 5α-DHT to reduce vascular tone and BP 

(Gant, Worley et al. 1980).  

2.2.1.4 Renal adaptations 

 Cardiovascular and endocrine adaptations during pregnancy influence the renal 

system. Increases in the hormones of pregnancy, and increases in plasma volume, 

decreases in colloid osmotic pressure, and decreases in systemic vascular resistance 

facilitate changes within the renal vasculature and tubular function.  A direct correlation 

between increases in estrogen production and increases in RAS function are marked by 

elevated plasma Agt, renin, Ang II, and aldosterone during the third trimester of pregnancy 

(Cheung and Lafayette 2013).  Ang II and aldosterone increase salt and water retention in 

the renal system.  Relaxin from the placenta initiates a marked increase in renal blood flow 

and GFR during pregnancy (Conrad 2011).  Overall, renal blood flow increases by 

approximately 80% during early pregnancy and GFR increases by 50% (Dunlop 1981).  

Hyperfiltration by the glomerulus results from decreases in oncotic pressure during normal 

pregnancy.  Increases in GFR reduce tubular reabsorption and increase urinary excretion 

of small amounts of protein in normal pregnancy, yet marked increases in protein excretion 

indicate potential pregnancy related disorders (Cheung and Lafayette 2013).   
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2.2.2 Epidemiology and pathogenesis of preeclampsia 

 Hypertensive disorders that develop during pregnancy are classified as essential 

hypertension, gestational hypertension, or preeclampsia (PE).  PE is one of the most 

dangerous pregnancy-specific forms of hypertension that is characterized by the sudden 

onset of high BP and multisystem dysfunction during the second trimester.  PE complicates 

about 3-10% of all pregnancies in the United States (Jeyabalan 2013) and is a leading cause 

of maternal mortality worldwide.  While marked improvements have been made in 

diagnosing and treating PE, the pathogenesis of the disease remains poorly understood.   

 Risk factors for PE include genetic factors, in which both a maternal and/or paternal 

family history of the disease can predispose women to PE (Esplin, Fausett et al. 2001).  

Additional risk is associated with a previous history of PE and in women with women 

antiphospholipid syndrome (Duckitt and Harrington 2005).  Preexisting cardiovascular and 

metabolic risk factors such as hypertension, diabetes mellitus, insulin resistance, and 

obesity also increase the incidence of PE during pregnancy (Rana, Lemoine et al. 2019).  

Clinical diagnosis of PE is characterized by blood pressures greater than 140/90 combined 

with urine protein excretion greater than 300 mg per day (Sibai and Stella 2009).  Several 

theories suggest that improper placental implantation and vascularization leads to 

endothelial dysfunction and the development of PE.  During normal implantation, 

cytotrophoblasts invade the maternal uterine wall and remodel the maternal decidual 

arteries to generate a low-resistance high-flow vascular system capable of maintaining an 

adequate nutrient supply to the developing fetus.  Improper or shallow vascular remodeling 

during placental implantation leads to the development of placental ischemia and the 

progression of PE as the vascular perfusion capacity is unable to accommodate the 



45 

 

increasing nutrient demands of the developing fetus (Zhou, Damsky et al. 1993).  Doppler 

ultrasounds of women with PE reveal significant impairments in diastolic blood flow in 

the uterine arteries (Struijk, Ursem et al. 2001, Pariente, Shwarzman et al. 2013), with 

marked reductions in the luminal diameter and increases in the vascular resistance (Osol 

and Mandala 2009), which results in intrauterine growth restriction (IUGR) of the fetus 

and elevated BP in the maternal vascular system (Jeyabalan 2013).    

 Pro-angiogenic factors such as VEGF promote endothelial cell proliferation and 

contribute to vascular health and blood pressure regulation (Facemire, Nixon et al. 2009).  

VEGF infusion increases endothelial NO and prostacyclin production and induces VSM 

cell relaxation in coronary arteries (Ku, Zaleski et al. 1993).   Placental growth factor 

(PIGF), a VEGF homolog, is a pro-angiogenic factor expressed by the placenta that 

potentiates the actions of VEGF, and together, VEGF and PIGF, are essential for the 

proliferation and survival of endothelial cells during placental angiogenesis.  VEGF binds 

to Flt-1, an anti-angiogenic receptor, and kinase insert domain receptor (KDR), a pro-

angiogenic receptor, on vascular endothelial cells.   PIGF acts to displace VEGF and Flt-1 

biding to facilitate VEGF and KDR, which promotes angiogenesis.  Flt-1 expresses 

tyrosine kinase-1 (sFlt1), a soluble VEGF signaling inhibitor, which binds VEGF and 

further modulates VEGF bioavailability (Park, Chen et al. 1994).  The anti-angiogenic 

properties of Flt-1 with other factors such as TGF-β proteins, which facilitate angiogenesis 

at low levels and antagonize cell proliferation at high concentrations, contribute to the 

development of PE.  Prior to the onset of PE, elevated concentrations of sFlt1 and endoglin 

(sEng) have been identified in maternal circulation.  As a soluble TGF-β co-factor 

expressed by the placenta, sEng dysregulates eNOS activation and subsequent NO-induced 
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vasodilation (Venkatesha, Toporsian et al. 2006).  Interaction with SFlt1 and the intrarenal 

RAS may contribute to the symptoms of PE, as women with pregnancy-induced 

hypertension and PE are profoundly more sensitive to Ang II infusion than women with 

normal pregnancies (van der Graaf, Toering et al. 2012).  In experimental animal studies, 

Ang II increases placental sFlt1, an effect mitigated by Losartan, an AT1R antagonist 

(Delforce, Lumbers et al. 2019).  Despite an increase in vascular sensitivity to Ang II, PE 

women have suppressed Agt, renin, and Ang II production (Gant, Daley et al. 1973).    

2.2.3 Animal models of Preeclampsia 

 Several animal models have been developed to mimic the characteristics of PE; 

however, since PE is a pregnancy-induced disease specific to humans, many of these 

animal models fail to accurately represent the human pathology of the disease.  Most of 

the animal models of PE focus on a specific pathogenic mechanism including 

uteroplacental ischemia, impaired NO production, overactive RAS function, or impaired 

proteins of angiogenesis, and these mechanisms are employed in several rodent and non-

rodent species, which each offer its own unique set of experimental limitations.   

 The uterine ischemia model of PE reduces uterine blood flow during pregnancy to 

mimic the 50-70% reduction in uteroplacental blood flow observed in PE women (Lunell, 

Lewander et al. 1984).  This model was first developed in pregnant dogs using an 

abdominal aorta clamp technique to surgically-induce uterine ischemia, which decreased 

uteroplacental perfusion by approximately 50% and increased systolic BP within minutes 

(Young and Gynaecology 1914). This technique has also been employed in several other 

rodent and non-rodent animal species with variable effects on BP.  In rodents, aortic 

constriction induces hypertension, proteinuria, IUGR, and endothelial dysfunction and 
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significantly reduces systemic NO production (Alexander, Kassab et al. 2001).  In rabbits, 

aortic clamping increases α-adrenergic tone and systolic BP which results in proteinuria 

and deleterious effects on fetal development (Abitbol, Gallo et al. 1976).   Interestingly, in 

sheep, aorta clamping has no effect on systolic BP; however, the addition of a high salt 

diet results in significant hypertension (Leffler, Hessler et al. 1986).  In rodents, the 

reduced uterine perfusion pressure (RUPP) model was developed as an alternative 

placental ischemia model.  At time points equivalent to second trimester, the RUPP model 

is created with surgical clamping of the abdominal aorta and main uterine arteries to more 

closely mimic the ischemic effects of PE.  While the RUPP model induces hypertension, 

proteinuria, and impaired renal function, this model is not conducive to research targeting 

therapeutic improvements to uterine blood flow or investigating the uteroplacental vascular 

response.  Additionally, these models of ischemia fail to mimic the progression of PE 

observed in humans.  The timing of reduced uteroplacental perfusion occurs after normal 

placental implantation has been established, which is contradictory to the impaired 

placental implantation in human PE (Li, LaMarca et al. 2012).     

 Several induced rodent models of PE utilize mechanisms such as Ang II and NO 

inhibition to mimic the maternal manifestations of PE at the vascular level.  In normal 

pregnancy circulating RAS components increase, while the pressor effects of Ang II 

decrease.  In contrast, decreased levels of circulating RAS components and increased 

reactivity to Ang II is observed in PE pregnancy (Baylis, Beinder et al. 1998).  Thus, rodent 

models using increasing Ang II levels to induce hypertension may not be relevant to human 

disease.  While the Ang II model of PE does not mimic the progression of human disease, 

the animal model of chronic NO inhibition mimics the molecular progression of PE on 
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endothelial function. In rodents, chronic NOS inhibition produces sustained hypertension 

in non-pregnant animals (Zatz and Baylis 1998); however, eNOS knockout mice exhibited 

a decrease in BP during pregnancy (Shesely, Gilbert et al. 2001), which contradicts 

findings from additional studies (Hefler, Tempfer et al. 2001).  In rats, chronic NOS 

inhibition induced proteinuria and caused fetal malformation, which were later attributed 

to the effects of the administered NOS inhibitors (Baylis, Engels et al. 1992). Thus, the use 

of the chronic NOS inhibitor model remains controversial.  Other induced animal models 

of PE target angiogenic proteins of pregnancy.  In humans, PE is associated with 

upregulated placental sFlt-1 (Cui, Shu et al. 2018) and sEng compared to normal 

pregnancy.  While this has generated interest in the use of anti-angiogenic animal models 

of PE (Venkatesha, Toporsian et al. 2006), research suggest that upregulated 

antiangiogenic factors are not the cause of PE, but rather a byproduct of the disorder 

(Alasztics, Gullai et al. 2014).   

 Genetically altered animal models of hypertension such as the SHR and Dahl salt-

sensitive rat have been used as animal models of PE.  These models develop hypertension 

irrespective of pregnancy status, and fail to mimic the sudden onset of pregnancy-induced 

hypertension associated with PE (Takeda 1964).  While pregnancy in the SHR does not 

exacerbate hypertension, systolic BP increases during pregnancy in the Dahl-salt sensitive 

rat (Gillis, Williams et al. 2015), which is beneficial in experimental animal studies that 

target the effects of pregnancy on preexisting maternal hypertension, but not to 

understanding the pathogenesis of PE.  There is increasing interest in the use of several 

transgenic models of PE; however, these models have not been fully developed.   
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 While several animal models of PE have been identified to resemble the 

characteristics of PE in humans, there is no single model that fully mimics the human 

progression of PE.  For the present study, the DOCA-salt model was chosen to investigate 

the vasodilatory effects of androgens on the uteroplacental vasculature in PE. The DOCA-

salt animal model is a well-established hypertensive animal model that targets neurogenic, 

renal, and vascular response elements.  An imbalance of renal Na+ and water reabsorption 

results in hypervolemia, which mimics the effects of fluid volume expansion observed in 

early gestation.  While DOCA-salt treatment increases RAS activity in the brain, which 

generates a neurologic effect that alters renal function and systemic vascular resistance 

(Ueno, Mohara et al. 1988), circulating renin and Ang II levels remain the same. Further, 

DOCA-salt rats are characterized by systemic endothelial dysfunction, with enhanced 

vascular reactivity in isolated blood vessels (Nunes, Fortes et al. 2000).   

2.2.4 Androgens in pregnancy 

 Sex steroid hormones such as estrogens, androgens, and progesterone are known 

to increase during pregnancy and there is increasing interest in the role androgens play in 

maintaining utero-placental blood flow during pregnancy.  While sex steroid hormones are 

maternally produced by the maternal ovaries, adrenal glands, and adipose tissue, local 

production of hormones at the uteroplacental interface suggests local regulation of utero-

placental blood flow.  Uterine blood flow is critical to maintaining an intrauterine 

environment conducive to fetal growth and development throughout gestation.  Estrogen 

and progesterone increase endothelial production of PGI2, a potent vasodilator, in the UA 

(Rupnow, Phernetton et al. 2002), and systemic infusion of estradiol-17β increases uterine 

blood flow without effecting systemic parameters (Magness and Rosenfeld 1989). Some 
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studies report that TES metabolites, specifically 5β-DHT, are more potent vasodilators 

with a greater binding affinity to AR than TES (Ishimaru, Edmiston et al. 1978, Kumar, 

Crozat et al. 1999).  In line with this evidence, differences have been observed in the 

sensitivity and reactivity of isolated resistance vessels to each of the androgens.  

Vasorelaxation of resistance vessels increases in response to 5β-DHT compared to TES or 

5α-DHT (Isidoro, Ferrer et al. 2018).  Similarly, in human umbilical arteries, DHEA and 

5β-DHT-induced vasorelaxation is greater compared to TES or other female sex steroid 

hormones  (Perusquia, Navarrete et al. 2007).  Systemically, the anti-hypertensive effects 

of 5β-DHT and DHEA appear to be significantly greater than the moderate effects of TES 

and 5α-DHT on arterial BP in conscious pregnant female rats (Perusquia, Hanson et al. 

2018).  Thus, uterine blood flow may depend upon the vascular reactivity to each of the 

androgens or a local increase in production of key regulating hormones at the 

uteroplacental interface.  

2.2.5 Specific aims of project II 

 In recent in vitro and in vivo studies, TES and its metabolites exert acute 

vasodilatory effects on resistance vessels.  Androgen production increases during 

pregnancy, and it is possible that the vasodilatory effects of placental androgens play a role 

in the maintenance of fetal/placental blood flow during pregnancy. The relative importance 

of these hormones in healthy vs. diseased maternal vasculature remains unclear.  Thus, 

the central hypothesis to be tested is that:   

 

The deleterious effects of preeclampsia on uteroplacental blood flow may result from 

reduced vasodilatory effects of placental androgens on uterine artery function.  
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This hypothesis will be tested by addressing the following specific aims: 

Specific Aim 1:   Validation of the DOCA-salt preeclampsia model in the rat  

Specific Aim 2:   Determine the vascular response of the UA to TES, 5α-DHT, and 5β- 

 DHT in normal pregnant vs. PE pregnant rats. 

Specific Aim 3:  Determine the mechanisms of androgen-induced vasorelaxation of the 

UA from normal pregnant vs. PE pregnant rats. 
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3. ANTIHYPERTENSIVE EFFECTS OF ENDOGENOUS AND EXOGENOUS 

ANDROGENS IN THE MALE SPRAGUE-DAWLEY RAT 

 

3.1 Introduction 

 The observations that hypertension and CAD occur more frequently in men than 

age-matched pre-menopausal women has led to the dogmatic view that TES has deleterious 

effects on cardiovascular function and exacerbates the development of CVD in men.  This 

view is driven by abundant clinical trials and epidemiological data which demonstrate the 

deleterious effects of exogenous androgen supplementation on CAD (Death, McGrath et 

al. 2004) and is supported by most experimental animal studies, which suggest that 

castration ameliorates the development of hypertension in various rat models, such as the 

SHR (Crofton, Share et al. 1989, Chen and Meng 1991, Reckelhoff, Zhang et al. 1998, 

Yanes, Sartori-Valinotti et al. 2009).  While the laboratory rat is a well-established 

experimental animal model used to study human cardiovascular disease (Miller, Kaplan et 

al. 2011), the SHR exhibits marked differences in systemic BP, renal function, calcium 

metabolism, and calcification of the vasculature, irrespective of androgen status (Shibata 

and Ghishan 1991, Meng, Zhao et al. 2018).  Additionally, many of these experimental 

studies are relatively short-term in nature and fail to mimic the natural long-term 

progression of hypertension in human disease. These limitations in the rat models of 

hypertension and in experimental design, may explain the discrepancy with findings of the 

most recent clinical trials, which reveal that androgens exert beneficial effects on 

cardiovascular and metabolic health (Traish, Haider et al. 2017).   
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 The most recent clinical data suggest a direct correlation between TES deficiency 

and the progression of many cardiovascular diseases such as hypertension and 

atherosclerosis (Rezanezhad, Borgquist et al. 2018).  Further, intravenous infusion of TES 

improves myocardial ischemia, reduces BP, and increases coronary artery dilation in 

hypogonadal men (Traish, Haider et al. 2017).  In support of these clinical findings, 

accumulating recent evidence from both in vitro and in vivo experimental animal studies 

demonstrate beneficial and even cardio-protective effects of TES.  Thus, in isolated large 

arteries and smaller resistance vessels, TES induces rapid, non-genomic vasorelaxation 

(Perusquia and Stallone 2010), while acute intravenous infusions or bolus injections of 

androgens decrease arterial BP in conscious male SD and WKY rats in vivo (Perusquia, 

Greenway et al. 2015, Perusquia, Herrera et al. 2017).  Although there is accumulating 

evidence that acute androgen infusions exert beneficial effects on vascular tone and 

systemic BP, little is known about the long-term effects of androgens on BP regulation.  

Thus, in the present study, the central hypothesis to be tested is that endogenous and 

exogenous androgens exert beneficial anti-hypertensive effects on systolic BP in 

normal male SD rats. 

3.2 Methods 

3.2.1 Ethical approval 

 All animal protocols were written in accordance with regulations of the National 

Institutes of Health as detailed in the “Guide for the Care and Use of Laboratory Animals” 

and approved by the Institutional Animal Care and Use Committee at Texas A&M 

University. 
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3.2.2 Experimental animals 

 12-week-old male SD rats were purchased from Envigo (Houston, TX) and housed 

at the Laboratory Animal Resource and Research facilities at Texas A&M University in 

College Station, TX.  The rats were maintained in well-ventilated rooms with regulated 

temperatures (21-26°C), relative humidity (~50%), and photoperiod (12:12-hr light: dark 

cycle).  Animals were pair-housed in standard plastic laboratory rat cages and fed a 16% 

protein rat chow that was soybean- and alfalfa-free (Teklad Global diet; Houston, TX).  

This diet is nominally free of dietary phytoestrogens, which have been reported to 

confound studies investigating sex differences in vascular function (Li and Stallone 2005).  

Food and water were provided ad libitum.  Rats were randomly divided into one of three 

experimental groups: intact controls (InT-controls), castrated (CsX), and castrated with 

TES therapy (CsX-TRT).     

 Parallel studies using age-matched Tfm rats bred in house were used to separate 

the non-genomic and genomic effects of TES.  Affected male Tfm rats exhibit a recessive 

X-linked single gene mutation, leading to a defective cytosolic AR that eliminates the 

classical genomic effects of TES (Shapiro, Levine et al. 1980, Yarbrough, Quarmby et al. 

1990).  Affected males were identified at birth as Tfm rats are genotypically male (XY), 

but phenotypically female with internal testes and external female genitalia, which is easily 

visualized in pups 1-3 days old.  The affected pups were ear notched for identification after 

weaning.  This phenotypic presentation is due to the loss of AR-mediated differentiation 

and development of the male reproductive tract.  These Tfm rats served as a natural AR 

“knockout” model to investigate the genomic vs. non-genomic effects of endogenous and 

exogenous TES (Stallone, Salisbury et al. 2001).   
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3.2.3 Systolic blood pressure 

 Systolic BP was recorded using a non-invasive tail cuff plethysmograph system 

(IITC Life Science; Woodland Hills, CA) connected to a Power Lab Data Acquisition 

System and analyzed with Lab Chart Software (AD Instruments; Colorado Springs, CO).   

Prior to data collection, animals were acclimated to daily handling, and trained to rest 

quietly in a darkened, heated, cylindrical restraint.  Week 0 systolic BP and BW were 

recorded as baseline for each animal prior to castration or experimental treatments and 

Week 1 was 7 days post-operative for the castrated rats.   

3.2.4 Surgical procedure (bilateral orchiectomy) 

 Male SD rats in CsX and CsX-TRT groups underwent a bilateral orchiectomy, 

using standard surgical procedures.  Briefly, animals were pretreated with atropine sulfate 

(0.05 mg·kg-1; SC) and anesthetized with isoflurane.  Ophthalmic ointment was applied to 

the eyes of each animal as a preventative for corneal dryness.  During the entire surgical 

procedure, animals were provided supplemental heat via a heating pad and continuously 

monitored for changes in respiratory rate, membrane color, and reflex response to ensure 

an adequate surgical plane of anesthesia.  The surgical site was clipped, aseptically 

prepared, using alternating scrub cycles of iodine and 70% isopropyl alcohol, and the area 

was covered with a surgical drape.  A single 1-2 cm incision was made in the scrotum and 

the muscular cremaster tunic, which encloses each testis, was bluntly dissected.  Additional 

1 cm incisions were made through the left and the right tunic to externalize each of the 

testes.  The spermatic cords were ligated with surgical silk suture, transected, and the cut 

ends were swabbed with betadine and allowed to retract into the tunic.  The tunics were 

closed with 2 absorbable sutures (Ethicon 4-0 Vicryl®) and the scrotum was closed with 
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3-5 absorbable sutures (Ethicon 4-0 Vicryl®).  Flunixin Meglumine (2.5 mg·kg-1; IM) was 

administered for analgesia and the animals were transferred to a recovery cage.   

 The Tfm rats in the CsX and CsX-TRT groups also underwent bilateral 

orchidectomy.  Castration of Tfm rats involves a laparotomy to remove the abdominal 

testes in these animals.  The testicular arteries were ligated and transected and the testes 

removed.  The body wall musculature was closed with 4-5 absorbable sutures (Ethicon 4-

0 Vicryl®) and the skin was closed with 3-4 stainless steel wound clips.   

3.2.5 Experimental design 

 Weekly measurements of systolic BP and BW for InT-control, CsX and CsX-TRT 

SD and Tfm rats resumed 7 days following surgery and continued weekly for the entire 

15-week experimental period.  Following BP and BW measurements on wk 10, CsX-TRT 

rats began receiving bi-weekly subcutaneous (SC) injections of TES-enanthate dissolved 

in 90% olive oil/10% DMSO vehicle (1.75 mg·kg-1).  CsX animals not receiving androgen 

therapy received bi-weekly injections (SC) of the olive oil-DMSO vehicle-control at 

equivalent volumes to the TES-enanthate.  Systemically, TES can be reduced to DHT or 

aromatized to estrogen.  To confirm that the observed effects of TES on BP regulation did 

not result from conversion to estrogen, the TES metabolite, DHT, which cannot be 

aromatized, was administered as the androgen therapy in a separate group of castrated male 

SD rats (CsX-DRT).  Similar to TES therapy, 5α-DHT therapy began on wk 10 following 

castration, with bi-weekly injections of 5α-DHT-enanthate (1.00 mg·kg-1; SC) dissolved 

in the olive oil-DMSO vehicle.   

 In a separate group of SD rats, Losartan-potassium (LST), an AT1R antagonist, was 

used to investigate the role of the RAS in androgen-dependent changes in BP.  Male rats 
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were randomly assigned to one of three groups: CsX, CsX-LST, or CsX-LST-TRT.  

Animals were acclimated to weekly systolic BP measurements, and CsX animals 

underwent bilateral orchiectomy surgery as previously described.  CsX-LST and CsX-

LST-TRT groups received ad libitum drinking water with LST (250 mg·L-1).  Weekly 

systolic BP and BW was recorded for CsX, CsX-LST and CsX-LST-TRT rats for the entire 

15-week experimental period.  CsX-LST-TRT animals began bi-weekly injections of TES-

enanthate (1.75mg·kg-1; SC 2x/wk) following BP and BP measurements on wk10.  CsX 

and CsX-LST animals not receiving androgen therapy received equivalent volumes of the 

olive oil-DMSO vehicle-control (SC 2x/wk).     

3.2.6 Urinary sodium and water excretion 

 Metabolic studies were performed on the three main experimental groups at weeks 

0, 4, 10, 12 and 15.  Animals were single-housed in metabolic cages for 24-hours, where 

water consumption and urine excretion were determined gravimetrically.  After 24-hours, 

urine sample aliquots (1-2 mL) were collected and stored at -80°C for later analyses.  

During the metabolic studies, animals were fasted to prevent sample contamination.  

Samples were analyzed for potassium (K+), Na+, and creatinine concentrations at the Texas 

A&M Clinical Pathology Laboratory (ClinPath; College Station, TX).  Na+ and fluid 

excretion were normalized by creatinine as an index of GFR.   

3.2.7 Plasma panel and hormone concentrations 

 Animals were humanly euthanized via rapid decapitation at wk 10 or 15 for plasma 

and tissue collection.  Rapid decapitation minimizes potential neural and hormonal artifacts 

that result during anesthesia and euthanasia (Boivin, Hickman et al. 2017).  Trunk blood 

was collected in chilled 13 x 100 mm glass test tubes containing 100-200 units of heparin 
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sodium and immediately centrifuged at 10,000 RPM for 5 minutes to separate plasma.   The 

plasma was frozen and stored at -80°C for later analysis.   The plasma samples were 

analyzed by ClinPath for Na+ and creatinine.  Selective radioimmunoassays were used to 

assess plasma concentrations of TES and total estrogens (MP Biomedicals, LLC; Santa 

Ana, CA).   Plasma renin was analyzed by the Core Lab Facilities at Wake Forest 

University (Winston-Salem, NC).  Briefly, plasma renin concentrations, defined as the rate 

of Ang I generated by renin in the plasma sample, in the presence of excess exogenous 

angiotensinogen isolated from nephrectomized rat plasma were determined by incubating 

the plasma samples at a pH 6.5 for 90 minutes and then quantifying Ang I by 

radioimmunoassay (Cisbio Bioassays; Codolet, France). 

3.2.8 mRNA expression of RAS components in the thoracic aorta and kidney  

 The kidneys and thoracic aorta were collected from InT-control, CsX and CsX-

TRT rats at wk 0, 10, and 15, and analyzed for mRNA expression of RAS components by 

real time-polymerase chain reaction (rt-PCR).  Following euthanasia, the thoracic aorta 

was immediately isolated, snap frozen in liquid nitrogen, and stored at -80°C. The left 

kidney was isolated, cleaned of connective tissue and fat, sectioned, snap frozen on dry 

ice, and stored at -80°C.  Portions of the aorta and kidney samples (0.3-0.5 g) were used to 

analyze angiotensinogen (Agt), angiotensin converting enzyme (ACE), angiotensin type 1 

receptor (AT1R), and renin mRNA expression using previously established rt-PCR 

methods (Chang, Skiles et al. 2017).  Briefly, total RNA was isolated using the RNeasy 

Plus Mini Kit (Qiagen), according to manufacturer’s instructions.  Individual RNA 

samples were tested for potency and total purified RNA samples (900-1500 ng) were 

seeded into a reverse transcription reaction using the SuperScriptII system (Invitrogen), 
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according to the recommended protocol for the high capacity cDNA reverse transcription 

kit (Invitrogen), by combining 2.0µL random hexamer oligonucleotides, 0.8µL of 100 mM 

dNTP, 2.0 µL RT Buffer, 1.0 µL MultiScribe™ reverse transcriptase, and 4.2 µL purified 

RNA plus water.  Samples were brought to 25°C for 5 min, 42°C for 50 min, 45°C for 20 

min, 50°C for 15 min, and 70°C for 5 min.  Relative levels of candidate gene transcripts 

were analyzed using the Dynamo Flash SYBR Green qPCR (Thermo Scientific), according 

to the recommended protocol.  Reactions were quantified on a CFX38 touch rt-PCR 

detection system (BioRad).  The primers for Agt, ACE, AT1R, renin, and Elongation 

factor-1 (Ef-1; reference gene) are listed in Table 1.   

 

Table 1. Primer sequence for renin angiotensin system components. 

Gene Sequence 

Angiotensinogen (Agt) Sense:  AGCACGGACAGCACCCTATT 

Antisense:  AGAACTCATGGAGCCCAGTCA 

Angiotensin Converting Enzyme (ACE) Sense:  CTGCCTCCCAACGAGTTAGAA 

Antisense:  CGGGACGTGGCCATTATATT 

Angiotensin II Type I Receptor (AT1R) Sense:  TATCACAGTGTGCGCGTTTCA  

Antisense:  TGGTAAGGCCCAGCCCTAT 

Renin Sense:  GCTACATGGAGAATGGGACTGAA 

Antisense:  ACCACATCTTGGCTGAGGAAAC 

Reference Gene: Elongation Factor-1 (Ef-1) Sense:  GCAAGCCCATGTGTGTTGAA 

Antisense:  TGATGACACCCACAGCAACTG 

 

 

3.3 Chemical Reagents and Drugs 

 The following drugs and reagents were used:  TES-enanthate (17β-hydroxy-4-

androsten-3-one-enanthate; Steraloids, Newport, RI), 5α-DHT-enanthate (17β-hydroxy-

5α-androstan-3-one-enanthate; Steraloids, Newport, RI), and Losartan-potassium (Selleck 

Chemical, Houston, TX).  All other chemicals were of reagent grade quality, and were 
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purchased from Sigma Chemical (St Louis, MO).  TES-enanthate and 5α-DHT-enanthate 

for androgen therapy experiments were dissolved in 90% olive oil: 10% DMSO at 5.0 

mg·ml-1. 

3.4 Data Analysis 

 All data are expressed as the means ± standard error of the mean (SEM) and n 

indicates the number of animals in each experimental group.  A repeated measures analysis 

of the variance (ANOVA) was used to analyze differences in BP over time among different 

treatment groups (InT vs. CsX vs. CsX-TRT vs. CsX-DRT vs. CsX-LST vs. CsX-LST-

TRT).  Other data groups (e.g. mRNA expression) was first subjected to one- or two-way 

ANOVA to detect significant differences among means of the experimental groups; 

differences among means were accepted as significant if P < 0.05.  Factors compared for 

one- or two-way ANOVA include: gonadal status (InT vs. CsX vs. CsX-TRT vs. CsX-

DRT) or RAS inhibition (CsX vs. CsX-LST vs. CsX-LST-TRT).  If main effects were 

identified, then pair-wise Student’s t-tests were performed on group means to detect 

significant pair-wise differences among the means of the various experimental groups.   A 

Bonferroni correction was employed for type I errors associated with multiple comparisons 

and differences between the means.  Differences between any two means were accepted as 

significant if P < 0.05.    

3.5  Results 

3.5.1 Effect of androgens on body weight and seminal vesicle weight 

 The effects of endogenous and exogenous androgens on BW and seminal vesicle 

weight are summarized in Table 2.  BW on wk 0 was slightly lower in the InT-controls and 

slightly higher in CsX-DRT compared to the other experimental groups.  At wk 10 BW 
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was significantly increased in CsX-DRT and CsX-TES-Tfm (P ≤ 0.0001), while over the 

entire 15-wk experimental period, BW increased proportionally in all groups. Seminal 

vesicle weight decreased more than 90% between CsX (0.02 ± 0.001 g·100g BW-1) vs. 

InT-control rats (0.29 ± 0.013 g·100g BW-1, P ≤ 0.0001), while TRT fully restored seminal 

vesicle weight (CsX-TRT, 0.33 ± 0.018 g·100g BW-1) to levels similar to those of InT-

control rats (P > 0.05).  5α-DHT therapy partially restored seminal vesicle weight (34%), 

while treatment with LST had no effects on seminal vesicle weight in either CsX-LST or 

CsX-LST-TRT rats (P > 0.05).   

 

 

Table 2.  Body weight (BW) and seminal vesicle weight of InT-control, CsX, CsX-TRT, 

CsX-DRT, CsX-LST, CsX-LST-TRT and CsX-TRT-Tfm rats. 

Group wk 0  

BW(g)   

wk 10 

BW(g)  

wk 15  

BW(g)   

Seminal Vesicle  

(g·100g of BW-1) 

InT-control 339 ± 8a+ 433 ± 12a# 439 ± 14a# 0.29 ± 0.013a 

CsX  383 ± 22b+ 457 ± 22a# 458 ± 27a# 0.02 ± 0.001c 

CsX-TRT 374 ± 7b+ 433 ± 7a# 446 ± 8a# 0.33 ± 0.018a 

CsX-DRT 519 ± 13c+ 594 ± 17c# 670 ± 26c* 0.10 ± 0.003d 

CsX-LST 385 ± 4b+ 456 ± 8a# 462 ± 11a# 0.03 ± 0.001b 

CsX-LST-TRT 374 ± 3b+ 432 ± 4a#   453 ± 5a* 0.34 ± 0.025a  

CsX-TRT-Tfm                     401 ± 23b+    487 ± 16b#                                 525 ± 20b#                                − 

Sprague Dawley (SD) male rats either intact (InT), bilaterally castrated (CsX), or CsX with TES 

therapy (CsX-TRT; 1.75 mg·kg-1; SC 2x·wk-1) or CsX with 5α-DHT therapy (CsX-DRT; 1.00 

mg·kg-1; SC 2x·wk1).  In a separate experiment, CsX males SD rats were placed on losartan drinking 

water (250 mg ·L-1) without TES therapy (CsX-LST) or with TES therapy (CsX-LST-TRT; 1.75 

mg·kg-1; SC 2x·wk-1). Testicular feminized male (Tfm) rats were castrated and treated with TES 

therapy (CsX-TRT-Tfm).  Data are means ± SEM (n=6-13 rats/group).  a-d Mean values within each 

column for body weight (wk 0, 10, and 15) and seminal vesicle weight without common superscript 

are significantly different (0.0001 ≤ P ≤ 0.02). + # * Mean values within each row over time without 

common superscript are significantly different (0.0001 ≤ P ≤ 0.02).     
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3.5.2 Effects of castration and androgen therapy on plasma sex hormone 

concentrations 

 The effects of castration and androgen therapy on plasma TES and total estrogen 

concentrations are summarized in Table 3.  As expected, castration drastically reduced 

plasma TES concentrations.  CsX and CsX-LST plasma TES concentrations were below 

the detectible limits of the radioimmunoassay (TES<0.01ng·mL-1).  The plasma TES 

concentrations were restored in CsX-TRT to levels similar to those of InT-control rats (P> 

0.16).  Plasma estrogen levels were low among all experimental groups, with no significant 

differences among TES therapy or LST treatment (P> 0.09).   

 

 

Table 3. Testosterone (TES) and total estrogen concentrations in plasma of InT-control, CsX, 

CsX-TRT, CsX-LST, and CsX-LST-TRT male rats. 

Group TES (ng·mL-1) Total Estrogen (pg·mL-1) 

InT-control 0.72 ± 0.2a 30.7 ± 0.6a 

CsX          − 30.9 ± 1.2a 

CsX-TRT 0.96 ± 0.1a 31.3 ± 0.5a 

CsX-LST         − 32.7 ± 0.2a 

CsX-LST-TRT 1.14 ± 0.1a 33.2 ± 0.6a 

Sprague Dawley (SD) male rats remained intact (InT-control) or were bilaterally castrated (CsX) 

without or with TES therapy (CsX-TRT; 1.75 mg·kg-1; SC 2x·wk-1).  In a separate experiment, 

CsX male SD rats were placed on losartan-potassium drinking water (250 mg ·L-1) without TES 

therapy (CsX-LST) or with TES therapy (CsX-LST-TRT).  Data are means ± SEM (n= 6-13 

rats/group).  There were no significant differences between groups (P > 0.09). 

 

 

3.5.3 Effects of androgens on systolic blood pressure 

 Systolic BP at wk 0 was similar among all experimental groups (P > 0.05).  A 

repeated measures ANOVA revealed significant changes in BP over time and among 

treatment groups (P < 0.001).  Systolic BP in Int-control rats slightly increased over the 
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first 2 wks and stabilized around 114 ± 5 mmHg, which was maintained throughout the 

remainder of the 15-week experiment.   CsX rats exhibited a progressive and significant 

increase in systolic BP from wk 0 (109 ± 3.0 mmHg) to a maximal pressure at wk 9 (143 

± 3.5 mmHg), which then plateaued from wk 10 to 15.  Systolic BP at wk 15 was 

significantly higher in CsX (140 ± 1.2 mmHg) compared to InT-control (113 ± 1.8 mmHg; 

P ≤ 0.0001).  In a separate group of CsX, TES therapy administered from wk 10 to 15 

resulted in a progressive decline in systolic BP, which completely normalized by wk 15 

(CsX-TRT, 113 ± 1.3 mmHg) to levels virtually identical to those of InT-control (113 ± 

1.8; P > 0.05).  The effects of CsX on systolic BP were also determined in AR-deficient 

Tfm rats.  Similar to the SD rats, castration of Tfm rats increased systolic BP and TES 

therapy fully normalized the BP measurements.  CsX-Tfm systolic BP averaged 109 ± 0.7 

mmHg at wk 0, plateaued by wk 10 (139 ± 0.4 mmHg), and was fully normalized by TES 

therapy at wk 15 (109 ± 2.5 mmHg).  Compared to SD rats, Tfm rats exhibited a delay in 

the initial development of hypertension and a more rapid onset of hypertension from wks 

5-10.  TRT in Tfm rats resulted in a distinctly more rapid and greater overall decline in 

systolic BP compared to CsX-TRT SD rats. The weekly systolic BP measurements of InT-

control, CsX, CsX-TRT and CsX-TRT-Tfm rats are shown in Figure 3.    
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Figure 3.  Effects of endogenous and exogenous testosterone on systolic BP. 

Sprague-Dawley (SD) male rats that were intact (InT-control), bilaterally castrated (CsX), or CsX with 

TES therapy administered from weeks 10-15 (CsX-TRT; 1.75 mg·kg-1; SC 2x·wk-1).  A separate groups 

of testicular feminized male (Tfm) rats were CsX with TES therapy administered from weeks 10-15 

(CsX-TRT-Tfm).  Data points are means ± SEM (n= 5-10 rats/group).  There were no significant 

differences between groups at wk 0.  a-c Mean values at each time point (wk 5, 10, and 15) for each group 

(InT-control, CsX, CsX-TRT-SD, or CsX-TRT-Tfm) without common script are significantly different 

(0.0001 ≤ P ≤ 0.01).  + * # Mean values for each group over time (wk 5 vs. 10 vs. 15) without common 

script are significantly different (0.0001 ≤ P ≤ 0.01).  

 

 

 

 

 

3.5.3.1 Mechanisms underlying the anti-hypertensive effects of androgens 

 The role of the RAS in the development of castration-induced hypertension is 

summarized in Figure 4.  Systolic BP declined significantly in CsX SD rats treated with 

Losartan-potassium in the drinking water (CsX-LST; 250 mg·L-1), an AT1R antagonist.  

Repeated measures ANOVA revealed significant changes in BP over time and by treatment 

groups (P < 0.001).  Systolic BP declined until wk 4 (CsX-LST, 100 ± 1.5 vs. CsX, 124 ± 

2.6 mmHg; P ≤ 0.001) and remained significantly lower throughout the 15-week 

experimental period (CsX-LST, 99 ± 0.4 vs. CsX, 141 ± 1.2 mmHg; P ≤ 0.0001), with no 

statistically significant differences between CsX-LST (99 ± 0.4 mmHg) vs. CsX-LST-TRT 
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(101 ± 0.08 mmHg; P > 0.05).  CsX-DRT exhibited similar effects on systolic BP 

compared to CsX-TRT.  Systolic BP normalized identically between groups (CsX-DRT, 

114 ± 1.3 vs. CsX-TRT, 113 ± 1.3 mmHg; P > 0.05).    
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Figure 4.  Effects of angiotensin II blockade and androgen therapy on systolic BP.  

Castrated Sprague-Dawley (SD) male rats (CsX), CsX with TES therapy administered from weeks 10-15 

(CsX-TRT; 1.75 mg·kg-1; SC 2x·wk-1), or CsX with 5α-DHT therapy administered from weeks 10-15 (CsX-

DRT; 1.00 mg·kg-1; SC 2x·wk-1).  A separate group of CsX SD rats received Losartan-potassium (LST), an 

AT1R antagonist in their drinking water (CsX-LST; 250 mg·L-1).  Data points are means ± SEM (n= 5-10 

rats/group). There were no significant differences between groups at week 0. a-c Mean values at each time 

point (wk 5, 10 and 15) without common script are significantly different (0.0001 ≤ P ≤ 0.02).  + * # Mean 

values within each group over time (wk 5 vs. 10 vs.15) without common script are significantly different 

(0.0001 ≤ P ≤ 0.01).   

 

 

 

 

 

3.5.4 Effect of androgens on urinary fluid and sodium excretion 

 The effects of castration and TRT on 24-hour urinary sodium and fluid excretion 

(normalized to BW) at weeks 0, 10, and 15 are summarized in Table 4.  Trends in urine 

volume and Na+ excretion reduced over time in the CsX rats and TES therapy increased 
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these variables transiently over weeks 10-15.  The results are inconclusive due to 

significant variability among the data sets.   

 

Table 4.  Urine excretion volume, Na+ excretion, and creatinine excretion of InT-control, 

CsX, CsX-TRT, CsX-LST, CsX-LST-TRT or CsX-DRT male rats. 

Group wk 0 wk 10 wk15 

Urine Volume (mL·kg-1)    

InT-control 2.16 ± 0.4a 1.45 ± 0.4a 1.27 ± 0.2a 

CsX 1.99 ± 0.7a 1.17 ± 0.2a 1.32 ± 0.3a 

CsX-TRT 1.72 ± 0.4a 0.92 ± 0.2a 0.94 ± 0.2a 

CsX-LST 1.34 ± 0.2a 0.76 ± 0.2b 0.74 ± 0.1b 

CsX-LST-TRT 1.23 ± 0.1a 0.92 ± 0.1b 0.71 ± 0.1c 

CsX-DRT 1.85 ± 0.5a 1.28 ± 0.1a 0.95 ± 0.3a 

Na+ Excretion (mL·kg-1)    

InT-control 0.07 ± 0.004a 0.04 ± 0.006b 0.02 ± 0.011c 

CsX 0.07 ± 0.009a 0.05 ± 0.006a 0.05 ± 0.011a 

CsX-TRT 0.06 ± 0.017a 0.02 ± 0.006b 0.01 ± 0.002c 

CsX-LST 0.04 ± 0.006a 0.02 ± 0.006b 0.02 ± 0.005b 

CsX-LST-TRT 0.03 ± 0.006a 0.02 ± 0.007a 0.01 ± 0.004b 

CsX-DRT 0.07 ± 0.004a 0.07 ± 0.005a 0.04 ± 0.007b 

Creatinine Excretion (mg·kg-1)    
InT-control 8.43 ± 0.5a 14.09 ± 0.7b 13.57 ± 0.6b 

CsX 15.59 ± 3.2a 13.15 ± 0.9a 13.03 ± 1.2a 

CsX-TRT 10.20 ± 1.4a 13.99 ± 1.1b 15.17 ± 1.0b 

Sprague Dawley (SD) male rats either intact (InT), bilaterally castrated (CsX), or CsX with TES 

therapy (CsX-TRT; 1.75 mg·kg-1; SC 2x·wk-1) or 5α-DHT therapy (CsX-DRT; 1.00 mg·kg-1; SC 

2x·wk-1) from weeks 10-15.  In a separate experiment, CsX males were placed on losartan drinking 

water (250 mg ·L-1) without TES therapy (CsX-LST) or with TES therapy (CsX-LST-TRT; 1.75 

mg·kg-1; SC 2x·wk-1) from weeks 10-15.  Data are means ± SEM (n= 4-6 rats/group).  a-c Mean values 

for urine volume, Na+ excretion, and creatinine excretion among the six experimental groups at each 

time point (wk 0, 10, and 15) without common superscript are significantly different (0.0005 ≤ P ≤ 

0.050). 

 

 

 

 

3.5.5 Effect of androgens on plasma renin concentrations 

 Plasma renin concentrations are summarized in Figure 5 and Table 5.  CsX 

increased mean plasma renin concentration significantly (38%) compared to InT-control 
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rats (P ≤ 0.02), while TES therapy reduced plasma renin concentration to levels similar to 

those of InT-control rats (P > 0.05). 
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Figure 5.  Effects of testosterone on plasma renin concentrations.  

Male Sprague Dawley (SD) rats either intact (InT-control), bilaterally castrated (CsX), or CsX with TES 

therapy (CsX-TRT; 1.75 mg·kg-1; SC 2x·wk-1). Bars represent means ± SEM (n= 5-6 rats/group).  a-b Mean 

plasma concentrations of experimental groups (InT-control, CsX, and CsX-TRT) without common scripts 

are significantly different (0.01 ≤ P ≤ 0.02) 

 

 

 

Table 5. Plasma renin concentration for InT-control, CsX, and CsX-TRT male rats. 

 
InT-control CsX CsX-TRT 

Plasma renin (ng·mL-1·hr-1) 20.2 ± 1.2a 27.8 ± 2.7b 18.8 ± 1.9a 

Plasma renin concentration for male Sprague Dawley (SD) rats either intact (InT-control), bilaterally 

castrated (CsX), or CsX with TES therapy (CsX-TRT; 1.75 mg·kg-1; SC 2x·wk-1). Data are means 

± SEM (n= 5-6 rats/group).  a-b Mean plasma concentrations without common script are significantly 

different (0.01 ≤ P ≤ 0.02). 
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3.5.6 Effect of androgens on mRNA expression of RAS components 

 mRNA expression of RAS components, as measured by rt-PCR, in the kidney and 

aorta of InT-control, CsX, and CsX-TRT male SD rats is summarized in Table 6 and 

illustrated in Figure 6.  In the kidney, CsX significantly increased expression of mRNA for 

renin (92%), AT1R (80%), and ACE (58%) compared to InT-control rats (0.0013 ≤ P ≤ 

0.033), while TES therapy normalized the expression of mRNA for renin, ACE, and AT1R 

to levels similar to those of InT-control rats (P > 0.05).  In contrast, mRNA expression of 

renal Agt was reduced 55% in CsX rats compared to InT-control rats (P ≤ 0.0006), while 

TES therapy restored 73% of mRNA expression of Agt compared to InT-control rats (P ≤ 

0.01).   In the thoracic aorta, neither CsX nor CsX-TRT had any statistically significant 

effects on expression of mRNA for renin, ACE, AT1R, or Ang (P > 0.09). 

 

 

Table 6. Effects of TES on the mRNA expression of renin, angiotensin type I receptor (AT1R), 

angiotensin converting enzyme (ACE), and angiotensinogen (Agt) in InT-control, CsX, and CsX-

TRT male rats. 

Group Renin (AU) AT1R (AU) ACE (AU) Agt (AU) 

Kidney     

InT-control 1.2 ± 0.20a  1.0 ± 0.07a 1.2 ± 0.26a 1.1 ± 0.15a 

CsX 2.3 ± 0.50b 1.8 ± 0.32b 1.9 ± 0.34b 0.5 ± 0.06b 

CsX-TRT 1.3 ± 0.17a 1.1 ± 0.07a 0.4 ± 0.03c 0.8 ± 0.05a 

Aorta     

InT-control 1.0 ± 0.18a 1.0 ± 0.17a 1.0 ± 0.11a 1.0 ± 0.22a 

CsX 1.5 ± 0.27a 1.4 ± 0.36a 1.2 ± 0.05a 0.3 ± 0.52a 

CsX-TRT 0.6 ± 0.38a 1.0 ± 0.09a 0.9 ± 0.30a 0.6 ± 0.03a 

rt-PCR for mRNA expression of the RAS components in the kidney and aorta of intact (InT-control), 

bilaterally castrated (CsX), or CsX with TES therapy (CsX-TRT; 1.75 mg·kg-1; SC 2x·wk-1) male 

Sprague Dawley (SD) rats.  Data are means ± SEM (n= 3-9 rats/group). a-c Mean values of mRNA 

expression for renin, AT1R, ACE, or Agt in the kidney or aorta without common superscript are 

significantly different (0.0001 ≤ P ≤ 0.033). 
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Figure 6.  Effects of testosterone on the mRNA expression of renin, angiotensin type 1 receptor 

(AT1R), angiotensin converting enzyme (ACE) and angiotensinogen (Agt) in the kidney.   

Kidney mRNA expression of RAS components in male Sprague-Dawley (SD) rats either Intact (InT-

control), bilaterally castrated (CsX), or CsX with TES therapy (CsX-TRT; 1.75 mg·kg-1; SC 2x·wk-1).  

Bars represent means ± SEM (n= 6-9 rats/group).  a-c Mean values for mRNA expression of renin, AT1R, 

ACE, or Agt in each of the three experimental groups (InT-control, CsX, and CsX-TRT) without common 

script are significantly different (0.0013 ≤ P ≤ 0.033). 
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3.6 Discussion 

 In the present investigation, the long-term effects of endogenous and exogenous 

TES on systemic BP were studied in male SD and Tfm rats. The results reveal that 

androgens (TES and 5α-DHT) exert novel long-term anti-hypertensive effects on systemic 

BP that appear to involve estrogen-independent, non-genomic and possibly genomic 

mechanisms, which reduce RAS component expression in the kidney. Thus, the long-term 

anti-hypertensive effects of TES may involve enhanced fluid and electrolyte excretion as 

well as systemic vasodilation.  Castration of InT-control male SD rats resulted in a dramatic 

reduction in plasma TES concentration and seminal vesicle mass (an important target tissue 

for TES), while TES therapy restored plasma TES concentration and seminal vesicle mass 

to nearly identical values as InT-control male SD rats. Additionally, there were no 

significant differences in plasma total estrogen concentrations among InT-control, CsX, 

and CsX-TRT male SD rats. Thus, TES therapy provided physiological replacement of 

circulating TES concentrations without any measurable changes in total estrogen levels. 

While the dose of TES therapy employed in the present study produced physiological 

concentrations and biological effects on reproductive target tissues (i.e. seminal vesicle 

mass), the dose of 5α-DHT employed for androgen therapy only partially restored seminal 

vesicle mass.  Since 5α-DHT is a local tissue hormone and not a circulating systemic 

androgen, it may not be as effective as the local conversion of TES to 5α-DHT which 

typically occurs within the seminal vesicle.  Thus, the dose of 5α-DHT employed was 

either too low and/or systemic administration was not effective.  It should be noted 

however, that the dose of 5α-DHT employed did exert virtually identical anti-hypertensive 

effects on systemic BP as TES over the 5-week treatment period. Thus, the anti-
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hypertensive effects of TES observed in the present studies do not likely involve 

aromatization of TES to estrogen.   

 The epidemiological observations that hypertension and CAD occur more 

frequently in men than in premenopausal women have led to the firmly entrenched dogma 

that TES exerts deleterious effects on cardiovascular health.  Recent clinical trials reported 

allegedly deleterious effects of androgen therapy (Basaria, Coviello et al. 2010, Vigen, 

O'Donnell et al. 2013, Finkle, Greenland et al. 2014) have been criticized by the scientific 

community for errors in reporting and flaws in experimental design and 

inclusion/exclusion criteria (Haddad, Kennedy et al. 2007, Morgentaler 2017, Gagliano-

Juca and Basaria 2018, Morgentaler 2018).  Additionally, this dogma is supported by many 

experimental animal studies that routinely employ genetic or induced animal models of 

hypertension, such as the SHR and the DOCA-salt rat models.  The relevance of these 

models to human hypertension is limited because the development and progression of the 

hypertension are independent of androgen status and they fail to mimic the natural age-

dependent pathogenesis of the disease as it occurs in human males.   

 There is accumulating evidence from recent clinical and experimental animal 

studies that challenge the dogma that androgens are deleterious to cardiovascular function 

(Traish, Abdou et al. 2009, Perusquia and Stallone 2010, Perusquia, Espinoza et al. 2012, 

Traish, Guay et al. 2014, Traish and Zitzmann 2015, Traish, Haider et al. 2017).  These 

studies reveal a beneficial and even cardio-protective role for androgens in cardiovascular 

health (Saad 2012, Traish, Haider et al. 2017).   There is also accumulating evidence that 

TES deficiency is associated with metabolic complications such as increased insulin 

resistance and hyperlipidemia, which together with hypertension are risk factors for 
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cardiovascular disease (Wang, Nieschlag et al. 2008, Bhasin, Cunningham et al. 2010, 

Francomano, Bruzziches et al. 2014).  The current epidemiological data in hypogonadal 

men suggests that the progression of TES deficiency is proportional to the progression of 

atherosclerosis and hypertension (Slowinska-Srzednicka, Zgliczynski et al. 1989, Phillips, 

Pinkernell et al. 1994, Aversa, Bruzziches et al. 2010) and low TES concentrations increase 

risk factors for the development of diabetes (Keating, O'Malley et al. 2010) and CVD (Wu 

and von Eckardstein 2003, Malkin, Pugh et al. 2010, Yeap, Alfonso et al. 2014).   

Additionally, TES therapy improves metabolic profiles, lowers cholesterol, and reduces 

inflammation in hypogonadal men (Kovac, Pastuszak et al. 2014) and improves glucose 

and insulin dynamics of hypogonadal diabetic patients (Traish and Zitzmann 2015).  In the 

cardiovascular system, TES reduces coronary artery plaque (Budoff, Ellenberg et al. 2017) 

and improves overall cardiac function and BP (Traish, Abdou et al. 2009).  Acute TES 

injections improve arterial stiffness (Francomano, Fattorini et al. 2016) and reduce 

exercised-induced myocardial ischemia in hypogonadal men with CAD (Webb, Adamson 

et al. 1999).   

 It is estimated that within the next 20 years, TES deficiency will play a role in the 

development of an estimated 1.3 million cases of CVD, 1.1 million cases of diabetes, and 

600,000 cases of osteoporosis-related fractures in the United States (Moskovic, Araujo et 

al. 2013).  In agreement with the most recent clinical data, several experimental animal 

studies report similar observations regarding the adverse effects of TES deficiency on 

metabolic profiles and cardiovascular function, which improves with physiological levels 

of TES therapy.  In these studies, castration impairs insulin sensitivity and metabolic 

profiles, which are restored with exogenous TES therapy (Holmang and Bjorntorp 1992).  
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In vivo studies reveal that acute TES infusions produce hypotensive effects in 

normotensive conscious male SD rats (Perusquia, Greenway et al. 2015) and anti-

hypertensive effects in castrated male WKY rats (Perusquia, Contreras et al. 2019).  

Similarly, in vitro studies utilizing isolated blood vessels reveal that exogenous TES 

produces rapid endothelium-independent vasorelaxation (Costarella, Stallone et al. 1996, 

Deenadayalu, White et al. 2001, Perusquia, Navarrete et al. 2007, Deenadayalu, 

Puttabyatappa et al. 2012).  Taken together, the data on acute effects of TES provide 

valuable insights into the effects and underlying mechanisms of androgens on 

cardiovascular health; however, the present study is the first to investigate the long-term 

effects of endogenous and exogenous androgens on BP regulation.  The main findings of 

this study reveal that androgens exert novel long-term anti-hypertensive effects on 

systemic BP through non-genomic, estrogen-independent mechanisms that involve 

inhibition of RAS function.  In normotensive male SD and Tfm rats, castration induced a 

long-term progressive increase in systolic BP, which was reversed with androgen therapy.  

In a separate group of male SD rats, the castration-induced hypertension was abolished by 

LST, an AT1R antagonist.  TES-deficiency increased plasma renin concentrations and 

upregulated RAS component mRNA expression in the kidney.  Thus, it appears that the 

antihypertensive effects of endogenous and exogenous androgens involve suppression of 

intrarenal RAS function, as well as the systemic vasodilation reported in previous studies. 

3.6.1 Effect of castration and androgen therapy androgen concentrations 

 In the present study, castration was used to induce endogenous androgen-

deficiency, while exogenous androgen therapy was used to restore physiological 

concentrations. The physiological replacement of TES was determined through plasma 
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TES and total estrogen concentrations and restoration of seminal vesicle mass.  TES is 

known to influence nearly every system within the body, which includes the 

cardiovascular, endocrine, integumentary, renal, and reproductive systems.  Studies have 

shown that castration significantly reduces circulating TES and 5α-DHT concentrations 

(Coyotupa, Parlow et al. 1973) and that TES therapy can restore TES concentrations to 

physiological levels (Ward and Abdel-Rahman 2005).  While TES deficiency adversely 

affects metabolic function and cardiovascular health (Traish, Haider et al. 2017), excess 

TES can also influence metabolic and cardiovascular function (Bassil, Alkaade et al. 

2009).  Elevated TES levels are associated with cerebrovascular disease (Pal, Hadjadj et 

al. 2019) and hypertension (Achar, Rostamian et al. 2010).   Additionally, excess serum 

TES can facilitate the aromatization of TES into estrogen, which alters the physiological 

TES/estrogen ratio and impacts the male reproductive and cardiovascular system (Zheng, 

Li et al. 2012).  Clinically, men undergoing androgen therapy are routinely screened for 

serum androgen levels, and as an additional marker, seminal vesicle mass can be used as a 

direct indicator of circulating TES concentrations  (Sasagawa, Nakada et al. 1989).  The 

seminal vesicles are an androgen-responsive target organ regulated by circulating TES 

levels and local metabolism to 5α-DHT (Kashiwagi, Shibata et al. 2005).  Studies suggest 

that seminal vesicle mass atrophies by 80% within 14 days of castration, however, within 

days after the initiation of TES therapy, protein synthesis is fully restored (Higgins, 

Burchell et al. 1976).  In the present study, castration in the male SD rat resulted in a 

dramatic reduction of plasma TES concentrations and seminal vesicle mass, while 

exogenous TES therapy fully restored circulating TES concentrations and seminal vesicle 

mass to physiologically normal states.  Additionally, there were no significant differences 



75 

 

in plasma total estrogen concentrations between the intact and the castrated rats undergoing 

androgen therapy.  While the dose of TES therapy employed in the present study restored 

physiological concentrations, the targeted therapeutic 5α-DHT did not restore seminal 

vesicle mass. Thus, the dose of 5α-DHT employed was either too low and/or systemic 

administration of 5α-DHT may not be as effective as the local conversion of TES to 5α-

DHT that occurs within the seminal vesicle, since 5α-DHT is a local tissue hormone and 

not a circulating systemic androgen.  It should be noted however, that the dose of 5α-DHT 

employed did exert virtually identical anti-hypertensive effects on systemic BP as TES 

over the 5-week treatment period.  

 Under normal physiological conditions, the ratio of circulating TES to 5α-DHT is 

approximately 15 to 2 nmol/L, respectively (Starka, Duskova et al. 2008).  Compared to 

TES, 5α-DHT is considered the most efficacious and potent androgen and normally 

circulates at low physiological concentrations.  Most 5α-DHT is produced locally in 

specific target tissues such as the seminal vesicles where circulating TES is rapidly reduced 

to 5α-DHT  (Toth and Zakar 1982, Zakar and Toth 1982).  Thus, circulating 5α-DHT levels 

may not reflect local production or accumulation of 5α-DHT in the seminal vesicles.   

3.6.2 Effects of castration and androgen therapy on systolic BP 

 In the present study, castration of male SD rats produced a progressive increase in 

systolic BP that attained a stable plateau after 10-12 weeks.  Androgen therapy of CsX rats 

with either TES or 5α-DHT at physiological levels, beginning at 10 weeks post-CsX, 

completely reversed the hypertension and restored systolic BP to levels comparable to 

those of normotensive InT-control male SD rats.  These findings are similar to a recent 

report in which castration produced hypertension in both Wistar and Wistar-Kyoto (WKY) 
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male rats, which was reduced with rapid bolus injections of TES and 5α-DHT (Perusquia, 

Herrera et al. 2017).  Several studies suggest that androgens reduce total vascular resistance 

with accumulating evidence that androgens exert rapid non-genomic vasorelaxation of 

VSM cells.  In several experimental animal studies, TES exerts acute vasorelaxation in 

isolated conduit arteries, such as the aorta, and in smaller resistance vessels, such as the 

coronary, mesenteric, and pulmonary arteries (Deenadayalu, White et al. 2001, Ding and 

Stallone 2001, Yildiz, Seyrek et al. 2005, Malkin, Jones et al. 2006, Perusquia, Navarrete 

et al. 2007, Seyrek, Yildiz et al. 2007, Cairrao, Alvarez et al. 2008).  In humans, similar 

acute vasorelaxation has been reported in resistance vessels infused with TES (Malkin, 

Jones et al. 2006).  The mechanisms of TES-induced vasorelaxation appear to increase 

endothelial NO production (Chou, Sudhir et al. 1996, Molinari, Battaglia et al. 2002), 

inhibit Ca2+ channels (Scragg, Jones et al. 2004, Hall, Jones et al. 2006, Scragg, Dallas et 

al. 2007), and/or activate membrane bound K+ channels (Deenadayalu, White et al. 2001, 

Han, Chae et al. 2008).  The vascular effects decrease tone, reduce vascular resistance, and 

reduce systemic BP.  These antihypertensive effects of TES coincide with the current 

epidemiological evidence that the progression of hypertension is proportional to TES 

deficiency (Traish, Haider et al. 2017).  In contrast, many experimental animal studies 

suggest that TES has deleterious effects on the cardiovascular system.  These studies 

suggest that castration mitigates the progression of hypertension, while TES therapy 

exacerbates the disease (Reckelhoff, Zhang et al. 1998, Reckelhoff, Zhang et al. 2000, 

Reckelhoff 2001, Reckelhoff and Samson 2015, Oloyo, Sofola et al. 2016, Loh, Giribabu 

et al. 2017, Reckelhoff 2018).  Most of the studies that conclude that TES exerts 

detrimental effects employ hypertensive animal models, such as the SHR.  There are many 
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defects in the SHR that may contribute to hypertension such as an altered signaling 

pathways and immune response, but it is unclear which of these defects are involved in the 

pathogenesis of androgen-dependent hypertension.  One theory is that and increase in 

tyrosine hydroxylase, an enzyme involved in catecholamine biosynthesis, may contribute 

to hypertension in the SHR.  Tyrosine hydroxylase production in the vasculature and renal 

medulla elevates catecholamine production, which results in increased BP. Androgen-

induced elevations in tyrosine hydroxylase were not observed in normotensive rats 

(Kumai, Tanaka et al. 1994, Kumai, Tanaka et al. 1995).  These animal models of 

hypertension fail to elucidate the role of androgens in the pathogenesis of hypertension and 

fail to mimic the age-dependent progression of hypertension in human males.  This may 

explain why studies utilizing the SHR and other rat models are incongruous with the recent 

human clinical findings, which demonstrate beneficial effects of the androgens on BP 

regulation (Lerman, Chade et al. 2005, Lerman, Kurtz et al. 2019).   In the present study, 

normotensive male SD rats were used to mimic the natural, age-dependent progression of 

hypertension in hypogonadal men.   

3.6.2.1 Estrogen-independent mechanisms of androgens in BP regulation 

 An important experimental control of the present study was to demonstrate that the 

long-term, antihypertensive effects of TES are independent of its aromatization to 

estrogen.  While TES is the major circulating androgen in men, the local conversion of 

TES into the active metabolites estrogen and 5α-DHT can facilitate various actions at 

specific sites, such as adipose tissue, bone, seminal vesicles, vascular endothelium, and 

several sites within the brain (Szalay, Krieg et al. 1975, Martini, Celotti et al. 1990).  The 

local site metabolism of TES is regulated by the cellular expression of aromatase and 
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reductase enzymes (Simpson 2003).  For example, in adipose tissue TES is aromatized to 

estrogen, while in the seminal vesicle TES is reduced to 5α-DHT.  The beneficial effects 

of estrogen on the vascular system are well documented (Yang and Reckelhoff 2011, 

Perusquia, Espinoza et al. 2012).  Acute estrogen infusion induces rapid, non-genomic 

vasodilation which includes increases in prostanoid and endothelial NO production.  The 

sustained effects of estrogen include a cardio-protective role in preventing atherosclerosis 

and improved metabolic function by optimizing lipoprotein and triglyceride metabolism 

(Mendelsohn 2002).  In the present study, the TES metabolite 5α-DHT was used to 

differentiate the cardiovascular effects of TES from estrogen.  5α--DHT is unable to be 

aromatized to estrogen; thus, the effects of 5α-DHT therapy are independent of estrogen 

metabolism.  The results of this study revealed virtually identical anti-hypertensive 

properties of both TES and 5α-DHT.  Both TES and 5β-DHT cause acute, dose-dependent 

vasodilation in isolated blood vessels (Ding and Stallone 2001, Perusquia and Stallone 

2010, Perusquia, Espinoza et al. 2012), and both androgens produced acute systemic 

hypotension in conscious male rats (Ding and Stallone 2001, Perusquia, Greenway et al. 

2015, Perusquia, Herrera et al. 2017).  With no significant differences in plasma estrogen 

concentrations among treatment groups, the anti-hypertensive effects of TES appear to be 

estrogen independent.  

3.6.2.2 Non-genomic mechanisms of androgens in blood pressure regulation 

 The AR-deficient Tfm rat was used in the present study to identify the non-genomic 

effects of androgens on BP regulation.  In the Tfm rats, castration induced hypertension, 

and androgen therapy reversed these effects.  This finding strongly suggests that the 

antihypertensive effects of endogenous and exogenous androgens on systemic BP involve 
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non-genomic mechanisms.  The structurally specific non-genomic effects of the androgens 

are fundamentally different than their translational genomic effects in reproductive targets 

(Ding and Stallone 2001).  Non-genomic mechanisms may include activation of kinase-

signaling cascades or modulation of membrane ion channel function.  These non-genomic 

effects are characterized by their rapid onset compared to the genomic effects.  Based on 

the rapid vascular response to androgen infusion, many studies consider androgen-induced 

vasorelaxation to be a non-genomic mechanism (Perusquia, Greenway et al. 2015, 

Perusquia, Herrera et al. 2017).  In the present study, there was a progressive increase in 

systolic BP for both the castrated SD and Tfm rats.  There was a delay in the onset of 

hypertension in the Tfm rats compared to the male SD rats, yet the progression was much 

more dramatic.  This suggests a more active role for non-genomic mechanisms in BP 

regulation in the Tfm rat, or that in SD rats, interactions between the non-genomic and 

genomic effects of TES are responsible for the antihypertensive effects of TES.  

Circulating levels of TES are increased in Tfm rats compared to wild type controls 

(Yarbrough, Quarmby et al. 1990).  This difference in androgen production may alter 

receptor activation and influence receptor expression.  Thus, differences in androgen 

production prior to experimental manipulation may contribute to the differences in blood 

pressure regulation observed in response to castration and androgen therapy in the SD vs. 

Tfm rats.  While androgens are known efficacious and acute vasodilators (Perusquia, 

Contreras et al. 2019), the changes in BP observed in this study were not acute in nature 

and occurred over the course of five weeks.  This suggest a possible role for both rapid 

non-genomic and long-term genomic effects of androgens on systemic BP regulation.   
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3.6.2.3 Androgen-induced effects on the renin-angiotensin system 

 LST is therapeutically used to lower BP and improve blood flow (Ripley and 

Hirsch 2010).  In the kidney, LST reduces salt and fluid reabsorption in the proximal and 

distal tubules, yet LST has variable effects on GFR (Zhuo, Imig et al. 2002).  Since renal 

autoregulation integrates intrarenal mechanisms to regulate GFR, LST will only affect 

GFR when there are impairments to the autoregulatory system.  LST decreases mesangial 

cell function, increases GFR, inhibits inflammation, and mitigates renal fibrosis formation 

(Inscho, Imig et al. 1999).  In the present study, LST treatment abolished the development 

of castration-induced hypertension.  While the direct effects of androgen deficiency, LST 

treatment, and renal function have not been fully explored, studies have used LST 

treatment to evaluate the effects on fibrosis biomarkers in the reproductive system of 

castrated animals with an interesting connection between castration and fibrotic tissue 

development mitigated by LST treatment (Kucukdurmaz, Efe et al. 2018).   

 To further investigate the role of the RAS in androgen-induced BP regulation in 

the present study, circulating plasma renin and mRNA expression of RAS components in 

the aorta and kidney were measured.  Castration significantly increased renal expression 

of renin, AT1R, and ACE mRNA compared to InT male rats, while TES therapy completely 

reversed these effects of castration.  Numerous other studies have investigated the effects 

of androgens on RAS expression; however, most of these experimental animal studies 

employ hypertensive animal models.  In both the SHR and Dahl-salt sensitive models, 

castration suppresses RAS component mRNA expression in the kidney, while TES therapy 

reverses these effects (Chen, Naftilan et al. 1992, Yanes, Sartori-Valinotti et al. 2009).  

However these studies fail to elucidate the mechanisms underlying the effects of androgen 
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deficiency on renal RAS function, as these models are predisposed to hypertension-

dependent differences in renal RAS component mRNA expression independent of 

androgen status when compared to normotensive models (Tikellis, Cooper et al. 2006).  

Further, these studies fail to reconcile the documented differences in the detrimental effects 

of androgens in animal models of hypertension vs. the beneficial effects of TES therapy in 

hypertension as observed in human disease.  Additionally, many of these studies that 

support the deleterious effects of TES utilize inappropriate therapeutic doses of androgens.  

High concentrations of 5α-DHT therapy decreased serum Ang II concentrations, increased 

renal angiotensinogen expression, and increased proximal tubule Na+ reabsorption in SD 

rats (Quan, Chakravarty et al. 2004).  In this study, verified physiological doses of 

androgens suppressed expression of RAS component mRNAs in the kidney, effects 

consistent with androgen-induced reductions in BP.   

3.6.3 Physiological relevance 

 The results of the present study provide important new and novel information on 

the long-term, non-genomic, estrogen-independent, anti-hypertensive effects of androgens 

on BP regulation.  The anti-hypertensive effects of LST treatment in castrated rats, the 

TES-induced suppression of renal RAS component mRNA expression, and the androgen-

induced reduction in plasma renin concentrations that were observed in this study suggest 

that the antihypertensive effects of TES involve down regulation of the intrarenal RAS 

function.  These findings agree with the current clinical and epidemiological belief that 

TES deficiency has adverse effects on metabolic profiles and cardiovascular health, and 

that TES deficiency exacerbates cardiovascular disease.  The present findings are 
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important for future therapeutic application of TES therapy and increased understanding 

of the mechanisms underlying androgen-induced BP regulation.   
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4 THE ROLE OF ANDROGENS IN PREGNANCY-INDUCED 

HYPERTENSION 

 

4.1 Introduction 

 PE is a multi-system hypertensive disorder that typically occurs during the second 

and third trimesters of pregnancy.  Characterized as newly-onset, pregnancy-specific 

maternal hypertension, PE complicates approximately 7-10% of all pregnancies worldwide 

and is a major cause of maternal and fetal morbidity and mortality (Steegers, von 

Dadelszen et al. 2010). While the pathogenesis of PE remains controversial, improper 

placental implantation is thought to contribute to inadequate cardiovascular adaptations 

that result in maternal hypertension, proteinuria, and fetal IUGR (Robertson, Brosens et al. 

1985, Pijnenborg, Vercruysse et al. 1998, Bosio, McKenna et al. 1999).  During pregnancy, 

females undergo significant physiological adaptations that are targeted at maintaining an 

environment conducive to fetal growth and development (Sherwood 2013).  In healthy 

pregnancies, maternal BP remains relatively stable during the first trimester of pregnancy 

and gradually decreases into the second trimester of pregnancy, despite a 40% increase in 

circulating blood volume (Ueland 1976).  To accommodate these significant increases in 

blood volume, systemic and regional hemodynamic changes reduce vascular 

responsiveness to vasoconstrictors (Wolff, Nisell et al. 1993) and increase vascular 

sensitivity to vasodilators (Nelson, Steinsland et al. 1998).  Any impairments in these 

systemic and regional hemodynamic changes during pregnancy are attributable to the 

progression of PE.  
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 Increases in sex steroid hormone production, including androgens, estrogens, and 

progesterone, are associated with normal pregnancy (Bammann, Coulam et al. 1980, 

McClamrock and Adashi 1992).  TES and 5α-DHT production increases significantly 

during the first and last trimesters of pregnancy (Buster, Chang et al. 1979, Wilke and 

Utley 1987), which is attributed to decreases in metabolic clearance during the first 

trimester of pregnancy (Bammann, Coulam et al. 1980) and increases in TES production 

at the fetoplacental interface throughout gestation (Escobar, Patel et al. 2011).  

Interestingly, circulating concentrations of TES increase two- to three-times greater in 

women with PE compared to women with normal pregnancies (Acromite, Mantzoros et al. 

1999, Serin, Kula et al. 2001, Sharifzadeh, Kashanian et al. 2012).  Further, increases in 

AR expression have been observed in the placental tissue of women with PE  (Hsu, Lan et 

al. 2009).  Thus, these findings suggest that TES is associated with the pathogenesis of PE.  

There are several experimental animal studies that support these findings and suggest that 

TES has deleterious effects on pregnancy.  Increases in TES levels contribute to the 

development of hypertension in pregnant SD rats (Chinnathambi, Balakrishnan et al. 2013, 

Blesson, Chinnathambi et al. 2015); however, TES was administered late in gestation after 

the establishment of normal placental implantation.  Thus, these studies fail to mimic the 

natural progression of human disease and require further investigation for definitive 

causative effect in the pathogenesis of PE.  In contrast, there is increasing evidence that 

TES and its metabolites are beneficial to BP and vascular function during pregnancy.  For 

example, acute bolus infusions of androgens exert beneficial, anti-hypertensive effects on 

the arterial BP of PE pregnant rats (Perusquia, Hanson et al. 2018), with similar 

observations reported in normotensive and hypertensive male rats (Perusquia, Greenway 
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et al. 2015, Perusquia, Herrera et al. 2017, Perusquia, Contreras et al. 2019).  Interestingly, 

TES and other androgens produce rapid, vasorelaxation of large arteries and smaller 

resistance vessels in vitro (Perusquia and Stallone 2010).  Several of these in vitro studies 

demonstrate differences in the efficacy and/or potency of various androgen metabolites to 

produce vasorelaxation, which suggest regional differences among the androgens.  The 

TES precursor DHEA and the TES metabolite 5β-DHT evoke greater vasorelaxation of 

human umbilical arteries compared to TES and other female sex steroid hormones 

(Perusquia, Navarrete et al. 2007).  These regional differences in androgen efficacy and/or 

potency may contribute to the local regulation of blood flow at the fetoplacental interface 

and may play a role in the maintenance of BP during pregnancy.  In vivo, the anti-

hypertensive effects of DHEA and 5β-DHT are more potent than the moderate anti-

hypertensive effects of TES and 5α-DHT in PE pregnant rats (Perusquia, Hanson et al. 

2018).  While there is accumulating evidence that androgens exert rapid vasorelaxation 

and contribute to systemic BP regulation during pregnancy, there is little evidence on the 

direct effects of androgens on the UA.  Thus, in the present study, the vascular effects of 

TES and its key metabolites 5α- and 5β-DHT and the androgen-induced signaling 

mechanism were studied in the UA of normal pregnant and PE pregnant female SD rats.  

Further, the effects of PE on vascular reactivity and mRNA expression of androgen 

reducing enzymes, such as 5α- and 5β- reductase, were investigated near the uteroplacental 

interface.  It was hypothesized that the deleterious effects of PE on uterine blood flow 

during pregnancy may result from reduced reactivity and/or production of placental 

androgens, specifically 5β-DHT.  This study utilized a DOCA-salt pregnant rat model of 

PE to investigate the effects of PE on UA vascular function.   
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4.2 Methods 

4.2.1 Ethical approval 

 All animal protocols were written in accordance with regulations of the National 

Institutes of Health as detailed in the “Guide for the Care and Use of Laboratory Animals” 

and approved by the Institutional Animal Care and Use Committee at Texas A&M 

University. 

4.2.2 Experimental animals 

 Female SD rats 12-15 weeks of age were purchased from Envigo (Houston, TX) 

and housed at the Laboratory Animal Resource and Research facility at Texas A&M 

University in College Station, TX.  The rats were housed in well-ventilated rooms with 

controlled temperatures (21-26°C), relative humidity (~50%), and photoperiod (12:12-hr 

light: dark cycle).  Animals were pair housed in standard plastic laboratory rat cages and 

fed a 16% protein rat chow that was soybean- and alfalfa-free (Teklad Global Diet; 

Houston, TX).  This diet is nominally free of dietary phytoestrogens, since these 

compounds have been reported to confound data investigating sex differences in vascular 

function (Li and Stallone 2005).  Food and water were provided ad libitum.  Rats were 

randomly divided into two experimental groups:  normal pregnant (NP) or preeclampsia 

pregnant (PEP) rats.   

 Female rats were determined to be regularly cycling through microscopic 

evaluation of vaginal cytology.  Female rats in proestrus were placed in overnight breeding 

cages with a male SD rat (Envigo; Houston, TX).  The breeding cages were equipped with 

a wire bottom rack to enable the visual conformation of a vaginal plug, which was 
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considered the first day of pregnancy (day 1).  Once successful breeding occurred, the 

pregnant females were returned to their original housing.    

4.2.3 Surgical procedure 

 The DOCA-salt rat is a well-established model of hypertension that targets 

neurogenic, renal, and vascular response elements that results in an imbalance in renal 

sodium and water reabsorption with subsequent hypervolemia.  DOCA-salt rats 

characteristically have endothelial dysfunction and enhanced vascular reactivity of isolated 

blood vessels (Nunes, Fortes et al. 2000).  While DOCA-salt treatment increases RAS 

activity in the brain, which generates a neurologic (SNS) effect that alters renal function 

and systemic vascular resistance (Ueno, Mohara et al. 1988), circulating renin and Ang II 

levels remain normal.  PEP rats underwent subcutaneous (SC) implantation of DOCA-salt 

impregnated medical grade silicone rubber on day 1 of pregnancy (DOCA; 200 mg·kg-1) 

using methods previously described (Stallone 1995).  Briefly, the female rats were 

pretreated with atropine sulfate (0.05 mg·kg-1; SC) and anesthetized with isoflurane.  

Ophthalmic ointment was applied to the eyes of each animal as a preventative for corneal 

dryness.  During the entire surgical procedure, animals were provided supplemental heat 

via heating lamp and continuously monitored for changes in respiratory rate and reflex 

response in order to ensure an adequate surgical plane of anesthesia.  The surgical site was 

clipped and aseptically prepared, using alternating scrub cycles of iodine and 70% 

isopropyl alcohol.  A 1-2 cm incision was made between the shoulder blades and hemostats 

were used to bluntly dissect the SC adventitia and create a pocket for the DOCA silicone 

implant.  The implant was placed, and the incision was then closed with 2-3 wound clips.  

Flunixin meglumine (2.5 mg·kg-1; IM) was administered for analgesia and the animals 
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were transferred to a recovery cage.  After DOCA implantation surgery, the PEP rats were 

individually housed, and their drinking water was replaced with saline water containing 

1.0% sodium chloride (NaCl)/0.2% potassium chloride (KCl).  The wound clips were 

removed 10-14 days post-operative and the animals were humanely euthanized on day 20 

± 2 of pregnancy. 

4.2.4 Systolic blood pressure 

 Systolic BP was measured using a non-invasive tail cuff plethysmography system 

(IITC Life Science; Woodland Hills, CA) connected to a PowerLab Data Acquisition 

System and analyzed with Lab Chart Software (AD Instruments; Colorado Springs, CO).  

Prior to data collection, animals were conditioned to minimal restraint in a warming 

chamber for at least 5 days.  After 5-10 min of acclimation in the warmed restraint 

chamber, the inflation-deflation cycle of the tail cuff BP measurement was conducted for 

5-7 repetitions to determine the systolic BP.  The daily BP for each animal was calculated 

by eliminating the highest and lowest BP values for each session and averaging the 

remaining measurements.   The mean BP and BW of each animal was recorded prior to 

pregnancy and/or experimental treatment on day 0, and again on days 6, 12, and 18 of 

pregnancy.  

4.2.5 Urinary protein excretion 

 On day 19, NP and PEP rats were placed in metabolic cages for 24-hr urine 

collection.  During the procedure, rats were restricted from food to prevent sample 

contamination.  After 24-hrs, the female rats were returned to their original cages.  Total 

urine collection was weighed to determine volume, and samples were then thoroughly 

mixed, aliquoted into 1.5 mL Eppendorf tubes, and stored at -80°C for later analysis.  
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Individual rat urinary protein concentrations were determined using the Bradford protein 

assay, which uses the Coomassie Blue (BioRad) dye to bind various concentrations of basic 

and aromatic amino acid residues.  For each animal, the total 24-hr protein excretion was 

calculated as the product of total 24-hr urine excretion volume (mL·24-hr-1) x urinary 

protein concentration (mg·mL-1). 

4.2.6 Markers of preeclampsia 

 At term (pregnancy day 20 ± 2), animals were humanely euthanized via rapid 

decapitation, which minimizes potential neural and hormonal artifacts that result during 

anesthesia and euthanasia (Boivin, Hickman et al. 2017).  Immediately following 

euthanasia, the UA were isolated and transferred to chilled (0-4°), continuously gassed 

(95% O2/5% CO2) Krebs-Henseleit-bicarbonate solution (KHB) buffer with the following 

composition (mM): NaCl (118), NaHCO3 (25), glucose (10), KCl (4.74), CaCl2 (2.5), 

MgSO4 (1.18) and KH2PO4 (1.18).  The uterus was dissected, and the placentas and fetuses 

were removed from the tissue.  The placentas and fetuses were weighted, and values were 

recorded for each individual fetus, which were then immediately euthanized via rapid 

decapitation.  The placentas were dried for 24-hrs at 80°C.  After drying, the placentas 

were re-weighed to obtain dry weight values.  

4.2.7 Determination of androgen- induced vasorelaxation - contractile force 

measurement 

 Isolated UA were dissected free of surrounding tissues with the aid of a dissection 

microscope.  Sections of the isolated UA from each rat were prepared in quadruplicate and 

sectioned into 4 rings, approximately 1.5-2.0 mm in length each.  Two stainless steel wire 

threads, 20 µM in diameter, were threaded through the lumen of each ring with careful 
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consideration to maintain the integrity of the surrounding endothelium.  The wire-threaded 

rings were transferred to 10 mL tissue chambers of the wire myograph system (Danish 

Myotechnology, DMT; Ann Arbor, MI) with fresh, chilled, gassed KHB.  The two wires 

were secured to the myograph support and force transducer.  The UA rings underwent a 1-

hr equilibration period without tension, while the tissue chamber was gradually warmed to 

a physiological temperature of approximately 37C.  Within the chamber, KHB was 

continuously gassed and replaced every 15-20 min.   The length of each UA ring was 

individually measured and used to calculate the optimal tension for each chamber, which 

utilized the LabChart force-tension curve.  Briefly, the internal diameter of each UA ring 

was gradually increased to achieve an optimal intraluminal pressure (NP, 100 mmHg; PEP, 

120 mmHg).  At optimal tension, the rings were allowed to rest for an additional 30 min.  

To condition the contractile mechanisms of the UA rings, prostaglandin F2α (PGF2α, 1.0 

µM) was used to generate two consecutive vascular contractions of the UA rings.  Between 

contractions, the tissue chambers were thoroughly rinsed with fresh KHB and the UA rings 

were allowed to fully relax to optimal resting tension.  During the second contraction to 

PGF2α, the endothelial integrity of each vessel was assessed using acetylcholine (ACh, 10 

µM).  The vasorelaxation response of each UA ring to ACh was used to confirm that the 

ring preparation had an intact endothelium.  After a complete rinse and an additional 30 

min rest at baseline tension, the UA rings were pre-contracted with U-46619 (1.0 µM; 

Cayman Chemical).  U-46619 is a stable analog of the endoperoxide prostaglandin H2, 

which acts as a TXA2 receptor agonist.  Once a stabilized VSM cell contraction was 

established for each of the 4 UA rings, a cumulative concentration-response curve was 

obtained for vehicle (Veh; final concentration 4% EtOH) and for each of the androgens 
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(TES, 5α-DHT, and 5β-DHT; 0.1-1000 nM).  A stable plateau response was obtained at 

each concentration and relaxation was calculated as a percentage of the contractile force 

(i.e. the amplitude of the tonic pre-contraction before the addition of the androgens).  Thus, 

the vasorelaxation is expressed as percent relaxation (%) for each of the UA rings in NP 

and PEP rats. 

4.2.8 Determination of nitric oxide dependent vasorelaxation 

 In separate experiments, isolated UA rings from NP and PEP rats, prepared in 

quadruplicate, were used to determine the role of NOS in androgen-induced vasorelaxation 

during pregnancy.  The percent of contractile force was measured in each UA ring 

following pretreatment for 20 min with the non-selective nNOS/eNOS inhibitor L-NG -

monomethyl Arginine citrate (L-NMMA, 100 µM) or the nNOS specific inhibitor NW-

propyl-L-Arginine (NPA, 200 µM).  Each pretreated UA ring was precontracted with U-

46619, and once the contraction stabilized, a cumulative concentration-response curve was 

obtained for 5β-DHT and TES (0.1-1000 nM). 

4.2.9 Determination of potassium channel dependent vasorelaxation 

 In separate experiments, isolated UA rings from NP and PEP rats, prepared in 

quadruplicate were used to determine the role of K+ channels in androgen-induced 

vasorelaxation during pregnancy.  The percent of contractile force was measured in each 

UA ring pretreated for 20 min with a selective K+ channel inhibitor: Iberiotoxin (IbTx; 100 

nM), 4-aminopyridine (4-AP; 3 mM), or glybenclamide (Gly; 10 µM).  IbTx is a selective 

inhibitor of large conductance Ca2+-activated K+ channel (BKCa), while 4-AP selectively 

inhibits voltage- gated K+ channels (Kv), and Gly inhibits the ATP-dependent K+ channels 

(KATP).  The fourth ring of each preparation served as a control (androgen).  Pretreated UA 
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rings were then precontracted with U-46619, and once the VSM contraction stabilized, a 

cumulative concentration-response curve was obtained for 5β-DHT or TES (0.1-1000 nM). 

4.2.10 5α- and 5β- reductase mRNA expression in the female rat 

 In a separate groups of animals, the placenta and UA isolated from NP and PEP 

rats were immediately cleaned of surrounding connective tissue and fat, and then snap 

frozen and stored at -80°C in RNA/DNA-free Eppendorf tubes to evaluate mRNA 

expression of 5α- and 5β- reductase using established rt-PCR methods (Chang, Skiles et 

al. 2017).  Briefly, total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen), 

according to manufacturer’s instructions.  Individual RNA samples were tested for potency 

and total purified RNA samples (500-1000 ng) were seeded into a reverse transcription 

reaction using the SuperScriptII system (Invitrogen), in accordance with the recommended 

protocol for high capacity cDNA reverse transcription (Invitrogen), which combined 

2.0µL random hexamer oligonucleotides, 0.8µL of 100 mM dNTP, 2.0 µL RT Buffer, 1.0 

µL MultiScribe™ reverse transcriptase, and 4.2 µL purified RNA plus water.  Sample 

temperature was raised to 25°C for 5 min, 42°C for 50 min, 45°C for 20 min, 50°C for 15 

min, and 70°C for 5 min.  The relative levels of candidate gene transcripts were analyzed 

using the Dynamo Flash SYBR Green qPCR (Thermo Scientific), in accordance with the 

recommended protocol.  Reactions were quantified on a CFX38 touch rt-PCR detection 

system (BioRad).  The primers for 5α- and 5β- reductase are listed in Table 7.   
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Table 7. Primer sequence for 5α- and 5β- reductase rt-PCR  

Gene Sequence 

5α-reductase Sense:  GAGCCAGTTTGCGGTTTATG 

Antisense:  GGATGTGGTCTGAGTGGATATT 

5β-reductase Sense:  GCAGACCCTCAAGCTAGATTAC 

Antisense:  GGTATATCACTCGGCCATTCTC 

 

 

4.3 Chemical Reagents and Drugs 

 PGF2α (Lutalyse; Pharmacia &Upjohn) was purchased from the TAMU Large 

Animal Pharmacy in a stock solution of 5mg · mL-1.  The solution was diluted and prepared 

daily with KHB.  Acetylcholine chloride (Sigma Chemical, St. Louis, MO) was prepared 

from 10-2 M stock stored at -20°C and diluted in KHB.  U-46619 (Cayman Chemical, Ann 

Arbor, MI) was dissolved in 100% ethanol and stored at -20°C and diluted daily with KHB.  

The androgens (Steraloids, Newport, RI) were diluted in 100% ethanol and stored as 10-2 

stock solutions at 4°C and prepared daily with 25% ethanol in normal saline.  IbTx, 4-AP, 

L-NMMA, and NPA (Cayman Chemical, Ann Arbor, MI) were prepared daily with either 

distilled water or KHB.  Gly (Sigma Chemical, St Louis, MO) was prepared daily with 

KHB from a 10-2 M stock solution (DMSO/ethanol) stored at -20°C.   

4.4 Data Analysis 

 All data are expressed as the mean ± standard error of the mean (SEM), with n= 

indicating the number of animals in each experimental group.  Vasorelaxation responses 

are expressed as percentage change from precontracted force with Emax identifying the 

maximal response.  The effective concentration 50 (EC50) defines the potency of the 

androgen and is expressed as the concentration (nM) that generates half-maximal response.  

EC50 was calculated by linear regression from the cumulative log dose-response curve 
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obtained for each animal.  For analysis of gene expression, the replicate cycle threshold 

(Ct) values for each transcript were compiled and normalized to the reference genes. 

Normalized expression levels were calculated using the comparative Ct method previously 

described (Schmittgen and Livak 2008) and the relative fold change values from each 

replicate in each group were averaged for each group.  To detect statistical differences 

among the means, data groups were first subjected to one-way or two-way analysis of the 

variance (ANOVA).  Factors compared for two-way ANOVA include: pregnancy (NP vs. 

PEP) vs. hormone treatment (TES vs. 5α-DHT vs. 5β-DHT), hormone treatment vs. NOS 

inhibitor (L-NMMA vs. NPA) and hormone treatment vs K+ channel inhibitor (IbTx vs. 4-

AP vs. Gly).  If main effects were identified, pair-wise Student’s t-tests were performed on 

group means to detect significant pair-wise differences among the means of the various 

experimental groups.  A Bonferroni correction was employed for type 1 errors associated 

with multiple comparisons and differences between the means. Significance was accepted 

as P < 0.05.   

4.5 Results 

4.5.1 Validation of the DOCA-salt rat model of preeclampsia 

DOCA-salt treatment in pregnant female SD rats significantly increased systolic BP and 

urine protein excretion and reduced fetal weight, which are hallmark characteristics of PE.  

Systolic BP measurements for NP and PEP are summarized in Table 8 and Figure 7.  On 

day 0, systolic BP was similar between NP (114 ± 1.4 mmHg) and PEP (118 ± 1.6 mmHg) 

rats and considered normotensive (BP < 140 mmHg).  By experimental day 6, PEP rats 

developed hypertension, with significantly higher systolic BP compared to NP control rats 

(PEP, 142 ± 3.7 mmHg vs. NP, 119 ± 3.8 mmHg; P ≤ 0.0001).  The PEP rats remained 
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hypertensive vs. the normotensive NP rats throughout the entire pregnancy, with 

significant differences at term (NP, 113 ± 1.1 mmHg vs. PEP, 146 ± 2.8 mmHg; P ≤ 

0.0001). 

 

 

Table 8.  Systolic BP in NP vs. PEP rats on day 0, 6, 12, and 18 of pregnancy.  

Group Day 0 Day 6 Day 12 Day 18 

NP 114 ± 1.4a# 119 ± 3.8a# 116 ± 6.0a# 113 ± 1.1a# 

PEP 118 ± 1.6a# 142 ± 3.7b* 149 ± 2.4b* 146 ± 2.8b* 

Systolic blood pressure in normal pregnant (NP) vs. preeclampsia pregnant (PEP) female Sprague-

Dawley (SD) rats.  Data are means ± SEM (n= 5-9 rats/group.  a-b Mean values in each column 

without common script are significantly different (0.0001 ≤ P ≤ 0.03).   # * Mean values in each 

row (NP vs. PEP) without common script are significantly different (P ≤ 0.0001).    
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Figure 7.  Validation of hypertension in the DOCA-salt rat model of preeclampsia.   

Systolic blood pressure of normal pregnant vs. preeclamptic pregnant rats.  Data points are means ± 

SEM (n=5-9 rats).  a-b Mean value of NP vs. PEP at each day of pregnancy (day 0, 6, 12, or 18) without 

common script are significantly different (0.0001 ≤ P ≤ 0.03).  #  * Mean values over time (day 0 vs. 6 

vs. 12 vs.18) within each group (NP vs. PEP) without common script are significantly different (P ≤ 

0.0001). 
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NP and PEP body weight (BW), fetal number, fetal weight, placental weight (wet and dry), 

and urine protein excretion are summarized in Table 9.   Maternal BW was significantly 

greater in NP vs. PEP rats (NP, 375 ± 5 vs. PEP, 355 ± 8 g; P ≤ 0.03).  While there were 

no significant differences in placental weight (P > 0.05), there was a 14% reduction in fetal 

numbers between NP rats (14 ± 0.5) vs. PEP (12 ± 1; P ≤ 0.01) and a 30% reduction in 

fetal weight (NP, 3.24 ± 0.2 vs. PEP, 2.23 ± 0.1 g; P ≤ 0.0001).  Compared to NP control 

rats, urine protein excretion significantly increased 4-fold in PEP rats (NP, 9.3 ± 4.3 vs. 

PEP, 38.8 ± 7.6 mg·day-1; P ≤ 0.0001).    

 

 

Table 9.  Maternal body weight (BW), fetal number, fetal BW, placental weight (wet and dry), 

and urine protein in NP vs. PEP rats at term.  

Group Maternal 

BW (g) 

Fetal 

number 

Fetal BW 

(g)  

  Placenta weight               

wet (g)         dry (g) 

Urine protein         

(mg ·24h-1)  

 n=23 n=23 n=23 n=5-9 n=5-9 n=4-5 

NP 375 ± 5.0a 14 ± 0.5a 3.24 ± 0.2a 0.58 ± 0.03a 0.11 ± 0.01a 9.3 ± 4.3a 

PEP 355 ± 8.0b 12 ± 1.0b 2.23 ± 0.1b 0.62 ± 0.05a 0.11 ± 0.01a 38.8 ± 7.6b 

Maternal body weight (BW), fetal number, fetal BW, placental weight (wet vs. dry), and urine protein 

in normal pregnant (NP) vs. preeclamptic pregnant (PEP) female Sprague-Dawley (SD) rats.  Data are 

means ± SEM.  a-b Mean values in each column without common script are significantly different 

(0.0001 ≤ P ≤ 0.03). 

 

 

 

 

4.5.2 Reactivity of the uterine artery to androgens 

 Complete concentration-response curves were obtained to compare the vascular 

reactivity of UA to androgens in NP vs. PEP rats.  The concentration-dependent 

vasorelaxation of each androgen was calculated as a percent relaxation (%) relative to the 

pre-contractile force of each UA in response to U-46619.  The vasorelaxation efficacy of 
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each androgen is represented as the Emax response, while the potency (sensitivity) to each 

androgen is represented as the EC50.  These results are summarized in Table 10.  Figure 8 

illustrates the complete concentration-response curve for each androgen in UA from NP 

and PEP rats.    In both NP and PEP rats, androgens induced significant vasorelaxation of 

the UA.  Analysis of these data by repeated measures ANOVA revealed that concentration-

dependent relaxations of UA to each androgen (TES, 5α-DHT and 5β-DHT) were 

significant (P ≤ 0.001), while differences in the concentration-response curves among the 

three androgens were not significant (P > 0.05).  Likewise, all androgens induced 

significant vasorelaxation compared to the vehicle-control (P > 0.05).  The Emax response 

to TES and other androgens was not significantly different between NP vs. PEP rats (P > 

0.05) despite an increasing trend in androgen efficacy of PEP rats compared to NP control 

rats: TES (NP, 28 ± 4.2 vs. PEP, 36 ± 6.1%), 5α-DHT (NP, 29 ± 3.7 vs. PEP, 39 ± 6.6%), 

5β-DHT (NP, 27 ± 3.6 vs. PEP 33 ± 5.2).  The ranked potencies of androgens in NP rats 

was TES > 5α-DHT > 5β-DHT (P ≤ 0.04), while the ranked potencies of androgens in the 

PEP rats was 5β-DHT > 5α-DHT > TES (P ≤ 0.03).  Interestingly, the sensitivity to 5β-

DHT increased significantly in PEP (3.8 ± 0.7 nM) compared to NP (6.1 ± 1.6 nM) rats (P 

≤ 0.0001).   
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Table 10.  Maximum relaxation (Emax) and effective concentrtaion-50 (EC50) of TES, 5α-DHT, and 

5β-DHT in isolated UA of NP and PEP rats.    

 Androgen NP PEP 

Emax TES 28 ± 4.2a* 36 ± 6.1a* 

 5α-DHT 29 ± 3.7a* 39 ± 6.6a* 

 5β-DHT 27 ± 3.6a* 33 ± 5.2a* 

 Veh   5 ± 1.0b*   6 ± 3.1b* 

    

EC50 TES 4.8 ± 1.0a* 5.2 ± 0.6a* 

 5α-DHT 5.5 ± 1.1a* 4.6 ± 0.7a* 

 5β-DHT 6.1 ± 1.6a* 3.8 ± 0.7a# 

Androgen-induced vasorelaxation of isolated uterine arteries (UA) from normal pregnant (NP) 

and preeclampsia pregnant (PEP) female Sprague-Dawley (SD) rats.  Data are means ± SEM (n= 

5-10 rats/experimental group).  a-b Mean values for Emax and EC50 in each column without 

common superscript are significantly different (P ≤ 0.0001).  *# Mean values in each row (NP vs. 

PEP) without common superscript are significantly different (P ≤ 0.034). 
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Figure 8.  Vascular effects of androgens on the uterine artery. 

Concentration-response curve for vehicle, testosterone, and 5α- and 5β-dihydrotestosterone in isolated 

uterine arteries (UA) of normal pregnant (NP) and preeclampsia pregnant (PEP) female Sprague-Dawley 

(SD) rats.  Data points are means ± SEM (n= 5-10 rats/ group).   
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Figure 9.  Uterine artery sensitivity to androgen-induced vasorelaxation in normal pregnant (NP) 

and preeclampsia pregnant (PEP) female Sprague-Dawley (SD) rats. 

Data are means ± SEM (n= 5-10 rats/experimental group).  * # Mean values for EC50 for 5β-DHT (NP vs. 

PEP) differ significantly (P ≤ 0.0001).  EC50 values for TES and 5α-DHT (NP vs. PEP) do not differ 

significantly (P > 0.05). 
 

 

4.5.3 Effects of NOS inhibition on androgen-induced vasorelaxation 

 Androgen-induced vasorelaxation was markedly attenuated in UA pretreated with 

NOS inhibitors.  The effects of NOS inhibition on androgen-induced vasorelaxation of UA 

in NP and PEP rats is summarized in Table 11 and Figures 9 and 10.  Pretreatment with L-

NG-Arginine acetate (L-NMMA; 100 µM), a non-selective inhibitor of eNOS and nNOS, 

inhibited androgen-induced vasorelaxation in NP and PEP rats.  Repeated measure 

ANOVAs revealed that UA relaxations differ significantly by both androgen concentration 

(TES and 5β-DHT) and NOS treatment in both NP and PEP rats (P ≤ 0.001).  The Emax 

response to TES decreased 86% in NP rats (TES; 28 ± 4.2% vs. L-NMMA; 4 ± 2.5%; P ≤ 

0.0001) and 72% in PEP rats (TES; 36 ± 6.1% vs. L-NMMA; 10 ± 5.2%; P ≤ 0.0001).  L-

NMMA resulted in a similar inhibition of 5β-DHT-induced vasorelaxation.  The Emax 
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response decreased 82% in NP rats (5β-DHT; 27 ± 3.6 vs. L-NMMA; 5 ± 2.6; P ≤ 0.0001) 

and 70% in PEP rats (5β-DHT; 33 ± 5.2 vs. L-NMMA; 10 ± 5.7; P ≤ 0.0001). In contrast, 

pretreatment with NW-propyl-L-arginine (NPA; 200 µM), a potent and selective inhibitor 

of nNOS, did not significantly attenuate the Emax of UA from either NP or PEP rats (P > 

0.05).  With L-NMMA, the potency of TES decreased 67% in NP (P ≤ 0.0001) and 60% 

in PEP rats (P ≤ 0.004), with no significant effect on the potency of 5β-DHT.  Interestingly, 

L-NMMA significantly increased the potency of 5β-DHT 45% in PEP vs. 15% in NP rats 

(P ≤ 0.0004).  NPA did not significantly affect the potency of TES or 5β-DHT in either 

NP or PEP rats.  

 

 

 
Table 11.  Maximum relaxation (Emax) and effective concentrtaion-50 (EC50) of UA pretreated 

with NOS inhibitors L-NMMA and NPA in NP and PEP rats.   

 
Androgen NP PEP 

Emax TES 28 ± 4.2a* 36 ± 6.1a* 

 TES + L-NMMA  4 ± 2.5b*  10 ± 5.2b*  

 

TES + NPA  27 ± 3.0a*  34 ± 5.5a*  

 5β-DHT 27 ± 3.6a* 33 ± 5.2a* 

 5β-DHT + L-NMMA 5 ± 2.6b*  10 ± 5.7b*  

 5β-DHT + NPA  23 ± 3.6a*  30 ± 8.2a*  

    

EC50 TES 4.8 ± 1.0a*  5.2 ± 0.6a*  

 TES + L-NMMA  1.6 ± 1.2b*  2.1 ± 0.9b*  

 

TES + NPA  5.3 ± 0.3a*  5.3 ± 0.4a*  

 5β-DHT 6.1 ± 1.6a*  3.8 ± 0.7ab#  

 5β-DHT + L-NMMA 5.2 ± 1.5a*  2.1 ± 1.5b#  

 5β-DHT + NPA  5.0 ± 0.5a*  4.8 ± 0.5a*  

Effects of NOS inhibitors on androgen-induced vasorelaxation in isolated uterine arteries (UA) of 

normal pregnant (NP) and preeclamptic pregnant (PEP) female Sprague-Dawley (SD) rats.  Data 

are means ± SEM (n= 4-9 rats). a-b Mean values for Emax and EC50 in each column without common 

superscript are significantly different (0.0001 ≤ P ≤ 0.02).  *# Mean values in each row (NP vs. PEP) 

without common superscript are significantly different (0.0001 ≤ P ≤ 0.045). 
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Figure 10.  Effects of nitric oxide synthase inhibition on androgen-induced vasorelaxation in NP 

rats.   

Concentration response curve of testosterone (TES) and 5β-dihydrotestosterone (5β-DHT) in isolated 

uterine arteries (UA) of normal pregnant (NP) female Sprague-Dawley (SD) rats.  UA were pretreated 

with L-NG-Arginine acetate (L-NMMA; 100 µM) or NW-propyl-L-arginine (NPA; 200 µM).  Data 

points are means ± SEM (n= 4-9 rats).   

 

 

 

 

 

 

 

 

 

 

 

 



103 

 

-10

0

10

20

30

40

PEP concentration-response curve: NOS inhibition

%
 R

e
la

x
a

ti
o

n

TES + NPA

TES + L-NMMA

TES

0 10 100010.1

+ +

 
-10

0

10

20

30

40

Concentration (log nM)

%
 R

e
la

x
a

ti
o

n

5-DHT + NPA

5-DHT + L-NMMA

5-DHT

0 10 100010.1

 
Figure 11.  Effects of nitric oxide synthase inhibition on androgen-induced vasorelaxation in PEP 

rats.   

Concentration-response curve of testosterone (TES) and 5β-dihydrotestosterone (5β-DHT) in isolated 

uterine arteries (UA) of preeclamptic pregnant (PEP) female Sprague-Dawley (SD) rats.  UA were 

pretreated with L-NG-Arginine acetate (L-NMMA; 100 µM) or NW-propyl-L-arginine (NPA; 200 µM).  

Data points are means ± SEM (n= 4-9 rats).  

 

 

 

 

4.5.4 Effects of K+ channel inhibition on androgen-induced vasodilation 

 In a separate study, the relationship between K+ channel inhibition and androgen-

induced vasodilation was examined in UA of NP and PEP rats.  Iberiotoxin (IbTx; 100 

nM), 4-aminopyridine (4-AP; 3 mM), and glybenclamide (Gly; 10 µM) were used to 
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investigate the effects of Ca2+-dependent (BKCa), ATP-dependent (KATP), and voltage-

dependent (KV) K+ channel activity, respectively.  The Emax responses and EC50 for the 

androgens are summarized in Table 12.  Concentration-response curves for NP and PEP 

rats are illustrated in Figures 11- 13.  Repeated measure ANOVAs revealed that UA 

relaxations differ significantly by both androgen concentration (TES and 5β-DHT) and K+ 

channel inhibition in both NP and PEP rats (P ≤ 0.001).  IbTx significantly attenuated TES 

and 5β-DHT-induced vasorelaxation in NP rats (0.0001 ≤ P ≤ 0.0040).  IbTx reduced the 

Emax response of TES 52% in NP and 50% in PEP rats, while the Emax response of 5β-DHT 

was reduced 69% in NP.  Interestingly, the 5β-DHT Emax response in PEP rats was only 

reduced 30% (P < 0.05).  4-AP reduced the Emax response of TES 71% in NP rats and 73% 

in PEP rats, while the Emax response of 5β-DHT was reduced 59% in NP rats and 56% in 

PEP rats.  In contrast to the inhibitory effects of IbTx and 4-AP, Gly increased androgen-

induced vasorelaxation in both NP and PEP rats.  In NP rats, Gly increased the Emax 

vasorelaxation response to TES 19% (TES; 31 ± 3.0 vs. Gly; 37 ± 4.0) and 5β-DHT 13% 

(5β-DHT; 32 ± 3.4 vs. Gly; 36 ± 5.3; P > 0.05).  These effects were enhanced in PEP rats, 

in which Gly significantly increased androgen-induced vasorelaxation of TES 46% (TES; 

26 ± 3.8 vs. Gly; 38 ± 4.8) and 56% in response to 5β-DHT (5β-DHT; 27 ± 2.6 vs. Gly; 42 

± 6.4; P < 0.05).   

 In NP rats, TES potency decreased significantly with IbTx and 4-AP, while UA 

sensitivity to TES-induced vasorelaxation increased with Gly.  In PEP rats, 4-AP decreased 

UA sensitivity to TES, while IbTx and 4-AP increased the potency to TES.  The potency 

of 5β-DHT decreased with K+ channel inhibitors in both NP and PEP rats.  Interestingly, 
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UA of PEP rats were less sensitive to TES and more sensitive to 5β-DHT compared to 

those of NP rats.   

 

 

Table 12.  Maximum response (Emax) and effective concentration-50 (EC50) of UA pretreated with 

K+ channel inhibitors IbTx, 4-AP, and Gly in NP and PEP rats.   

 Androgen NP PEP 

Emax TES 31 ± 3.0a# 26 ± 3.8a# 

 TES +IbTx 15 ± 4.0b#  13 ± 2.0b#  

 TES +4-AP  9 ± 2.5b#   7 ± 1.4c# 

 TES +Gly 37 ± 4.0a# 38 ± 4.8d # 

    

 5β-DHT 32 ± 3.4a# 27 ± 2.6a# 

 5β-DHT +IbTx 10 ± 1.6b#  19 ± 3.7b*  

 5β-DHT +4-AP 13 ± 2.2b#  12 ± 1.6c# 

 5β-DHT +Gly 36 ± 5.3a#  42 ± 6.4d#  

    

EC50 TES 9 ± 2.1a# 19 ± 6.7a* 

 TES +IbTx 97 ± 40b# 12 ± 3.5b* 

 TES +4-AP 25 ± 7.3c# 63 ± 12c# 

 TES +Gly 5 ± 1.3d# 12 ± 5.8d* 

    

 5β-DHT 5 ± 1.4a# 4.3 ± 1.3a* 

 5β-DHT +IbTx 185 ± 47b# 119 ± 56b* 

 5β-DHT +4-AP 79 ± 24c# 56 ± 12c* 

 5β-DHT +Gly 14 ± 5.0d#  6 ± 1.9d* 

Effects of K+ channel inhibitors on androgen-induced vasorelaxation of isolated uterine arteries (UA) 

pretreated with IbTx, 4-AP, and Gly in Normal Pregnant (NP) and DOCA-salt Pregnant (PEP) Sprague-

Dawley (SD) rats.  Data are means ± SEM (n=6-9 rats/experimental group). a-d Mean values in each 

column for each androgen (TES and 5β-DHT) without common script are significantly different (0.001 

≤ P ≤ 0.05). #* Mean values in each row (NP vs. PEP) without common script are significantly different 

(0.001 ≤ P ≤ 0.05) 
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Figure 12.  Maximum relaxation (Emax) response of testosterone and 5β-dihydrotestosterone. 

Emax response in isolated uterine arteries (UA) of normal pregnant (NP) and PE pregnant (PEP) female 

Sprague-Dawley (SD) rats.  The isolated UA were pretreated with K+ channel inhibitors: iberiotoxin (IbTx; 

100 nM), 4-aminopyridine (4-AP; 3 mM), or glybenclamide (Gly; 10 µM). Data are means ± SEM (n=6-9 

rats/experimental group).  a-d Mean values for androgen (TES and 5β-DHT) vs. K+ channel inhibitor (IbTx, 

4-AP, and Gly) without common script are significantly different (0.0001 ≤ P ≤ 0.05).  

 

 



107 

 

-10

0

10

20

30

40

50

NP concentration-response curve: K+ channel inhibiton

R
e
la

x
a

ti
o

n
 (

%
)

TES

+IbTx

+4-AP

+Gly

0 10 100010.1

 

-10

0

10

20

30

40

50

Concentration (log nM)

R
e
la

x
a

ti
o

n
 (

%
)

5-DHT

+IbTx

+4-AP

+Gly

0 10 100010.1

 
Figure 13. Effects of K+ channel inhibition on androgen-induced vasorelaxation in normal 

pregnant rats.   

Concentration-response curve of testosterone (TES) and 5β-dihydrotestosterone (5β-DHT) in isolated 

uterine arteries (UA) of PE pregnant (PEP) female Sprague-Dawley (SD) rats.  The isolated UA were 

pretreated with K+ channel inhibitors: iberiotoxin (IbTx; 100 nM), 4-aminopyridine (4-AP; 3 mM), or 

glybenclamide (Gly; 10 µM).  Data points are means ± SEM (n= 6-9 rats/group).  
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Figure 14.  Effects of K+ channel inhibition on androgen-induced vasorelaxation in PEP. 

Concentration response curve of testosterone (TES) and 5β-dihydrotestosterone (5β-DHT) in isolated uterine 

arteries (UA) of PE pregnant (PEP) female Sprague-Dawley (SD) rats.  The isolated UA were pretreated 

with K+ channel inhibitors: iberiotoxin (IbTx; 100 nM), 4-aminopyridine (4-AP; 3 mM), or glybenclamide 

(Gly; 10 µM).  Data points are means ± SEM (n= 6-9 rats/group).  

 

 

 

 

 

4.5.5 rt-PCR mRNA expression of 5α- and 5β- reductase in the placenta and uterine 

arteries 

 The mRNA of 5β- and 5α-reductase, as measured by rt-PCR, in the placenta and 

uterine artery of NP and PEP rats is summarized in Figures 14.  Gestational hypertension 
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significantly reduced mRNA expression of 5β-reductase in the placenta (36%) and uterine 

artery (67%) compared to NP controls (0.0001 ≤ P ≤ 0.03). There were no significant 

differences in 5α-reductase expression in either NP or PEP rats (P > 0.05).  
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Figure 15.  Effects of preeclampsia on expression of reductase enzymes in the placenta and uterine 

artery.  

mRNA expression of 5β- and 5α- reductase in the placenta and UA of normal pregnant (NP) and PE pregnant 

(PEP) female Sprague-Dawley (SD) rats.  Data represents means ± SEM (n= 5-7 rats/group). * # Mean values 

for mRNA expression of 5α- and 5β- reductase in the placenta and UA between groups (NP vs. PEP) without 

common script are significantly different (0.0001 ≤ P ≤ 0.03). 
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4.6 Discussion 

 In the present investigation, the role of androgens (TES, 5α-DHT, and 5β-DHT) in 

uterine arterial function during PE were studied in isolated UA of NP and PEP female SD 

rats.  The DOCA-salt pregnant female SD rat was validated as an acceptable animal model 

of PE in the present study.  The results reveal that androgens elicit rapid vasorelaxation of 

isolated UA in both NP and PEP rats.  Further, the mechanisms of androgen-induced 

vasorelaxation appear to be highly dependent on eNOS signaling mechanisms and the 

activation of KV and BKCa channels.  The DOCA-salt pregnant female SD rat was validated 

as an acceptable animal model of PE in the present study.  In PEP rats, UA sensitivity 

increased significantly to the vasodilatory effects of 5β-DHT compared to the vascular 

response of NP control rats.  Further, mRNA expression of 5β-reductase in the placenta 

and uterine artery was reduced in PEP vs. NP rats, with no change in the mRNA expression 

of 5α-reductase.  Therefore, the vasodilatory effects of TES and its 5β-DHT metabolites 

may contribute to the regulation of uterine blood flow during normal pregnancy, while 

impaired production of 5β-DHT at the uteroplacental interface may reduce uterine blood 

flow and thereby contribute to the pathogenesis of PE.   Thus, the present findings may 

offer a possible therapeutic role for androgens in the treatment of women with PE. 

4.6.1 Validation of the DOCA-salt model of preeclampsia 

 The PEP rats used in the present investigation exhibited the hallmark characteristics 

of human PE, including maternal hypertension, proteinuria, and fetal IUGR.  These results 

are consistent with findings from previous studies using a similar DOCA-salt rat model of 

PE (Puschett, Agunanne et al. 2010).  PE is understood to be a human-specific pregnancy-

induced hypertensive disorder attributed to improper placental implantation.  In this study, 
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PEP rats maintained a systolic BP above 140 mmHg with a four-fold increase in urine 

protein excretion, a 30% reduction in fetal weight, and a 14% reduction in fetal numbers 

compared to NP control rats.  While uterine blood flow was not directly measured in this 

current investigation, reduced fetal weight and decreased fetal numbers are representative 

of fetal IUGR, and strongly suggest reduced uterine blood flow in PEP rats.  Typical 

laboratory rat gestation is approximately 21-23 days, with significant increases in fetal 

weight from gestational day 20-22 (Witlin, Li et al. 2002).  While NP and PEP gestation 

was terminated on day 20 ± 2 of pregnancy, the relative fetal weights would still be an 

acceptable indicator of IUGR.  Further, compared to fully-developed, age-matched fetuses 

of NP control rats, the fetuses of PEP rats were visually underdeveloped, with evidence of 

internal hemorrhaging in the amniotic fluid and underdeveloped/regressed placental tissues 

in many of the PEP pregnancies, which further indicates restricted uterine blood flow in 

PEP rats compared to NP control rats.   

 In humans, the characteristics of PE, specifically hypertension, are typically present 

during the second and third trimesters of pregnancy (Parikh, Norberg et al. 2017).  PE is 

associated with systolic BP > 140 mmHg, which is attributed to inadequate cardiovascular 

adaptations in early pregnancy.  Increased peripheral vasoconstriction and decreased 

arterial compliance associated with PE (Thadhani, Ecker et al. 2001) may contribute to 

multi-system dysfunction, which includes hemorrhagic stroke, hemolysis, elevated liver 

enzymes and low platelet count, renal failure, and pulmonary edema (Amaral, Wallace et 

al. 2017).  In the kidneys, insufficiencies in cardiovascular adaptations damage podocyte-

specific proteins in the glomerular capillaries, which contributes to increased protein 

filtration, resulting in subsequent increases in urine protein excretion in PE pregnancy 
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(Craici, Wagner et al. 2014).  Further, the cardiovascular impairments of PE also result in 

reduced uterine blood flow during pregnancy (Ounsted, Moar et al. 1981), which 

contributes to increased placental ischemia and subsequent IUGR of the fetus (El-Sayed 

2017).  Interestingly, preterm fetal BW is approximately 12% lower in PE pregnant women 

compared to preterm fetal BW in normal pregnant women (Xiong, Demianczuk et al. 

2002), which is consistent with the findings from the present study.    

 While several animal models have been developed to mimic the characteristics of 

PE, as a pregnancy-induced disease specific to humans, many of these animal models fail 

to accurately represent the human pathology of the disease.  Most of the animal models of 

PE focus on a specific pathogenic mechanism, such as uteroplacental ischemia, impaired 

NO production, overactive RAS function, or inhibited angiogenic proteins.  The uterine 

ischemia model of PE reduces uterine blood flow during pregnancy to mimic the 50-70% 

reduction in uteroplacental blood flow observed in PE (Lunell, Lewander et al. 1984).  This 

technique has been employed in several rodent and non-rodent animal models, with 

variable effects on hypertension.  Interestingly, abdominal aortic clamping has no effect 

on systolic BP in pregnant female sheep, yet the addition of a high salt diet induces 

significant increases in BP (Leffler, Hessler et al. 1986).  In rodents, the RUPP model was 

developed as an alternative to the placental ischemia model.  At time points equivalent to 

the second trimester of pregnancy, the RUPP model undergoes surgical constriction of the 

abdominal aorta and occlusion of the uterine-ovarian arteries to more closely mimic the 

ischemic effects of PE.  While the RUPP model induces hypertension, proteinuria, and 

impaired renal function, this model is not conducive to research targeting therapeutic 

improvements to uterine blood flow or investigating the mechanisms underlying 
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uteroplacental vascular reactivity.  Additionally, these models of ischemia fail to mimic 

the progression of PE observed in humans, as the timing of uteroplacental ischemia occurs 

after a normal placental implantation has been established, which is contradictory to the 

impaired placental implantation associated with human PE (Li, LaMarca et al. 2012).  

Several rodent models of PE utilize mechanisms such as Ang II infusion and NO inhibition 

to mimic the maternal manifestation of PE at the vascular level.  In normal pregnancy, 

circulating RAS components increase, while the pressor effects of Ang II decrease.  In 

contrast, PE pregnancy is associated with decreased levels of circulating RAS components 

and increased vascular reactivity to Ang II (Baylis, Beinder et al. 1998).  Thus, rodent 

models using increasing Ang II levels to induce hypertension may not be relevant to the 

human disease.  Use of chronic NOS inhibition produces sustained hypertension in non-

pregnant animals (Lahera, Salazar et al. 1992, Zatz and Baylis 1998), while in pregnant 

rats, chronic NOS inhibition-induces proteinuria and causes fetal malformations, which 

were attributed to the pharmaceutical side effects of the selected NOS inhibitor (Baylis, 

Engels et al. 1992).  In eNOS knockout mice BP was reduced during pregnancy (Shesely, 

Gilbert et al. 2001); however, similar studies report contradictory findings, with increased 

BP in pregnant eNOS knockout mice (Hefler, Tempfer et al. 2001).  Thus, the use of the 

chronic NOS inhibitor models and eNOS knockout mice is problematic and controversial 

at best.  In humans, PE has been associated with upregulated anti-angiogenic placental 

proteins such as sFlt-1 and sEng.  These anti-angiogenic proteins inhibit the angiogenic 

properties of VEGF and PIGF (Cui, Shu et al. 2018) and induce characteristics of PE.  

Interestingly, many studies suggest that upregulated anti-angiogenic factors are not the 

cause of PE, but rather a byproduct of the disorder (Alasztics, Gullai et al. 2014).  Thus, 
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these animal models fail to reconcile the underlying factors of PE.  Genetically altered 

animal models of hypertension such as the SHR and Dahl salt-sensitive rat have also been 

used as animal models of PE; however, these animal models develop hypertension 

irrespective of pregnancy status.  While these models may be beneficial to studies that 

target the effects of pregnancy on preexisting maternal hypertension, these studies fail to 

mimic the sudden onset of pregnancy-induced hypertension associated with PE (Takeda 

1964).  Thus, hypertensive animal models may not be an appropriate animal model of PE.  

 In the present study, the DOCA-salt model was chosen to investigate the 

vasodilatory effects of androgens on the UA.  The DOCA-salt rat model is a well-

established hypertensive animal model that targets neurogenic, renal, and vascular 

response elements.  An imbalance of renal sodium and water reabsorption results in 

hypervolemia.  Further, DOCA-salt increases RAS activity in the brain, which generates a 

neurologic effect that alters renal function and systemic vascular resistance (Ueno, Mohara 

et al. 1988).  While circulating renin and Ang II levels remain normal, the neurologic 

effects increase vascular tone and blood volume, resulting in hypertension.  In pregnancy, 

the DOCA-salt model would mimic the naturally occurring increase in blood volume, and 

the enhanced vasoconstriction that is associated with the pathogenesis of PE.  Thus, the 

present study validates the DOCA-salt rat model of PE, with sudden onset hypertension, 

proteinuria, and IUGR; the hallmark characteristics of PE in humans. 

4.6.2 Effects of androgens on the uterine arteries of pregnant rats 

 The present study is the first to clearly investigate the vasodilatory effects of 

androgens, specifically TES and its metabolites 5α- and 5β-DHT, on isolated UA of 

pregnant rats.  The functional relationship between the UA and androgen-induced 
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vasorelaxation suggests that androgens are important regulators of uterine blood flow 

during pregnancy.  While the efficacy of androgen-induced vasorelaxation did not differ 

significantly between NP vs. PEP rats, the potency of 5β-DHT-induced vasorelaxation 

increased significantly in PEP rats compared to NP control rats.  Thus, rapid androgen-

induce vasorelaxation in the UA of pregnant rats exhibited increased sensitivity to the 

vascular effects of 5β-DHT in rats with PE. 

 Circulating androgens, such as DHEA and TES, naturally increase during gestation 

(Bammann, Coulam et al. 1980), and are readily produced at the uteroplacental interface 

(Benagiano, Mancuso et al. 1968).  TES and DHT production increases during the first 

trimester of pregnancy and significantly increases again towards term, suggesting a role in 

the maintenance of uterine blood flow (Buster, Chang et al. 1979, Wilke and Utley 1987, 

Makieva, Saunders et al. 2014).  While the specific origins of each androgen remain 

uncertain, several fetal tissues, including the fetal liver, are known to reduce TES into 

metabolites, such as 5β-DHT (Benagiano, Mancuso et al. 1968).  Some studies suggest that 

decreases in uterine blood flow and increases in maternal blood pressure are related to 

increases in maternal TES concentrations (Chinnathambi, Blesson et al. 2014).  

Interestingly, circulating TES levels are two- to three-fold greater in PE women compared 

to circulating concentrations of TES in women with normal pregnancy, which further 

suggests that increased androgens are associated with the development of PE (Salamalekis, 

Bakas et al. 2006).  Some experimental animal studies demonstrate that administration of 

TES during pregnancy enhances certain characteristics of PE, such as proteinuria 

(Sathishkumar, Balakrishnan et al. 2011) and hypertension (Chinnathambi, Balakrishnan 

et al. 2013) in pregnant female rats.  While these findings imply that androgens have 
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deleterious effects on blood flow and BP during pregnancy, many of these studies utilize 

high concentrations of androgens to induce the characteristics of PE late in gestation.  

Therefore, without further investigation, the effects of systemic TES administration on the 

development of PE remain unclear. 

 The results from the present study are fully consistent with the non-genomic 

androgen-induced vasorelaxation observed in the rat aorta (Perusquia, Hernandez et al. 

1996), rat mesenteric arteries (Puttabyatappa, Stallone et al. 2013), and several other tissue 

beds from a variety of animal species (Perusquia and Stallone 2010), which include 

isolated human umbilical arteries (Perusquia, Navarrete et al. 2007).  Interestingly, within 

the same species, there appear to be regional differences in vascular reactivity to 

androgens.  For example, in the canine vasculature, coronary resistance vessels are more 

reactive to androgen-induced vasorelaxation than either the saphenous vein or femoral 

artery (Perusquia, Espinoza et al. 2012).  Furthermore, some studies report regional 

differences in vascular reactivity to each of the androgens, with many of the studies 

suggesting that the TES metabolite 5β-DHT is a more potent and efficacious vasodilator 

than TES (Ishimaru, Edmiston et al. 1978, Kumar, Crozat et al. 1999).  In the rat, 5β-DHT-

induced vasorelaxation was more potent than TES or 5α-DHT-induced vasorelaxation in 

mesenteric arteries compared to the thoracic aorta (Isidoro, Ferrer et al. 2018).  Similar 

differences in androgen efficacy and potency were observed in human umbilical arteries, 

in which DHEA and 5β-DHT-induced vasorelaxation was greater than the effects of TES 

or other female sex steroid hormones (Perusquia, Navarrete et al. 2007).  Similar difference 

in androgen efficacy appear in vivo.  The anti-hypertensive effects of 5β-DHT and DHEA 

were significantly greater than the moderate anti-hypertensive effects of TES and 5α-DHT 
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on arterial BP in PE pregnant female rats (Perusquia, Hanson et al. 2018).  In the present 

study, TES and its DHT metabolites each induced rapid vasorelaxation of isolated UA in 

both NP and PEP rats, yet the sensitivity of the UA to 5β-DHT increased significantly in 

PEP rats.  Thus, differences in uteroplacental vascular reactivity and sensitivity may 

contribute to differences in uterine blood flow and subsequent development of IUGR 

observed in PE.   

4.6.3 Effects of NOS inhibition on androgen-induced vasodilation 

 The present study revealed that the mechanism of androgen-induced vasorelaxation 

involves eNOS activation in the UA of both NP and PEP rats.  Pretreatment of UA with L-

NMMA (non-selective NOS inhibitor) eliminated TES- and 5β-DHT-induced 

vasorelaxation in both NP and PEP rats, while NPA (nNOS inhibitor) resulted in no 

significant differences in androgen-induced vasorelaxation.  Thus, the results clearly 

demonstrate that androgen-induced vasorelaxation involves eNOS activation in the UA of 

pregnant rats.  These findings are consistent with previous studies investigating the role of 

NO in androgen-induced vasorelaxation of canine coronary arteries (Chou, Sudhir et al. 

1996), rat thoracic aorta (Ding and Stallone 2001), and rat mesenteric arteries (Tep-

areenan, Kendall et al. 2002).  Interestingly, several studies suggest that androgen-induced 

vasorelaxation is NOS-independent in human radial arteries (Seyrek, Yildiz et al. 2007), 

rat pulmonary arteries (Jones, English et al. 2002), and rabbit coronary arteries (Yue, 

Chatterjee et al. 1995).  The uncertainty regarding androgen-induced NOS signaling 

mechanisms may be attributed to the relatively small number of experimental studies that 

compare androgen signaling mechanisms within similar vascular beds among the same 

species.   
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 Throughout gestation, NO production at the fetoplacental interface (Sladek, 

Magness et al. 1997) increases progressively to facilitate vasorelaxation and increase 

uteroplacental blood flow during pregnancy (Choi, Im et al. 2002).  These findings are 

supported by increased concentrations of nitrates circulating in the plasma and excreted in 

the urine of pregnant females (Conrad 1987, Conrad and Vernier 1989, McLaughlin and 

Conrad 1995).  Additionally, vascular sensitivity to the vasodilatory effects of NO increase 

during pregnancy, which is vital to maintain normotensive BP despite significant increases 

in circulating blood volume.  Previous studies in pregnant rats have demonstrated that acute 

intravenous infusion of  NOS inhibitors increases systemic BP (Molnar and Hertelendy 

1992).  The present study is the first to investigate the effects of NOS inhibition on 

androgen-induced vasorelaxation of the UA in the pregnant rat.  Interestingly, in coronary 

arteries, nNOS appears to be the primary source of NO production during TES-induced 

vasorelaxation (Deenadayalu, Puttabyatappa et al. 2012); however, in canine coronary 

arteries, eNOS is the primary source of NO production (Chou, Sudhir et al. 1996).  In the 

present study, NOS inhibition with NPA, which exhibits a 3000- and 150-fold relative 

selectivity for nNOS over iNOS and eNOS, respectively (Zhang, Fast et al. 1997), did not 

inhibit androgen-induced vasorelaxation in either the NP or PEP rats.  Therefore, 

androgen-induced vasorelaxation of isolated UA of pregnant rats is largely dependent upon 

eNOS activation.   

 In VSM cells, NO binds to sGC with subsequent production of cGMP and 

mediation of smooth muscle relaxation via cGMP-dependent protein kinase pathways that 

reduce intracellular Ca2+ concentrations.  While the specific mechanisms of NO-signaling 

are not well understood, vasorelaxation is dependent on either the inactivation of  L-type 
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Ca2+ channels (Blatter and Wier 1994), with antagonistic effects on the release on 

intracellular Ca2+ concentrations from the sarcoplasmic reticulum (Furukawa, Tawada et 

al. 1988) and/or accelerated intracellular clearance of Ca2+ through membrane bound 

pumps (Hirata, Kohse et al. 1990), and/or involve the activation of K+ channels (Perusquia 

and Stallone 2010). 

4.6.4 Effects of K+ channel inhibition on androgen-induced vasodilation 

 The present study investigated the activation of K+ channels in androgen-induced 

vasorelaxation of isolated UA from NP and PEP rats.  The results demonstrate that KV and 

BKCa channels are the primary mediators of androgen-induced vasorelaxation in the UA 

of both NP and PEP rats.  TES-induced vasorelaxation was attenuated by IbTx, a highly 

selective BKCa channel inhibitor, 52% in NP and 50% in PEP rats, while 5β-DHT-induced 

vasorelaxation was decreased 69% in NP and only 30% in PEP rats.  Thus, while BKCa 

channel activation is a primary mediator for TES- and 5β-DHT-induced vasorelaxation in 

NP rats, 5β-DHT-activation of BKCa channels may be reduced in PEP rats.  The K+ channel 

inhibitor 4-AP, a KV channel inhibitor, significantly attenuated TES-induced 

vasorelaxation in NP (71%) and PEP (73%) rats, with similar effects on 5β-DHT-induced 

vasorelaxation in NP (59%) and PEP (56%) rats.  Thus, in addition to BKCa channels, Kv 

channel activation also mediates TES and 5β-DHT-induced vasorelaxation of UA in both 

NP and PEP rats.  Interestingly, pretreatment of the UA with Gly, which is readily used as 

a KATP channel inhibitor, enhanced the vasodilatory effects of TES 19% in NP and 46% in 

PEP rats, with similar results in the vasodilatory effects of 5β-DHT in NP (13%) and PEP 

(56%) rats.  Upregulated vasorelaxation of UA pretreated with KATP channel inhibitors 

suggest the possible activation of an additional intracellular signaling mechanisms.  The 
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differences in androgen potency observed in the presence of K+ channel inhibitors are 

reflective of the changes observed in androgen efficacy and reflex the inhibition of ion 

channel function. Thus, androgen-induced vasorelaxation of UA is not mediated by KATP, 

while channel inhibition appears to enhance androgen-induced vasorelaxation.  Taken 

together, androgen-induced vasorelaxation is mediated, at least in part, by the activation of 

BKCa and KV channels, with significant changes in the mechanisms of 5β-DHT-induced 

vasorelaxation in PEP rats that includes increased BKCa channel function.     

 The results of the present study extend the limited and contradictory findings 

regarding androgen-induced vasorelaxation signaling mechanisms.  Previous studies 

identified the mechanism of TES-induced vasodilation as KATP channel activation in canine 

resistance vessels (Chou, Sudhir et al. 1996), and in canine basilar arteries TES activates 

KV and BKCa channels and inhibits voltage-dependent Ca2+ channels (Ramirez-Rosas, 

Cobos-Puc et al. 2011).  In the rat mesentery, TES activates BKCa channel function (Tep-

areenan, Kendall et al. 2002).  In the rat thoracic aorta TES appears to mediate KV channel 

function (Ding and Stallone 2001); however, contradictory evidence suggests that TES-

induces acute vasodilation via endothelial-derived prostanoid production, which activates 

BKCa channels and inhibits Ca2+ influx in the rat aorta (Ma, Jiang et al. 2009).  

Interestingly, using single-channel patch-clamp techniques, BKCa channel activation was 

identified as the primary target for TES signaling in porcine coronary arteries 

(Deenadayalu, White et al. 2001, Deenadayalu, Puttabyatappa et al. 2012).  Variations in 

androgen-signaling mechanism may be attributed to experimentally-induced K+ channel 

modifications.  In the thoracic aorta of SHR and WKY-control rats, TES-induced rapid 

concentration-dependent vasorelaxation, which was significantly attenuated by KATP 
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channel inhibitors.  In the SHR, KV and BKCa channel inhibitors significantly reduced TES-

induced vasorelaxation, with no effect on the WKY rats.  The differences in K+ channel 

activation between the SHR and WKY rats was attributed to dysfunctional KATP channels 

in the SHR and subsequent modification of KV and BKCa channels to inhibit the 

progression of hypertension in male SHR (Honda, Unemoto et al. 1999).  Further, 

castration of male rats decreases KV channel expression in the thoracic aorta compared to 

intact control rats (Zhou, Fu et al. 2008).  While the non-genomic mechanisms of androgen-

induced vasodilation remain uncertain, the findings from the present study contribute to 

the identification of BKCa and KV signaling mechanisms underlying androgen-induced 

vasorelaxation.  The results from the present study were similar to findings in human 

umbilical arteries, (Saldanha, Cairrao et al. 2013), in which androgen-induced 

vasorelaxation involved both KV and BKCa channel activation.  Thus, the androgen-

signaling mechanisms in the uterine arteries during pregnancy appears to be primarily 

dependent on KV and BKCa channel function.    

 The structural differences between TES and 5β-DHT may result in differences 

between androgen signaling mechanisms.  While 5α-DHT is widely used to verify the 

effects of TES independent of aromatization to estrogen (Chou, Sudhir et al. 1996, 

Deenadayalu, White et al. 2001, Tep-areenan, Kendall et al. 2002), many studies suggest 

that 5β-DHT is a more potent and efficacious vasodilator compared to TES.  These effects 

have been verified in several blood vessels including, the rat aorta (Ding and Stallone 

2001), pig coronary artery (Deenadayalu, White et al. 2001), and human umbilical artery 

(Perusquia, Navarrete et al. 2007).  While the mechanisms of DHT are not well understood, 

several studies suggest that 5β-DHT-induced vasorelaxation relies on the deactivation of 
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Ca2+ channels in myometrial smooth muscle cells (Perusquia, Navarrete et al. 2005) and in 

human umbilical arteries (Perusquia, Navarrete et al. 2007).  In the present study, the 

signaling mechanisms between TES vs. 5β-DHT were similar in NP rats, yet the signaling 

mechanisms between TES vs. 5β-DHT in PEP rats were significantly different, as BKCa 

channel inhibition was less efficacious at attenuating 5β-DHT-induced vasorelaxation in 

PEP rats compared to NP control rats.  Thus, the signaling mechanism of 5β-DHT-induced 

vasorelaxation was less affected by BKCa channel inhibition, which suggests there is either 

an increase in BKCa channel expression or a decrease in BKCa signaling mechanisms in 5β-

DHT-induced vasorelaxation of PEP rats vs. NP rats.  This may suggest that the signaling 

mechanisms of 5β-DHT in PE may also involve deactivation of Ca2+ signaling 

mechanisms.   Interestingly, after a 24-hr incubation of human umbilical arteries in DHT, 

the expression of BKCa channel β1-subunits significantly increased, while the expression 

of L-type Ca2+ channel α-subunits decreased, and the DHT-incubated umbilical arteries 

became more reliant on KV channel activation and less reliant on BKCa channel activation 

during TES-induced vasorelaxation compared to umbilical arteries that were not incubated 

in DHT (Saldanha, Cairrao et al. 2013).  Taken together, androgen exposure during 

pregnancy may alter K+ channel function and increase 5β-DHT sensitivity in the UA of 

PEP rats.  Thus, the mechanisms of androgen-induced regulation of uteroplacental blood 

flow during pregnancy be regulated by vascular remodeling in response to androgen 

production during pregnancy.      
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4.6.5 Effects of preeclampsia on 5α- and 5β-reductase mRNA expression in the 

uterine artery and placenta 

 In the present study, the expression of 5β- reductase mRNA was reduced by 35% 

in the placenta and 67% in the UA of PEP rats compared to NP control rats.  The placenta 

plays an important role in nutritional, metabolic and endocrine functions during pregnancy.  

As an interface between the maternal and fetal blood, the placenta transfers oxygen and 

essential nutrients, and relies upon adequate uterine perfusion and an extensive placental 

vascular network.  The placenta is provided in-flowing maternal blood from the UA, which 

facilitates the movement of deoxygenated, nutrient-poor blood carrying fetal waste 

products across the placenta, into the uterine vein (UV), and back into maternal circulation.  

Anatomical studies suggest that the close juxtaposition of the UA and UV enable efficient 

counter-current transfer of biologically-active regulators including placental steroid and 

peptide hormones from the outgoing blood in the UV to the incoming blood in the UA, 

thereby enhancing their vasodilatory effects on the UA and increasing placental blood flow 

(Towers, Shaw et al. 1986, Zezula-Szpyra, Gawronska et al. 1997).  Endocrine regulation 

can include systemic distribution and/or a local paracrine distribution of regulating 

hormones.  The proximity of the UA and UV enable local regulation of uterine blood flow 

through the counter-current transfer of regulating hormones facilitated by the production 

of such hormones at the fetoplacental interface.  Similar counter-current transfer has been 

observed in various tissues.  In male rats, radioactively labeled TES was four-fold greater 

in the testicular arteries than in the systemic circulation.  Using radioactively labeled TES, 

the counter-current transfer of TES was established from the outgoing spermatic vein to 

incoming spermatic artery in the pampiniform plexus.  Similar effects occur in females, as 
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concentration differences of progesterone, androstenedione, and estradiol were identified 

between ovarian arterial blood and systemic circulation, which suggests a local transfer of 

follicular hormones from the ovarian vein to arteries as a means to regulate ovarian 

function (Hunter, Cook et al. 1983).  Interestingly, the results from the present study 

revealed a decrease in the expression of 5β-reductase mRNA in both the placenta and UA 

of PEP rats compared to NP control rats.  While local uterine vs. systemic androgen 

concentrations were not measured in the present study, the results suggest that decreased 

production of 5β-DHT at the uteroplacental interface may contribute to decreased UA 

blood flow during PE, consistent with the IUGR observed in the DOCA-salt rat model of 

PE studied.  Thus, the findings from the present study suggest that reductions in uterine 

artery and placental expression of 5β-reductase enzymes result in decreases in local 

production of 5β-DHT during pregnancy.  Thus, the decrease in outflowing concentrations 

of 5β-DHT from the placenta would result in a decrease of androgen concentrations in the 

UV and UA.  Reductions in androgen production would thereby result in reduced 

vasodilation of the UA and reduced uterine blood flow to the placenta.  This suggestion is 

consistent with findings observed in the PEP rats of reduced expression of 5β-reductase 

mRNA in the placenta and UA, increased fetal IUGR, and increased UA sensitivity to 5β-

DHT in vitro.      

4.6.6 Physiological relevance 

 Androgens exert rapid vasorelaxation of the vasculature at the maternal 

fetoplacental interface, which may maintain uterine blood flow during pregnancy.  Despite 

accumulating evidence regarding the beneficial effects of androgens during pregnancy, the 

mechanisms of androgen-induced vasorelaxation are not well understood.  There appear to 
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be differences in the reactivity and signaling mechanisms among the androgenic steroid 

hormones; however, the current study provides new evidence that androgens may enhance 

uterine blood flow during pregnancy via NOS and K+ channel-mediated vasodilation of 

the UA.  Furthermore, androgen production at the uteroplacental interface may contribute 

to local androgen production and uterine blood flow regulation during pregnancy.  The 

juxtaposition of the UA and UV facilitate countercurrent transfer of regulatory steroid 

hormones produced by the placenta.  The findings from this study suggest that androgen 

production at the uteroplacental interface may play a role in the regulation of uterine blood 

flow and BP during normal pregnancy, and reduced androgen productions at the 

uteroplacental interface may contribute to the pathogenesis of PE.    
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5 CONCLUSIONS 

  

 The purpose of this dissertation was to investigate the role of androgens in the 

regulation of BP and uterine vascular function.  The first project utilized male SD and Tfm 

rats to evaluate the long-term effects of endogenous and exogenous androgens on systemic 

BP.  The results reveal that androgens (TES and 5α-DHT) exert novel long-term anti-

hypertensive effects on systemic BP in male rats.  These anti-hypertensive mechanisms 

involve estrogen-independent, non-genomic, signaling pathways which reduce RAS 

component expression in the kidney.  Thus, the antihypertensive effects of androgens 

appear to involve both rapid effects on systemic vasodilation and long-term effects on the 

kidney to promote fluid excretion.  The second project utilized normal pregnant and PE 

pregnant (DOCA-salt model of PE) female SD rats to evaluate the vascular effects and 

signaling mechanisms of androgens at the uteroplacental interface during normal and PE 

pregnancy.  The results reveal that androgens elicit rapid vasorelaxation of isolated UA 

from NP and PEP rats and evoke mechanisms that appear to be highly dependent on eNOS 

signaling and the activation of KV and BKCa channels.  In the PEP rats, UA sensitivity 

increased to 5β-DHT and BKCa channel inhibition was less effective at attenuating 5β-

DHT-induced vasorelaxation compared to NP control rats.  Further, mRNA expression of 

5β- reductase is reduced in the uterine arteries and placenta of PEP rats compared to NP 

control rats.  Thus, androgens appear to regulate uteroplacental blood flow during normal 

pregnancy, while reduced androgen production (5β-DHT) at the uteroplacental interface 

may contribute to reductions in uterine blood flow associated with the pathogenesis of PE.   
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Taken together, the finding from this dissertation may offer possible therapeutic roles for 

androgens in the treatment of hypertension in both hypogonadal men and women with PE. 

5.1 Androgens in hypertension 

 There is a well-established sexual dimorphism in human CVD, in which men are 

more likely to develop hypertension and CAD compared to age-matched pre-menopausal 

women (Lloyd-Jones, Adams et al. 2010).   Combined with earlier epidemiological data in 

human clinical trials, there is a firmly entrenched dogma that TES is deleterious to 

cardiovascular health  (Mendoza, Zerpa et al. 1983, Sewdarsen, Jialal et al. 1986).  This 

dogmatic view has driven many of the experimental animal studies which suggest that TES 

exacerbates hypertension (Reckelhoff, Zhang et al. 1998) and renal disease (Xu, Wells et 

al. 2008) in male rats, and contributes to the development and progression of PE in 

pregnant female rats (Kumar, Gordon et al. 2018).  Interestingly, many of the experimental 

animal studies that suggest TES is deleterious to cardiovascular function suffer from 

limitations in their experimental design and/or selection of an appropriate/translatable 

animal model for the disease (Liu, Death et al. 2003, Wu and von Eckardstein 2003, Traish, 

Haider et al. 2017).  These limitations may explain why findings from these studies are so 

incongruous with the most recent clinical and experimental animal findings that provide 

strong evidence that androgens are beneficial and protective against hypertension in both 

sexes.  The findings of the present studies in this dissertation challenge the dogma that TES 

is deleterious to vascular health and function, and instead provide further support that TES 

is beneficial to BP regulation in males and uterine blood flow in pregnant females.  The 

animal models developed in the present study may serve as useful translational models of 

hypogonadal hypertension in men and pregnancy-induced hypertension in PE women in 
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future studies to further elucidate the role of TES and its DHT metabolites in 

cardiovascular health and disease.     

5.2 Anti-hypertensive effects of endogenous and exogenous androgens 

 There is increasing evidence that TES therapy significantly improves 

cardiovascular and metabolic functions that include reductions in diastolic BP of aging 

hypogonadal men (Traish, Haider et al. 2017).  In the nine meta-analyses reported to date, 

all but one demonstrated that TES therapy is not harmful and strongly associated with 

significant health benefits, including improvements in diastolic BP and metabolic function, 

two of the most important risk factors for the development of CVD in men (Marin, 

Holmang et al. 1992, Traish and Zitzmann 2015).  The findings from the first study in this 

dissertation provide important new and novel information on the long-term anti-

hypertensive effects of exogenous androgens, which are entirely consistent with the much 

earlier human studies that demonstrate the beneficial use of acute intramuscular infusions 

of TES to treat angina pectoris, hypertension, and peripheral vascular disease in men with 

CAD (Hamm 1942, Walker 1942, Lesser 1946).  Similar studies in SHR (Perusquia, 

Herrera et al. 2017) and WKY male rats (Perusquia, Contreras et al. 2019) reveal that 

castration leads to the development of hypertension, while acute intravenous infusion of 

TES and its metabolites provided short-term reductions in arterial BP in both male SHR 

and WKY rats.  While the anti-hypertensive effects of androgens in pregnant rats was not 

studied in the present investigation, several studies in pregnant and PE pregnant female SD 

rats suggest that androgens exert similar anti-hypertensive effects during pregnancy.  Acute 

bolus intravenous injections of androgens in pregnant female rats near term exert similar 

anti-hypertensive effects on arterial BP as seen in male rats.  Interestingly, 5β-DHT and 
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DHEA exert strong anti-hypertensive effects on arterial BP compared moderate anti-

hypertensive effects of TES and 5α-DHT in pregnant and PE pregnant rats (Perusquia, 

Hanson et al. 2018).  Taken together with the findings from the second study in this 

dissertation, new information on the vascular effects of androgens at the uteroplacental 

interface further evidence suggest that androgen-induced vasorelaxation at the 

uteroplacental interface may contribute to the regulation of uterine blood flow and maternal 

BP during pregnancy.   

5.3 Mechanisms underlying the anti-hypertensive effects of androgens 

 Acute infusions of TES and other androgens in vivo produce rapid vasodilation in 

human coronary arteries (Webb, McNeill et al. 1999), with similar effects in several animal 

species such as the dog (Chou, Sudhir et al. 1996), pig (Molinari, Battaglia et al. 2002), 

and rat (Perusquia, Greenway et al. 2015).  In vitro, TES and other androgen metabolites 

induce acute, non-genomic, estrogen-independent vasorelaxation of isolated blood vessels 

including large conduit arteries and smaller resistance vessels (Perusquia and Stallone 

2010).  Together, these in vivo and in vitro findings suggest short-term anti-hypertensive 

effects of androgens are attributed to acute vasodilation of systemic and/or regional 

vasculature.  Interestingly, within the same species, there appear to be regional differences 

in vascular reactivity to each of the androgens.   

 In the present study, both TES and its metabolite 5α-DHT exhibit similar anti-

hypertensive effects in male SD rats.  Differences in the structural configuration between 

TES and DHT and differences in the structural configuration between 5α- and 5β-DHT 

may play a role in the efficacy and potency among androgens.  5α-DHT is a highly potent 

androgenic tissue metabolite of TES, known to mediate the effects of TES in reproductive 
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target tissues, while 5β-DHT is a highly potent and efficacious nongenomic vasodilator, 

devoid of genomic androgenic activity (Perusquia, Greenway et al. 2015).  Interestingly, 

within the same species, there appear to be regional differences in vascular reactivity to 

androgens.  For example, in the canine vasculature, coronary resistance vessels are more 

reactive to androgen-induced vasorelaxation than either the saphenous vein or femoral 

artery (Perusquia, Espinoza et al. 2012).  Furthermore, some studies report regional 

differences in vascular reactivity to each of the androgens, with many of the studies 

suggesting that the TES metabolite 5β-DHT is a more potent and efficacious vasodilator 

than TES (Ishimaru, Edmiston et al. 1978, Kumar, Crozat et al. 1999).  In the rat, 5β-DHT-

induced vasorelaxation was more potent than TES or 5α-DHT in mesenteric arteries 

compared to the thoracic aorta arteries (Isidoro, Ferrer et al. 2018).   

 The present study investigated the long-term effects of endogenous and exogenous 

androgens on BP in SD and AR-deficient Tfm rats to identify the contribution of non-

genomic vs. genomic anti-hypertensive mechanisms of TES and 5α-DHT.  Castration of 

both the SD and Tfm rats induced long-term hypertension, which was reversed by 

androgen therapy. Thus, these findings strongly suggest that the anti-hypertensive effects 

of endogenous and exogenous androgens mainly involve non-genomic mechanisms.  

Interestingly, in the presence of a defective genomic AR in the Tfm rats, the onset of 

hypertension was delayed, yet the rate of progression was enhanced compared to the male 

SD rats.  Thus, these differences between the progression of hypertension and anti-

hypertensive response to TES therapy in the normal male SD vs. Tfm rats may result from 

interactions between non-genomic and genomic mechanisms.  The non-genomic effects of 

androgens are fundamentally different than the genomic effects observed in reproductive 
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target tissues (Yue, Chatterjee et al. 1995, Ding and Stallone 2001, Perusquia and Stallone 

2010), and these non-genomic mechanisms appear to involve membrane receptor 

activation and include kinase-signaling cascades and/or modulation of VSM ion channel 

function (Lucas-Herald, Alves-Lopes et al. 2017).   Affected Tfm rats inherit an x-linked 

mutation of the AR gene from carrier females.  The single gene mutation does not inhibit 

AR gene mRNA expression but does inhibit cytosolic AR function. This mutation involves 

a shift in the phosphorylation recognition site of the AR, which results in an 85-90% failure 

of the tissue response to androgens (Yarbrough, Quarmby et al. 1990).  Because of the 

absence of AR-mediated negative feedback by TES, the abdominal testis of Tfm rats 

produce elevated levels of TES.  While the rate of TES conversion to DHT is normal 

compared to wild type rats, aromatase activity in the affected Tfm rat is decreased (Roselli, 

Salisbury et al. 1987, Tejada and Rissman 2012).  In this dissertation, a small parallel study 

of the anti-hypertensive effects of DHT therapy in castrated Tfm rats revealed that DHT 

therapy had similar anti-hypertensive effects compared to TES therapy.  While the effects 

were similar, likely excluding a role for estrogen receptor activation, these findings are not 

conclusive regarding possible differences in estrogen receptor activation between SD and 

Tfm rats.   

5.4 Anti-hypertensive effects of androgens on RAS function 

 The long time-frame for the development of hypertension in castrated male SD rats 

suggests that extracellular fluid volume expansion resulting from the retention of fluid and 

electrolytes in the absence of TES may contribute to the development of hypertension.  

Interestingly, long-term treatment with Losartan, a competitive antagonist of the AT1R, 

completely inhibited the development of hypertension in male SD rats.  Further, plasma 
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renin concentration and renal expression of renin, AT1R, and ACE mRNA increased after 

castration and these observed effects were reversed following androgen therapy.  Thus, 

these findings provide strong and consistent evidence that the development of long-term 

hypertension in male rats in the absence of TES involves up regulation of RAS function in 

the kidneys of these animals, and likely the retention of fluid and sodium, thereby 

expanding ECF volume and leading to the gradual development of hypertension.  Together, 

the past and present studies strongly suggest that the development of hypertension involves 

both the loss of androgen-induced systemic vasodilation and the expansion of extracellular 

fluid volume resulting from upregulation of renal RAS function in the absence of 

endogenous androgens.  The fact that hypertension develops following castration of the 

AR-deficient Tfm rats provides strong evidence that the anti-hypertensive effects of TES 

on the vasculature and kidney relies upon non-genomic mechanisms independent of the 

classic cytosolic AR that mediates the genomic effects of the hormone. However, the 

genomic and non-genomic mechanisms may not be mutually exclusive, as the genomic 

mechanisms of TES may modulate and influence the non-genomic effects (Wilkenfeld, 

Lin et al. 2018).  Thus, a combination of genomic and non-genomic mechanisms may 

underlie the antihypertensive effects of endogenous TES observed in male SD rats.  

5.5 Androgen-induced vasorelaxation in the uterine artery 

 There is increasing interest in the role of androgens in the pathogenesis of PE, a 

pregnancy-specific hypertensive disorder in human females.  PE is marked by systemic 

vascular and hemostatic hypersensitivity to local and systemic vasoconstrictive mediators, 

including Ang II and TXA2.  Since androgen levels in the maternal circulation rise 

substantially during pregnancy and exert non-genomic vasodilatory effects on umbilical 
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arteries in vitro, it seems likely that placental androgens contribute to the maintenance of 

utero-placental blood flow during pregnancy.  Interestingly, TES levels are three-fold 

higher in PE pregnancies, suggesting that TES exerts deleterious effects during pregnancy 

and may play a possible role in the development and progression of PE.  Interestingly, 

several studies demonstrate beneficial effect of TES and other androgens on arterial BP in 

pregnant rats (Perusquia, Hanson et al. 2018), with rapid effects on vasorelaxation at the 

fetoplacental interface that suggest beneficial effects of TES on blood flow (Perusquia, 

Navarrete et al. 2007).  These findings are further supported by the findings from the 

present studies, which reveal that TES and its metabolites 5α- and 5β-DHT induced rapid 

vasorelaxation of UE isolated from pregnant female SD rats.  Thus, androgens appear to 

exert beneficial effects on BP regulation and promote uteroplacental blood flow during 

pregnancy.  Differences in androgen reactivity were observed in human umbilical arteries, 

in which DHEA and 5β-DHT-induced vasorelaxation was greater compared to TES or 

female sex steroid hormones (Perusquia, Navarrete et al. 2007).  Additionally, the anti-

hypertensive effects of 5β-DHT and DHEA appear to be significantly greater than the 

moderate effects of TES and 5α-DHT on arterial BP in conscious pregnant female rats 

(Perusquia, Hanson et al. 2018).  Taken together, the results of this study make for 

interesting speculation that 5β-DHT may be an effective treatment during pregnancy for 

PE. 

5.6 Mechanisms of androgen-induced vasorelaxation in the uterine artery 

 The key mechanisms underlying androgen-induced vasorelaxation are associated 

with the activation of VSM ion channel function.  The findings from the present study 

revel that the mechanism of androgen-induced vasorelaxation is dependent upon activation 
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of eNOS and KV and BKCa channel function in the UA of pregnant and PE pregnant female 

SD rats.  L-NMMA, a non-selective NOS inhibitor, decreased androgen-induced 

vasorelaxation of the UA more than 70% in both the NP and PEP rats, with minimal effect 

on vasorelaxation in UA pretreated with NPA, a selective nNOS inhibitor. Thus, androgen-

induced vasorelaxation in UA is primarily dependent on eNOS activation. NO-induced 

vasorelaxation is associated with increased levels of cGMP in VSM cells and subsequent 

activation of K+ channels (Archer, Huang et al. 1994) and/or deactivation of Ca2+ channels.  

In the present study, inhibition of KV and BKCa ion channel function attenuated androgen-

induced vasorelaxation in isolated UA, while inhibition of KATP channels exacerbated the 

vasodilatory effects of TES and its metabolite 5β-DHT.  These findings were similar to the 

KV and BKCa channel signaling mechanisms of TES-induced vasorelaxation observed in 

human umbilical arteries (Saldanha, Cairrao et al. 2013).  Interestingly, the effects of IbTx 

were reduced in PEP rats compared to NP control rats.  Some studies suggest androgen-

induced vasorelaxation is more dependent on Ca2+ antagonistic actions.  For example, the 

vasorelaxtion effects of 5β-DHT were more potent than DHEA or TES in myometrial 

smooth muscle cells and the mechanisms involved blocking VOCC and ROCC channels 

(Perusquia, Navarrete et al. 2005), with similar effects observed in human umbilical 

arteries (Perusquia, Navarrete et al. 2007).  Changes in signaling mechanisms may be 

attributed to androgen exposure during pregnancy.  In human umbilical arteries exposed 

to 5β-DHT in vitro have increased mRNA expression of BKCa channel β1-subunits and 

decreased mRNA expression of L-type Ca2+ channel α-subunits (Saldanha, Cairrao et al. 

2013).  Thus, changes in signaling mechanism may affect the efficacy and/or potency of 

androgen-induced vasorelaxation.   
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 The placenta plays a crucial role as the interface between the maternal and fetal 

circulation.  The close anatomical juxtaposition of the UA and UV enables efficient 

counter-current transfer of biologically-active humoral regulators produced at the 

uteroplacental interface from high concentrations in the UV to the UA (Towers, Shaw et 

al. 1986, Zezula-Szpyra, Gawronska et al. 1997).  Thus, endocrine regulation includes 

systemic distribution and/or local paracrine distribution of key regulating hormones from 

the placenta to the UA via the UV.  The results from the present study revealed no 

significant changes in uterine artery and placental mRNA expression of 5α-reductase but 

a significant decrease in the mRNA expression of 5β-reductase mRNA in both the placenta 

and UA of PEP rats compared to NP controls. Therefore, 5β-DHT production is decreased 

in the uterine arteries and preeclampsia during PE.  Thus, decreased production of 5β-DHT 

at the uteroplacental interface may contribute to decreased uterine blood flow during the 

development or progression of PE.  This suggestion is consistent with the increased 

sensitivity of the UA to 5β-DHT in vitro and the associated IUGR observed in the PEP rats 

compared to the NP controls in the present study.    

 While several animal models of PE have been identified which share many of the 

characteristics of the disorder in humans, there is no single model that fully mimics the 

human-specific progression of PE.  For the present study, the DOCA-salt model was 

chosen to investigate the vasodilatory effects of androgens on the uteroplacental 

vasculature in female rats.  The DOCA-salt model of hypertension is a well-established rat 

model that exhibits neurogenic, renal, and vascular response elements.  An imbalance in 

renal Na+ and water reabsorption results in hypervolemia, which mimics the effects of fluid 

volume expansion observed in early gestation.  While DOCA-salt treatment increases RAS 
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activity in the brain, which results in neural alterations in renal function and systemic 

vascular resistance (Ueno, Mohara et al. 1988), circulating renin and Ang II levels are 

unchanged.  Further, DOCA-salt rats exhibit systemic endothelial dysfunction, with 

enhanced vascular reactivity in isolated blood vessels (Nunes, Fortes et al. 2000).  

Compared to the various limitations in all other animal models of PE, the DOCA-salt rat 

model has the least potential to confound the findings of the present study; however, the 

results still may not be fully applicable to human PE. 

5.7 Clinical significance 

 The goal of this dissertation was to elucidate the roles of androgens in the regulation 

of systemic BP and in uterine vascular function during normal pregnancy and PE.  The 

findings from the studies in this dissertation provide important new and novel information 

on the possible roles of androgens in the regulation of systemic BP in hypogonadal men 

and in uteroplacental blood flow during pregnancy.  Further understanding of the 

mechanisms by which TES and other androgens exert beneficial vs. detrimental effects 

could lead to novel new therapeutic agents to treat systemic hypertension in men and PE 

in women.  

 TES deficiency in aging men has been well documented by several studies, which 

reveal that suggest free TES decreases 1.7-2.8% annually in men after 40 (Mohr, Guay et 

al. 2005).  TES deficiency presents with symptoms including a reduction in libido, energy, 

physical stamina, and lean muscle mass (Bhasin, Cunningham et al. 2010), while TES 

therapy improves sexual function, increases stamina, improves mood, increases bone 

mineral density, decreases body fat mass, and increases lean body muscle mass (Bhasin, 

Cunningham et al. 2010, Corona, Vignozzi et al. 2013).  While TES therapy appears to 
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improve overall wellbeing, potential adverse effects of TES therapy have been associated 

with increases in CVD, elevated prostate-specific antigen, and increased risk of prostate 

cancer.  There are several recent clinical studies that suggest that TES is deleterious to 

cardiovascular health and function, yet all these studies suffer from significant deficiencies 

in experimental design and/or data analysis that limit their validity.  A retrospective cohort 

study of men with low TES concentrations who underwent coronary angiograph in the 

Veterans Affairs healthcare system suggests that TES therapy increases the risk of 

mortality, MI, or ischemic stroke in hypogonadal men (Vigen, O'Donnell et al. 2013).  This 

study has been criticized for errors in its statistical methodology (Traish, Guay et al. 2014).  

Another trial, which was a double-blind randomized control study of elderly men with 

limited lower limb mobility, was terminated early with reports of increased adverse 

cardiovascular events in the TES treated men (Basaria, Coviello et al. 2010).  The results 

of this study have declared inconclusive by the Food and Drug Administration based on 

the small sample size and discrepancies in data acquisition.  In contrast to these studies, 

the most recent clinical studies suggest that TES therapy increases coronary artery dilation 

and blood flow, attenuates atherosclerosis, and ameliorates metabolic syndrome (Traish 

2018).  Further trials are necessary to determine the differences in study outcomes.  

Additionally, TES therapy is associated with increased serum prostate-specific antigens in 

hypogonadal men and early studies suggest that castration results in a dramatic regression 

of prostate cancer (Huggins 1941).  Interestingly, while elevated, the increased antigen 

levels were still within normal limits and did not definitively lead to significant increased 

risk of prostate cancer (Bhasin, Cunningham et al. 2010).  Further, a cumulative registry 

study found that while mean prostate-specific antigen did rise significantly during TES 
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therapy, the incidence of prostate cancer in the TES treated men was lower than the 

incidence of prostate cancer in the general population (Traish, Haider et al. 2014).  With 

the increased observation of hypertension and CVD in men compared to women, it is 

tempting to conclude that differences in sex hormones, specifically the male sex hormone 

TES, are responsible for the progression of these disease; however, TES may not be the 

single explanatory factor in the observed sex differences.  Other hypotheses suggest that a 

lack of estrogen in men may be the root cause of these sex differences.  There are several 

geographic and ethnic differences in risk factors associated with CVD which also suggest 

that other factors may play an important causative role in the progression of the disease, 

and further evidence that the progression of hypertension and CVD may be multifactorial 

(Balfour, Rodriguez et al. 2015).  

 The first study of this dissertation revealed that androgens appear to exert beneficial 

effects on BP.  The anti-hypertensive effects of TES and 5α-DHT in castrated male rats 

provide insight into the effects of TES deficiency on systemic BP and suggest a possible 

therapeutic role for androgens in hypertension.  Similarly, the second study of this 

dissertation revealed that androgens induce vasorelaxation of UA of pregnant rats, 

suggesting a role for androgens in the regulation of uterine blood flow during pregnancy.  

In PE pregnancies, increases in serum TES may result from decreases in the metabolism 

of TES to 5α-DHT, which is known to increase serum TES concentrations (Hong, Min et 

al. 2010, Enatsu, Miyake et al. 2016). The increased potency of 5β-DHT and reduced 

expression of 5β-reductase enzymes in the UA and placenta of PEP rats in the present 

study, suggests that a decrease in vasodilatory androgen production at the uteroplacental 

interface may reduce uterine blood flow and thereby contribute to the development and 
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progression of PE.  Thus, it is interesting to speculate that 5β-DHT, a TES metabolite that 

lacks androgenic effects at the AR but is a highly efficacious and potent vasodilator, may 

be an effective treatment for PE by improving placental blood flow.     
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