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BRETT M~ MITCHELL . 
• I 

Tetrahydrobiopterin-Dependent Vasodil9tion1 is Impaired in Experimental 
Hyp~rtension i 

. (Under the direction of R. CLINTON W~BB, Ph.D.) 

I 
I 

Decreased nitric oxide (NO) bioavai,ability leads to decreased vasodilation 
. I . . 
, I 

and increased blood presssure. Adeqtjate amounts of the NO synthase (NOS) 

cofactor, tetrahydrobiopterin (BH4 ), optimizes NO production. Redu~ed BH4 

results in decreased NO a_nd increasea superoxide production. Therefore, we 

hypothesized that decreased GTP cyclohydrolase (GTPCH), the rate-limiting 
• I 

I 

enzyme in BH4 production, decrease~ NO leading to impaired vasodilation and 

increased blood pressure .. · 
I . . 

. ' 

To examine the.effect of in vivo GTPCH inhibition on vasodilation and blood 

·pressure, we administered DAHP in the drinking water of rats. Systolic blood - . I . . . 
. pressure increased significantly in Df HP:-treated rats: Endothelium-dependent 

relaxation was decreased in aortas f~om DAHP-treated rats, but restored with 
, I , 

. I 

I 

superoxide dismutase or sepiapterirl, which produces BH4 via a salvage 
. i 

I 

pathway. In conclusion, in vivo GT1qH/inhibition leads to decreased NO 
I 

production resulting in decreased B/H4-dependent vasodilation and increased 

blood pressure. 
I 

· Excess glucocorticoids (GC) ca.use hypertension. To assess the effect of 
• I 

GCs on BH4 biosynthesis and vasbdilation, we implanted dexamethasone 
! . 

. ' 

(DEX), a synthetic GC,. in rats. Ao,trtas were isolated after 12 hours, 4 days, or 15 
/. ! ' ' . I . . 

days of DEX-treatment to examine the role of GTPCH in the onset, development, 

and maintenance of GC-induced thypertension, respectively. Aortic relaxation 



I 

I 

and GTPCH and eNOS mRNA levels wbre decreased significantly in aortas from 
. I . 

4- and 15-day DEX-treated rats andi resiore~ with sepiapterin. In conclusion, 
• I 

excess GCs down-regulate GTPCH/ leading to decreased BH4-dependent 

vasodilation, which contributes to dc-i~duced hypertension. 

. . 

To assess if GCs act directly on thtj blood vessel to down-regulate GTPCH 
I . 

! 

and decrease vas·odilation, we incybated rat aortic rings with various compounds 
I 
I I -

and found enc;lothelium-dependent! relaxation and GTPCH mRNA decreased 

' ' 

· significantly following incubation w,ith DEX for 6 hours. This effect was blocked 
. . i I 

by a GC receptor antagonist and rrvei-·sect by Sepiapteirin .. In conclusion, GCs qct. 

through· the GC receptor to down-regllllate GTPCH leading to decreased BH4-I . . 

dependent vasodilation. 
I I • • 

· The re·sults support the overall hypothesis that decreased BH4· biosynthesis, 
. I I . . 

either by GCs or pharmacologica,I in1ibition, results imdecreased NO production 

leading to reduced vasodilation and increased blood pressure. 
. I . . 

I • 

· INDEX WORDS: Tetrahydrobiopteriin, Nitric Oxide, Glucocortic~idl Hypertension 
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CHAPTER 1 

INTRODUCTION 

. Hypertension, or chronically elevated blood pressure, affects 1 in 5 people 

(1 iri 4 adults) and can result in end-organ damage such as kidney or heart_· 

failure. Due to the lack of physical symptoms, this disease has been termed the 
. . . 

"silent killer". Patients presenUng with a systolic blood pressure greater than 140 

mm Hg and/or a diastolic blood pressure greater th~n 90 mm Hg are considered 

hypertensive, and often are placed on lifestyle modifications and/or medications. 

An ever-growing body of scientific knowledge has led to many new discoveries 

both in the areas of causes and treatments of _hypertension,_ however a cure 

-remains elusive. 

Hypertension has a multifactorial etiology, in which prolonged constriction, . 

or lack of dilation, of the blood vessels plays a major role. Blood vessels 

maintain a basal tone and are acted upon by many vasoactive factors including 

- humeral, neural, and endothelium-derived dilators and constrictors. These act 

upon the underlying smooth m·uscle cells to modulate contraction. This tone, and 

subsequent vasodilation or vasoconstriction, are necessary to control organ 

1 ' 



perfusion thus protecting the distal organ from increased pressures that may 

damage it. Additionally, this is how blo·od flow is regulated to match metabolic 

demand. 

2 

In this dissertation, we tested the novel hypothesis that decrease_d 

guanosine trip hosp hate (GTP) cyclohydrolase (GTPCH), the- rate-limiting enzyme 

·- .. -.-in the production of tetrahydrobiopterin (BH4 ), re~ul_ts in de.crease·d· nitric oxide 

(NO) production leading to impaired vasodilation and increased blood pressure. 

Furthermore, we hypothesized that glucocorticoids decrease GTPCH, which 

contributes to decreased vasodilation and increased blood pressure. 

Chapter 1 reviews the literature regarding glucocorticoids, their role in the 

development of hypertension, and possible mechanisms for this effect. 

Additionally, background information on NO biosynth~sis and the NO synthase 

(NOS) cofactor, BH4, and their effects on vasodilation in disease states will be 

discussed. The overall objective of the dissertation, specific aims, a·nd the 

experimental approach to test these aims will also be presented. 

G/ucocorticoid Hypertension. Excess glucocorticoids, whether 

naturally-occuring such as cortisol in humans and corticosterone in rats or 

synthetic, elevate blood pressure in humans and animals 1-
6 and conversely, 

glucocorticoid d~ficiency, such as in Addison's disease, is accompanied by low 

blood pressure.1 In humans with Cush_ing's syndrome, or excessive release of 

endogenous adrenal glucocorti(?oids, hypertension develops in 70-80% of the 



3 

patients. In these individuals, there is no nocturnal fall in blood. pressure and this. 
. . 

may contribute to the deleterious effects of glucocorticoid excess on blood 

vessels. Extensive evidence supports the concept that this form of hypertension 

is associated with multiple factors: 1) activation of the renin-angiotensin system 

due to increased renin substrate; 2) increased constrictor responses to 

angiotensin 11 and norepinephrine; and 3) reduced activity of vasodilator systems 

inclu~ing the kallikrein-kinin system, prostaglandins and endothelium-derived 

No.1
-
4 This dissertation focuses ,on mechanisms by which. glucocorticoids reduce 

the production of NO. 

The experimental evidence supporting a role for a reduced vasodilator 

activity to NO in glucocorticoid hypertension is convincing. Vasodilator 

responses to ·endothelium-dependent agonists, such as acetylcholine and 

bradykinin, are blunted in humans and animals with glucocorticoid excess.4 

Responses to endothelium-independent vasodilators (nitroglycerin and 

nitroprusside) are not altered or increased in a compensatory manner. These. 

observations support a role for a reduced activity of endothelium-derived NO in 

glucocorticoid hypertension, but the reduced responsiveness does not involve an 

altered signaling pathway for NO in tt~e vascular smooth muscle cell. 

Evidence from other studies also support a role for glucocorticoids in the 

regulation of NO bioavailability. In spontaneously hypertensive rats (SHR), the 

impaired endothelium-dependent dilator respo·nse to histamine is related to an 



enhanced adrenal glucocorticoid secretion.1
-
9 Furthermore, adrenalectomy 

lowers blood p~essure in the SHR ~odel of hypertension.10
•
11 

NO af!d the Cofactor, BH4. Endothelium-derived NO is a potent 

vasodilator and it plays an important role in the control of vascular tone. The 

formation of NO from L-arginine is dependent on the enzymatic activity of NOS 

(Figure 1.1 ). 

Nitric Oxide Synthase 

Catalytic Domain Oxygenase Domain -

INADPHI FADI FMN I !Calmodulin! Heme I BH4 

>>>>> Electron Flow >>>>> 

02+ 
L-arginine ,,. . ,~ 
NO+ 
L-citrulline 

4 

Figure 1.1 The role of tetrahydrobiopterin as a cofactor of nitric oxide 

synthase. When BH4 binds to NOS in a 1: 1 ratio, electron flow can proceed and 

arginine and oxygen are converted to citrulline and NO. 

BH4 is an essential cofactor for all NOS isoforms, including endothelial NOS 

. : ·' 

(e.NOS), neuronal NOS (nNOS), and inducible NOS (iNOS). While NO derived 

from all isoforms contribute to vascular reactivity in different regional beds, this 

dissertation focuses on eNOS and its role in the ~ndothelial cell, where eNOS is 



the major isoform! The catalytic activity of eNOS is regulated by the availability 

of BH4, an allosteric and redox cofa?tot for th~ enzyme.12
-
14 Several recent 

reviews have summarized the literature on the role of NO in hypertension 13
•
16

-
22 

. . 

and also .the potential role of BH4 in vascular disease.13
-
15 H~re, we summarize 

ir:,formation related to the hypothesis fully recognizing the· complexity of the 

biology of the NO signaling pathwaY: 13
•
23

•
24 

5 

BH4 is synthesized de novo from GTP and regulated by the first and rate

limi~ing enzyme, GTPCH, in a three-step pathway (Figure 1.2).13
•
14

•
25

•
26 

Salvage Pathway de novo Pathway 

, Oxidation 

.GTPCH1 · 

I Sepiapterin I. 6-pyruvoyl BH4. 
• Reductase . • synthase 

BH2 I · I 6-pyruvoyl BH4 I · 

Dihydrofolate 
Reductase +· 

BH4 

Sepiapterin 
Reductase 

Figure 1.2 Biosynthesis of tetrahydrobiopterin. The de novo pathway 

consists of GT_P entering a 3-step pathway where GTP cyclohydrolase is the first, 

and rate-limiting, enzyme in the conversion to BH4. 



BH4 also can be synthesized from sepiapterin via a salvage pathway. 

Intracellular BH4 can be also be produced through a salvage pathway in which 

sepiapterin is conv~rted to BH4 through sepiapterin reductase. Both pathways 

for BH4 biosynthesis exist in endothelial cells and vascular myocytes. 

In intact arteries, 60% of the total BH4 is found in the en.dothelial cells, the 

remaining 40% is pro~ably localized to vascular myocytes and nerve endings in 

6 

the adventitia.14 The tu.mover of BH4 is very rapid. 14
•
27 

· In dog basilar arteries, a 

6 hour incubation with 2,4-diamino-6-hydroxypyrimidine (DAHP)~ an inhibitor of 

GTPCH, caused a 95% depletion of intracellular BH4. Experiments on cultured 

endothelial cells demonstrate that DAHP can reduce BH4 levels to approximately 

10% of control levels within 6 hours and to undetectable levels within 24 hours. 

When canine arteries are incubated with sepiapterin, BH4 returns to 80% of the 

· level before treatment with DAHP. Recent findings in is9lated arteries are in 

agreement with studies on cultured endothelial cells demonstrating activ~t_ion of 

the salvage pathways. Importantly, as noted by'Kinoshita et al. (14,28), these 
• J • 

observations demonstrate that DAHP and sepiapterin can be used as 

pharmacological tools to inhibit or increase BH4 production, respectively. 14
·
28 

In contrast to the pharmacological specificity of DAHP and sepiapterin, the 

biological activity of exogenous BH4 is not as clear. 14
·
29

•
30 In. some studies, the 

cofactor has been demonstrated to increase the prod.uction of NO and to 

increase responses to endothelium-dependent vasodilators.29 _Other studies 



have demonstrated that BH4 cau·ses an endothelium-dependent contraction due 

to a production of superoxide anions. Ttie superoxide anions inactivate NO . 

contributing to contraction. Through i'ts allosteric effects on NOS, BH4 also· 

enhances the binding of arginine analogs, thereby potentiating the activity of . 

these NOS inhibitors. 13_ Thus, exogenous BH4 may be problematic as a 

pharmacological tool due to its rapid 0xidation .. 

7 

Related to the research focus of this dissertation are the recent findings 

that BH4 levels in endothelial cells may play an important role in vascular 

disease. Endothelial dysfunction in ischemic reperfusion is reversed by BH4 

·suggesting that a depletion of this cofactor may produce an impairment in NO 

production.31 Similarly, BH4 has been shown to ·restore endothelium-dependent. 

· re.sponses in smokin·g-related ·arteriaf inju.ry and hypercholesterolemia. 32
-
34 

Pieper has demonstrated that BH4 restores acetylcholine-indi.Jced relaxation in 

aortic ring.s of diabetic rats to near normal levels.35
·
36 Katusic and c~-workers 

have proposed that since BH4 is a potent reducing agent, it is possible that 

oxidative stress in the blood vessel wall may lead to a depletion of reduced 

pterin.14
·
28 This causes NOS activity to fall leading to impairme,nt of NO 

production a·nd reduced vasodilation. Our hypothesis is somewhat similar with 

regard to reduced levels of BH4 and impairment of NO production and 

vasodilation. However, we propose that the decreased BH4 in our model of 

glucocorticoid hypertension is due to an action of glucocorticoids to inhibit 



·· expression of GTPCH, the rat~ limiting enzyme for BH4 biosynthesis. Indeed, 

some of our prel-iminary experiments ·have documented that dexamethasone 

treatment of isolated arterial rings results in endothelium dysfunction and 

sepiapterin treatment restores endothelium responsiveness. 

8 

A recent study by Hattori_ et al. observed that rats injected with bacterial 

lipopolysaccharide developed- endotoxic shock witti severe hypotension.37 

Plasma levels of nitrate/nitrite and biopterin were elevated in these rats and 

mRNAs for inducible NOS and GTPCH were increased in the lung. Treatment of 

the rats with dexamethasone prevented the hypotension and attenuated the 

in.crease in plasma nitrate/nitrite and biopterin levels. Dex·amethasone also 

inhibited the induction of inducible NOS but did not alter ·rnRNA levels for 

GTPCH. Thus, in this rJlOdel of shock, glucocorticoids prevent the hypotension 

by inhibiting the induction of NOS and by limiting biopterin availability. The 

reason that glucocorticoids did not alter mRNA for GTPCH in this study is unclear 

but may relate to an action of the lipopolysaccaride or to the regional vascular 

bed (lung) which is a low resistance circuit. We predict that expression levels for 

GTPCH mRNA to be low in the systemic vasculature of glucocorticoid 

hypertensive animals. -As noted above, this prediction is consistent with our 

preliminary experiments and with previous observations reported for cultured 

cells where dexamethasone inhibits expression of GTPCH.38
·
39 



9 

One other important characteristic of glucocorticoid hypertension in 

humans is that plasma catecholamine levels (norepinephrine) are inversely 

related to urinary cortisol levels.40
•
41 This relationship also may reflect an action 

of glucocorticoids to reduce BH4 levels. BH4 is an essential cofactor for tyrosine 

hydroxylase, the rate limiting enzyme for catecholamine synthesis. Thus, both 

the reduced catecholamines and low Nb levels may be the product of a 

glucocorticoid-induced reduction in the expression levels of GTPCH, the rate

limiting enzyme in the production of BH4 . 

. To date, the role of BH4 in the reduced NO availability characteristic of 

hypertension has ~een characterized· in only two animal"models, the 

spontaneously hypertensive rat (SHR) and deoxycorticosterone·acetate (DOCA)

salt-induced hypertensive mice. ·In the former model, BH4 levels in aortic 

segments of prehypertensive SHR were not reduced compared to aortic 

segments from Wistar Kyoto normot~nsive rats.42 Thus, the impaired dilator · 

responses to endothelium-dependent agonists were not the result of a reduction 

in cofactor. Ir:, contrast, an impaired synthesis of B.H4 occurs in the adrenal 

cortex of adult s.HR.43 .-The. observations on the prehypertensive aorta do not· 

support the hypothesis of this proposal but those on the adrenal cortex do. In the 

SHR, genetics or developmental aspects may play a role in .the expression of the. 

cofactor, or changes in superoxide anion levels may be involved as reported by 

others.42.44
,
45 As noted above, BH4 is both an allosteric and redox cofactor for 
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NOS and thus, the effects may be complicated in models of hypertension such 

as the SHR where multiple gene products are involved in the hypertensive state. 

The l~tter model was recently reported to exhibit reduced BH4 content in aortas, 

which was·increased in DOCA-treateo mice lacking the eNOS and a NADPH 

oxidase subunit gene. Additionally, oral treatment ·with _BH4 in the [?OCA-treated 

.mouse significantly increased aortic BH4 content and NO production.46 

Dissertation Objective 

The overal! goal was to elucidate the mechanisms of altered BH4 biosynthesis . 

. and its effect on endothelial function, vascular reactivity, and blood pressure in. 

experimental hypertension. The .hypothe~is was that decreased GTPCH, the· 

rate-limiting enzyme in the pro~~ction of tetrahydrobiopterin (BH4 ), results in 

decreased NO production leading to impaired yasodilation and increased blood 

pressure. The gene'ral hypothesis was tested by the following specific aims 

(Figure. 1.3): 
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Specific Aim 2 Specific Aim 1 

Glucocorticoids ------»~ -1- GTPCH 1 
Specific Aim 3 

I GTP I ~ ·-➔ ..._l_-1-_B_H4 _ __. 

eNOS+ 
L-arginine----~ -1-NO~ t vascular· ~. t blood 

reactivity pressure 

Figure 1.3 Overall Hypothesis: Red.uctions in GTP cyclohydrolase 1 lead to 

decreased tetrahydrobiopterin-dependent vasodilation and increased blood 

pressure. 

Specific Aim 1. To examine the role of GTPCH in vasodilation and blood 

pressure regulation. This aim was tested by the experiments performed in 

Chapter 2. 

Specific Aim 2. To define ttw mechanism of glucocorticoid-induced 

alterations in GTPCH in decreased vasodilation and in the development 

' ' ' 

and maintenance of hypertension. Chapters 3 and 4 ·address the mechanism 

by which glucocorticoids down-regulate GTPCH leading to decreased 

vasodilation and increased blood pressure. 

Specific Aim 3. To define the mechanism of exogenous BH4-induced 

alterations on vasodilation in NOS inhibition-induced hypertension. 

Chapter 5 presents the findings and interpretations and explains how exogenous 

BH4 further decreased vasodilation in this model of hypertension. 
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Exp~rimental Approach. Male-Sprague-Dawley rats were used in all 

experiments to test the specific aims. The aorta was chosen due to its· 

usefulness both for biochemical measures and as a model of agonist-induced 

responsiveness. In addition, this project examined the NO pathway, which is the 

major endothelium-derived autocoid that eli,cits vasodilation in the aorta. 
. . 

Furthermore, the findings from these studies examine endothelial function, and 

the results can be applied to other yascular.tissue. Th_is vessel was used in all 

experiments of this dissertation so findings could l;)e compared between 

experiments and to previous studies. 

This dissertation aimed to examine the general hypothesis in an 

integrative physiologicat manner, ~s we obtained r~sults from the genetic level to 

the intact animal. In vivo measurements of blood pressure (Chapters 2,3 and 5) 

and administration of pharmacological agents in the drinking water of rats 

(Chapters 2 and 5) provided whole animal data. · in addition, a glucocorticoid

induced hypertension model was used in Chapter 3, which consisted of a 

synthetic glucocorticoid pellet implanted subcutaneously. In vitro methods· were 

. utilized in aortic segments to measure vascular reactivity. Finally, molecular 

analyses were performed to examine mRNA levels in vascular segments. 
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CHAPTER2 

GTP CYCLOHYDROLASE 1 INHIBITION ATTENUATES 

VASODILATION AND INCREASES BLOOD PRESSURE IN RATS 

Abstract· 

GTP cyclohydrolase 1 is the rate-limiting e·nzyme in the production of 

tetrahydrobiopterin, a necessary cofactor for endothelial nitric oxide synthase. 

We tested the hypothesis that inhibition of tetrahydrobiopterin synthesis will 
. . 

impair endothelium-dependent relaxation and increase blood pressure in rats. 

2,4-Diamino-_6-hydroxypyrimidine (DAHP), a GTP cyclohydrolase 1 i_nhibitor, was 

given in the drinking water (~120 mg/kg/day) for 3 days. Systolic blood 

.pressur~s were measured (tail-cuff p~oced~re) for 3 day~ prior to and each day 

during DAHP treatment. Blood pressure increased ·significantly following DAHP 

treatment (mm Hg: 122±2. versus 154±3 prior to and following DAHP treatment, 

respectively; p<0.05). Endothelium-intact aortic segments were _isolated and 

hung in organ chambers for measurement of isometric force generation. Aortas 

from DAHP-treated rats exhibited decreased maximal relaxation to acetylcholine 

co_mpared to controls (% relaxation from phenylephrine-induced contraction 1 0 -7 

20 
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mol/L: DAHP=57±6% versus control=79±4%; p<0.05). Relaxation responses to 

A23187 also were decreased in aortas from DAHP-treated rats compared to 

controls. Incubation with sepiapterin (10 4 moll~, 1 hour), which produces 

tetrahydrobiopterin via a salvage pathway, 'restored relaxation to acetylcholine in 
. I 

aortas from DAHP-treated rats. Superoxide. dismutase significantly -increased 

acetylcholine-induced relaxation in aortas from DAHP-treated rats, whereas 

catalase had no effect. Endothelium-independent relaxation to sodium 
. . 

nifroprusside in aortas from DAHP-treated rats was not different from control rats; 

however, nitric oxide synthase inhibition increased sensitivity to sodium 

nitroprusside in aortas from DAHP-treated rats. These results support the 

hypothesis that GTP cyclohydrolase 1 inhibition decreases relaxation and 

increases blood pressure in rats. 

Introduction 

Nitric oxide (NO) plays a key ~ole in vascular tone and alterations in NO 

production have been shown to modulate endothelium-dependent vasodilation 

and blood pressure. NO is produced from the conversion of arginine and oxygen 

to citrulline via NO synthase (NOS), of which three isoforms have been 

discovered: neuronal (nNOS), inducible (iNOS), and endothelial (eNOS). All 

- NOS isoforms require certain cofactors for optimal catalytic activity and one of 

these cofactors is tetrahydrobiopterin (BH4 ). BH4 is necessary for all NOS 
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isoforms and aids in the stabilization of the NOS dimer and increases the affinity 

of NOS for arginine.1 
· BH4 is produce_d via a de novo pathway from guanosine-

. . . 

triphosphate (GTP) by GTP cydohydrolase I (GTpCH1 ), the first and rate-limiting 

enzyme of a three-enzyme pathway. GTPCH 1 activity is regulated by end

product feedback via.the GTP cyclohydrolase feedback regulatory protein.2 BH4 

also can be produced via a salvage pathway in which sepiapterin is converted·to 

the intermediat~ dihydrobiopterin by'sepiapterin reductase and then to BH4.3 

Previous research has shown that in the presence of low levels of BH4, 

NOS3 becomes uncoupled and generates superoxide anion.4
-
7 In addition to 

increased superoxide production by NOS, low BH4 levels lead to decreased NO 

production, both of which contribute to endothelial dysfunction. Exogenous BH4 

has been shown to restore endothelial function in humans with coronary artery 

disease, hypercholesterolemia, atheroscle,rosis and a history of cigarette 

smoking.8
-
11 Exogenous BH4 given to the spontaneously hypertensive rat: a· 

genetic form of hypertension, has been shown to suppress the development of 

elevated blood pressure.12 

GTPCH1 has been studied mostly in the context of neurotransmitter and 

catecholamine production, of which BH4 also is a cofactor. Genetic defects in 

GTPCH 1 can lead to dopa dystonia. However, the role of GTPCH 1 in vascular 

biology is still not fully understood. Previous studies utilizing cell cultures have 
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shown that GTPCH1 inhibition with 2,4-diamino-6~hydroxypyrimidine (DAHP) · 

indeed do.es lower 8~4 levels and decrease NO production~5
·
13 In addition, 

studies using isolated aorta, coronary, and cerebral arteries have shown that 

inhibition of BH4 production causes endothelial dysfunction.4
·
14

·
15 Kinoshita et al. 

showed that a 6-hour incubation of isolated canine basilar a·rteries·with DAHP 

depleted 95% of intracellular BH4.16 However, in vivo studies exploring the 

·alteration of BH4 biosynthesis to support these findings· have not been 

performed. Therefore, the purpose of this study was to examine the role of 

GTPCH1 in vascular reactivity and blood pressure in rats. We hypothesized that 

DAHP, a known inhibitor of8H4 synthesis, would decrease endothelium-. . 

dependent relaxation and increase blood pressure in rats. 

Methods 

Animals arid Blood Pressure Measurements. Male Sprague-Dawley rats 

(obtained from Harlan; 300-324 grams) were used and all procedures were 

approved by the Medical College of Georgia's Animal Use for Research and 

Education CommiUee. · All rats were maintained on a 12: 12, light:dark cycle and 

had access to standard rat chow ad libitum throughout the study. Systolic blood 

pressures were measured by tail-cuff plethysmography (pneumatic transducer). 

While being given tap water ad libitum, all rats underwent 3 days of habituation to 

the procedure, followed by a 3-day baseline period consisting of daily blood 
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pressure measurements. For the next 3 days, rats were giveri DAHP (10 -2 

mol/L; n=6) in their drinking water or continued receiving tap water (controls, 

n=6). The effective concentration of DAHP (-120 mg/kg/day) was determined by 

calculating the normal intake of wat~r in 300g rats (41 ±1 ml/day) and using the 

molecular weight of DAHP and the body weight of the rats. Blood pressure 

measurements were taken at the sarrye time each day during the DAHP- or tap

water treatment. 

A previous report has examined the mechanism of DAHP inhibition of 

GTPCH1 and found that, in low concentrations, DAHP mimics BH4 in an end

product feedback inhibition mechanism.16 The binding of DAHP to the 9.5-kDa 

pr?tein GTP cyclohydrolase feedback regulatory protein forms an inhibitory · 

complex with GTPCH 1 and decreases its activity. At high concentrations, such 

as that used in th~ prese~t. study, DAHP was, shown to compete directly with 

GTP for.G_TPCH1 binding. 

Organ Chamber Experiments. On the day of experiments, rats were 

anesthetized with sodium pentobarbitol (50 mg/kg, i.p.). The thoracic aorta was 

excised and immediately placed in cold physiological salt solution (PSS; 

composition in mmol/L: NaCl 130.0, KCI 4.7, KH2P04 1.18, MgS04-7H20 1.17, 

NaHC03 14.9, dextrose 5.5, EDTA 0.026, CaC'2 1.6). The isolated endothelium

intact aortic segment was cleaned free <?f connective tissue and cut into 3-4 mm 



rings. The aortic rings were connected to an isometric force transducer in a 50 

ml organ chamber filled with 37°C PSS and bubbled with 95% 02-5% GO2, 
. ? . 
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Aortic rings from one DAHP-treated and control rat were studied in parallel. All 

experiments were performed in the presence of indomethacin (1 O -5 mol/L) to 

inhibit cyclooxygenase. · Vessels were set at a passive force of 3.:5-4.0 grams 

and isometric force generation was recorded continuously. Following a 60 

minute equilibration period, all vessels were contracted with phenylephrine (PE, 

1 O -7 mol/L) to test viability. Acetylcholine (ACH, ·10 -5 mol/L) was administered to 

test the functional integrity of endothelium as measured by relaxation. · 
. -: 

Concentration-response curves were obtained in a ·half-log, cumulative fashion. 

Responses to ACH, A23187, and sodium nitroprusside (SNP) were generated 

following contraction to PE (10 -7 mol/L). Incubation time was 10 minutes for 

~uperoxide dismutase (S~D) and catalase,· 20 minutes for Nro-nitm-t-arginine (L~ 

NNA), and 60 mi~utes for indomethacin and sepiapterin. Relaxation responses 

to ACH, A23187, and SNP were expressed as percent relaxation from 

submaximal PE-induced contraction (10 -7 mol/L). To determine EC50 values for 

relaxation responses to SNP followin·g NOS inhibition, data were expressed as a 

percentage of maximal relaxation. Regression analysis using three data points 

along the linear section of the concentration-response curve was used to 

generate an equation from which the EC50 value was determined. These values 

were averaged and the geometrtc meari was compared between groups. 
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Reverse Transcriptase-Polymerase Ch~in Reaction (RT-PCR). Thoracic 

aorta was removed and cleaned free of adherentfat, connective tissue and blood 
. -

before being snap frozen. RNA was extracted using TRIZOL reagent following 

the manufacturers protocol (Gibco ). The RNA was qu~ntified by 

spectrophotometery and 1 µg of RNA was used to produce cDNA. 

Contaminating cDNA was removed using DNAse enzyme prior to reverse 
. . 

transcription with AMV reverse transcriptase using oligo dT as a primer. . · 

Occasional RNA samples were subjected to the PCR procedure without prior 

reverse transcription to control for the presence of contaminating genomic DNA 

in the sample. PCR amplifications were carried out on a portion of the cDNA 

produced. Each PCR reaction contained 5 pM of each oligonucleotide primer, 

200 µM dNTP, 0.2 units TAQ in the manufacturer's buffer. Optimum annealing 

temperature was assessed using a _gradient block thermal cycler. Cycle number 

and te~plate dilution factor were determined for each amplicon prior to 

experimentation to ensure linearity. The cDNA produced ·was resolved on a 2% 

agarose gel and the amount of DNA present was identified using ethidium 

bromide staining .. The results· were quantified. using KODAK 1 D software and an 

EDAS 290 imaging system (Eastman Kodak - Rochester, NY) .. The specific 

oligoneuclotide primers were designed using an internet based primer design 

program, GeneFisher. Rat GTPCH1 (forward: 5'-ATTTGTGGGAAGGGTCCA-3', 



27 

reverse: 5'~CAGATAACGCTGGCCTCA-3') primers were obtained from 

· Biosource (CafTlarillo, CA). 

Reagents. The following compounds were purchased from Sigma Chemical Co. 

(St. Louis, MO): ACH, calcium ionophore A23187, catalase, indomethacin, L

NNA, PE, sepiapterin, SNP, and SOD (from bovine erythrocytes, 3,700 units/mg 

protein). L-NNA and sepiapterin were dissolved in PSS and a stock solution of 

indomethacin was dissolved in ethanol (<0.1 % final concentration in organ 

chamber). All other drugs were dissolved in distilled water and all reagents were 

prepared fresh on the day of experimer;,ts. 

Statistical Analyses. Results are presented as mean±SEM. Blood pressures 

were ave.raged over the 3 days of baseline and DAHP- or t~p-water treatment. 

An one-way analysis of variance was used for multiple comparisons followed by 

the Newman-Keuls post hoc test when necessary. Comparison between 2 

values was analyzed using Student's t test when appropriate. mRNA levels are 

expressed as the ratio of GTPCH 1 to GAP DH in arbitrary units. The significance 

level was set at O. 05. 

Results 

Blood Pressure Measurements. Before administration of DAHP, baseline 

systolic blood pressure did not differ between the two groups of rats (p>0.05-; 

Figure 2.1 ). 
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Figure_ 2.1 DAHP (10 -2 mo/IL), given in the drinking water, increases 

systolic blood pressure in male Sprague-Dawley rats. Results are expressed 

as mean±SEM (n=6). *p<0.05 vs control (ANOVA with Newman-Keuls multiple 

comparison test). 

Following_ OAHP (10 -2 mol/L) administration in the drinking water, systolic biood 

pressure increased significantly over .3 days (average 3-day baseline=122±2 

mm Hg versus average 3-day DAHP-treatment=154±3 mm Hg; p<0.001) and was 

significantly greater than systolic blood pre?sure in control rats each day 

(p<0.001 ). 



29 

Effect of in vivo GTPCH1 Inhibition on Endothelium-Dependent Relaxation. 

The magnitude of force generation to PE O 0 -7 mol/L) in aortas from DAHP

treated rats was not different compared to controls (mg of isometric force, 

DAHP=975±165 versus control=974±120; p>0.05). Maximal aortic relaxation to 

ACH was decreased significantly in the DAHP-treated ·compared to control rats 

(57±6% versus 79±4% relaxation from PE 10 -7 mol/L; p<0.05) (Figure 2.2). 
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Figure 2.2 Acetylcholine-induced relaxation "is decreased in aortas from 3-

day DAHP-treated rats and abolished in both groups following NOS 

inhibition with N(JJ•nitro-L-arginine (L-NNA, 10 -s mo/IL). Results are 



expressed as mean±SEM (n=5-6). *p<0.05 vs control (ANQVA with Newman

Keuls multiple comparison test). 
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EC50 values for ACH in the vessels from DAHP-treated and control rats were 

similar (~10 -7 mol/L). Similarly,. relaxation to the calcium ionophore A23187 was 

d~creased significantly in aortas from DAHP-treated rats (Figure 2.3). 
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Figure 2.3 Relaxation to the calcium ionophore, A23187, is decreased in 

aortas from 3-day DAHP-treated rats. Results are expressed as mean±SEM 

(n=5-6). *p<0.05 vs control (ANOVA with Newman-Keu/s multiple comparison 

test). 
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NOS inhibition via L-NNA (10 -5 mol/L) decreased maximal relaxation to ACH in. 

both groups (Figure 2.2). Sepiapterin (10 -4· mol/L), a BH4 donor, restored 

maximal relaxation responses to ACH i.n the segments from DAHP-treated rats to 

that of controls (57±6% to 81±4% relaxation from PE 10 -7 mol/L; Figure 2.4). 
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Figure 2.4 Restoration of BH4 (sepiapterin, 10 -4 mo/IL) increases 

.acetylcholine-induced relaxation in aortas from 3-day DAHP-treated rats. 

Results are expressed as mean±SEM (n=5-6). *p<0.05 vs control (ANOVA with 

Newman-Keuls multiple comparison test). 

The dose-response curve and EC50 values for aortas from DAHP-treated rats 

following sepiapterin were similar to those of vessels from control rats. SOD 
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(150 U/ml) significantly increased ACH-induced relaxation in aortas from DAHP

treated rats, however catalase (1200 U/ml) had no ·effect (Figure 2.5). 
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Figure 2.5 Acetylcholine-induced relaxation following incubation with 

superoxide dismutase (150 UlmL) is increased but unchanged with cata/ase 

(1200 UlmL) in aortic rings from 3-day DAHP-treated rats. Results are 

expressed as mean±SEM (n=6-11). *p<0.05 vs DAHP (ANOVA with Newman

Keuls multiple comparison test). 

In the control rats, aside from one data point, SOD had no significant effect on 

relaxation responses to ACH (data not shown). 
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Effect of GTPCH1 Inhibition on Endothelium-Independent Relaxation. SNP 

was used to anal'yze endothelium-independent vascular reactivity. Relaxation 

responses in .aortic segments from DAHP-treated rats to SNP were not 

statistically different compared to controls (data not shown). However, NOS· 

inhibition by L-NNA (10 -5 mol/L) significantly increased the senstivity of the 

DAHP-treated vessels to SNP compared to aortas from control rats (Figure 2.6). 
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Figure 2. 6 Sensitivity to sodium nitroprusside following NOS inhibition (L

NNA, 10 ·5 mo/IL) is increased in aortic tissues from 3-day DA HP-treated 

rats. Values are expressed as percent of maximal relaxation. -Results are 

expressed as mean±SEM (n=6). *p<0.05 vs control+ L-NNA (ANOVA with 

Newman-Keu/s multiple comparison test). 



The ECso value for aortas from the DAHP-treated rats (-8.89±0.09, anti

log=1.3x10 -9) was significantly decreased compared to the control vessels (-

8.41 ±0.07, anti-log=3.9x10 -9; p<0.05). 
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Effect of 3-Day DAHP-Water.Treatment on GTPCH1 mRNA Expression. 

Aortic GTPCH1 mRNA express.ion levels were not significantly different between. 

DAHP-treated rats and controls (intensity in arbitrary units corrected for GAPDH; 

DAHP-treated=1.81±0.09 versus controls=1.55±0.17; p>0.05). 

Discussion 

This study tested the role of GTPCH 1 in vas"odilation and blood press~re 

regulation. Blockade of GTPCH 1, the rate-limiting enzyme in the production of 

BH4, was achieved by administration of DAHP in the drinking water given tc;> the 

· rats. First, we showed that GTPCH1 inhibition in vivo elicited hypertension. We 

also demonstrated that aortic endothelium-dependent relaxation was decreased 

as a result of in vivo. BH4 depletion and could be restored with sepiapterin, a BH4 

·donor. 

NO plays an important role_ in blood pressure regulation and inhibition of 

. NO production leads to elevated· blood pressures, as demonstrated in ·rats given 

· exogenous L-NNA and NOS3 knockout mice.17
·
18 It has been suggested that · 

BH4 may 'dictate the rate of production of N0.16 Indeed, DAHP-treatment 

increased systolic bJood pressures ~35 mm Hg within one day and remained 



elevated for up to three days (Figure 2.1 ). This supports the findings of an 

, ' 

elevated systolic blood press~re in the hph-1 mouse, a hyperphenylalaninemic 

mouse mutant which displays a 90% deficiency of GTPCH1 .4 

It is known that a decrease in NO can elicit reductions in vascular 

reactivity. Previous studies have reported that cultured endothel_ial cells and 
. ' . 

isolated arteries incubated with DAHP have decreased NO production.5
•
13

·
14

·
19 
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The present study demonstrated that ACH- and A23187-induced relaxations 

were significantly decreased in aortas from DAHP-treated rats compared to 

controls (Figures 2.2 and 2.3). The_se results support the studies of Kinoshita et 

a/. who found that endothelium-dependent relaxation to the calcium-ionophore 

A23187 and bradykinin were significantly reduced in canine basilar arteries 

incubated with DAHP.15 Tiefenbacher et al. also showed decreased relaxation to 

serotonin and substance P in pig coronary arteries incub~ted with DAHP .10 In 

contrast, a previous study found no change in relaxation to A23187 in canine 

coronary arteries incubated with DAHP. 14 However, they found this relaxation to 

be mediated by hydrogen peroxide which had been converted from the increased 

levels of superoxide by superoxide dis,mutase. Relaxation responses to ACH 

were also found to be mediated by hydrogen peroxide in the- hph-1 mouse.4 

We also demonstrated that NOS inhibition by L-NNA (10 -5 mol/L) 

inhibited relaxation in both groups (Figure 2.22). NOS inhibition using N~-nitro-L-



arginine methyl ester in hph-1 _mutant and wild-type mice also completely 

abolished ACH-induced relaxations in both groups.4 
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Previous studies have shown that exogenous BH4 can improve 

endothelial function in humans and animals.8
-
11 Sepiapterin, which restores BH4 

through a salvage pathway via sepiapterin reductase, is·an effective 

pharmacological tool to increase BH4 levels. 15
•
20 In the present study, 

sepiapterin restored ACH-induced relaxation in aortas from DAHP-treated rats to 

that of control vessels (Figure 2.4 ). These data support a previous study in 

which pig coronary arteries incubated with'DAHP had restored relaxation when . 

. given sepiapterin.20 Incubation with BH4 in hph-1 mouse aortas also restored 

ACH-induced relaxation, which was no longer mediated by hydrogen peroxide.4 

Taken together, these results support the concept proposed by Tsutsui et al. that 

increased availability of BH4 may activate eNOS and lead to increased 

relaxation.21 Addition of exogenous BH4 has improved endothelial function in 

diseased vessels,8
-
11 however, in healthy vessels additional BH4 may become 

auto-oxidized and quench NO thus caus_ing reduced relaxation.21 Further 

elucidation of the role of GTPCH1 in vascular disease has potential as a 

therapeutic target. 

In the presence of low levels of BH4, superoxide can be produced by 

"uncoupled" eNOs.4
-
7 In addition, 16-week old spontaneously hypertensive rats 

also exhibit decreased BH4 and increased superoxide levels.12 In the current 
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study, we examined the superoxide levels in the DAHP-treated ·rats using a 

pharmacological approach. If supe~oxide levels were elevated in the DAHP

treated rats, then SOD, which converts superoxide into the vasodilator hydrogen 

peroxide, should improve endothelium-depenc;jent relaxations to AqH. Indeed,. 

following i~cu~ation with SOD we observed a significantly increased aortic 

relaxation in aortas from DAHP-treated rats (maximal relaxation increased from 

57±6% to 90±2%, p<0.05; Figure 2.5), but SOD incubation had no effect in 

aortas from control rats. These data support findings in the hph-'1 mouse which 

·displayed a significant increase in ACH-induced relaxation following SOD.4 

. Catalase (1200 U/ml) had no effect on relaxation in the DAHP-treatE3d rats 

(Figure 2.5), which contrasts with findings in the hph-1 mouse mutant. Although 

they found no significant difference in ·relaxations to ACH between the hph-1. 

mice and wild-type, catalase reduced ACH-induced relaxation only in the hph-1 

mice. The authors concluded that reactive oxygen species_ mediated 

endothelium-dependent relaxatio·n in the genetic model of BH4 deficiency. 

Perhaps the decreased relaxation to ACH and A23187 seen in our study and 

others is a result of increased s~pe.roxide anion generation and subsequently (>3 

days) a compensatory. mechanism (i.e., upregulation of superoxide disrriutase) is 

induced to inGrease vasodilation mediated by hydrogen peroxide converted from 

. ( 

superoxide. 



The fact that SNP-induced relaxation of aortas from DAHP-treated and 

control rats was similar demonstrates an endothelium-dependent mechanism 

(data not showri). These data support a previous stu~y by Kinoshita et al. who 

found no differences in endothelium-independent relaxation in canine basilar 
. . 

38 

arteries incubated with DAHP.15 The hph-1 mouse also exhibited no.differences 

in endothelium-independent relaxation to SNP .4 However, we did find a 

significantly increased sensitivity to the NO donor following NOS inhibition with L

NNA (1 O -5 mol/L) in aortas from DAHP-treated rats (Figure 2.6). Taken together,· 

. these data support previous findings that in the presence of low NO 

bioavailability, downstream mediators of NO-induced vasodilation may become 

upregulated (i.e., guanylate··cyclase, cyclic GMP, and/or cyclic GMP-dependent 

protein kinase).22 Relaxation _responses to SNP following NOS inhibition were 

not measured in-the hph-1 mo"use. 

In a p·revious study, DAHP (10 -2 mol/L) completely abolished GTPCH1 

protein levels in rat aortic smooth muscle 9ells. 16 However, no one to date_ has 

studied the ~ffects of in vivo DAHP administration on GTPCH 1 _ mRNA expression 

in isolated vascular segments. Since DAHP has been shown to compete with 

GTP for GTPCH1 binding 16
, we hypothesized that DAHP administered in the · 

drinking water would not affect mRNAlevels. To confirm this, we performed 

mRNA expression studies utilizing RT-PCR analy$iS. Indeed,. GTPCH1 mRNA _ 

levels were not significantly different in the DAHP-treated rats compared to 



39 

controls. Based on this result, we speculate that GTPCH 1 activity and protein 

levels are also u·nchanged, and the decreas·ed use of t~e substrate GTP results 

in decreased BH4 biosynthesis. 

These data support the hypothesis that the decrease in relaxation due to 

DAHP administration in vivo stems from decreased BH4 levels which -leads to 

decrea~ed NO bioavailability, increased supe_roxide production, ~nd eJevated 
' . 

. ' 

blood pressure. GTPCH1 activity may contribute to vascular tone and blood 

pressure regulation through this mechanism. In addition to insulin_ and cytokines, 

discovery of other regulators of GTPCH 1 activity will be important" in 

understanding the enzyme's contribution to cardiovascular disease states. 

Perspectives. This study indicates that inhibition of GTPCH 1 decreases 

endothelium-dependent relaxation and elevates blood pressure in the whole 

animal. This enzyme may provide a valua_ble therapeutic target in. humans to 

increase endothelial function and suppress the development of hypertension. 

Restoration of BH4 has been shown to be beneficial in humans with 

cardiovascular disease, however future research to. identify factors that decrease 

GTPCH1 are warranted. 
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CHAPTER3 

·GTP CYCLOHYDROLASE 1 DOWN-REGULATION CONTRIBUTES TO 

GLUCOCORTICOID·HYPERTENSION IN RATS 

Abstract 

Decreased nitric oxide, a poten_t vasodilator, has been implicated in the 

· _pathogenesis of glucocorticoid hypertension·. Nitric oxide synthase requires the 

cofactor tetrahydrobiopterin for the production of nitric oxide. GTP 

cyclohydrolase 1 is the rate-limiting enzyme for the production of 

t~trahydrobiopterin and in the presence of low levels of ~etrahydrobiopterin, nitric 

oxide production is decreased. We have shown previously that 

tetrahydrobiopterin-dependent vasodilation is impaired in rats with glucocorticoid 

hype_rtension. However, the role GTP cyclohydrolase 1 plays in the 

pathogenesis of glucocorticoid hypertension has not been investigated. 

Therefore, we tested the hypothesis that down-regulation of GTP cyclohydrolase 

_ 1 contributes to the development and maintenance of glucocorticoid hypertension 

in rats. Rats were implanted wit~ dexamethasone (0.79 mg/kg/day) pellets or 

. sham-operated, and systolic blood pressures were _measured at baseline and 
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after 12 hours; 4 days, ·or 15 days. Blood pressure increased significantly 

following dexamethasone treatment. _. lsory,etric force generation was measured 

in endothelium-intact aortic ring segments. Aortas' from.dexamethasone-treated 
. . . 

rats exhibited a significant time-dependent decrease in maximal relaxation to 

acetylcholine compared to control rats. Incubation with sepiapterin (10 -4 mol/L, 1 

. hour), which produces· tetrahydrobiopterin via a salvage pathway, restored 
' . . . . . 

vasodilation to acetylcholine ·in aortas from 4-day and 15-day dexam_ethasone.;. 

treated rats. GTP cyclohydrolase 1 mRNA expression levels also· significantly 

decreased in a time-dependent manner. These results supp~rt the hypothesis 

that down-regulation of GTP cyclohydrolase t contri_butes to increased blood 

pressure in glucocorticoid hypertensive rats .. 

Introduction 

~lucocorticoids are among the most widely prescribed drugs by · 

physicians, ·and excess glucocorticoids can elevate blood pressure in humans 

(Cushing's Syndrome) and animals.1
-
3 Previous studies have shown that 

glucocorticoid hypertension is associated with an increased pressor response to 

angiotensin 11 and norepinephrine and reduced production of vasodilators. 3·
4 fn 

) . 

addition, endothelium-dep~ndent vasodilation has been shown to be reduced in 

blood vessels from_ humans and animals wit~ glucocortcoid hypertension.1A,5 A· 

reduction in the bioavailability of nitric oxide (NO), a potent vasodilator, has been 



implicated in glucocorticoid-induced hypertension, and glucocorticoids· affect 

many proteins invofved in NO-mediated vasodilatlon.6 
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NO plays a key role in vascular tone, and decreases_ in NO production and 

bioavailability are known to reduce endothelium-dependent dilation and increase 

blood pressure. NO can be produced' by the conversion of arginine and oxygen 

to citrulline via three isoforms_ of N_O synthase (NOS). Endothelial NOS (eNOS) 

requires the cofactor ~etrahydrobiopterin (BH4 ), which aids in the stabilization of 

the eNOS dimer and increases the affinity of eNOS for arginine.7 BH4 is 

_produced via a ~e nova pathway from guanosine-triphosphate (GTP) by- GTP 

cyclohydrolase I (GTPCH 1 ), the rate-limiting enzyme. BH4 also can be produced 

via_ a salvage pathway in which sepiapterin is converted to the intermediate 

dihydrobiopterin by sepiapterin reductase and then to BH4.8 GTPCH1 activity 

can be regulated by end-product inhibition via the GTP cyclohydrolase feedback· 

regulatory. protein (GFRP) .. 9 

In the presence of low levels of BH4, eNOS can become uncoupled and 
,... 

generate increased superoxide anions and decreased NO, ~oth of which 

contribute to endothelial dysfunction and increased blood pressure.10
-
12 

Exogenous BH4 has been shown to restore endothelial function in humans with 

coronary artery disease 13 .and to suppress.the development of elevated blood 

pressure when given to the spontaneously hypertensive rat, a genetic form of 
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hypertension.14 Taken together, these observations suggest that BH4 levels are 

decreased and/or BH4 biosynthes_is }s altered in these disease conditions. 

This laboratory has shown previously that rats with glucocorticoid 

hypertension (dexamethasone 0.79 mg/kg/day for 20 days) have reduced BH4-

dependent vasodilation, and vessels incubated with dexamethasone have 

decreased GTPCH1 mRNA expression levels.5 With respect to NO, Wallerath et 

al. found that eNOS mRNA expre_ssion was down-regulated in aortas from rats 

treated with dexamethasone in the cir.inking water (0.3 mg/kg/day).15 Expression 

of eNOS mRNA was decreased to 60.-70% of control values within 3 days and 
. . 

. remained at this level over 9 days. 1·n addition,-systolic blood pressure was 

increased to ~140 mmHg and endothelium-dependent dilation to acetylcholine 

was decreased. Since superoxide anions can be produced by eNOS in the . 

presence of low levels of BH4, it is possible that the down-regulation of GTPCH 1 

by glucocorticoids may precede: eNOS down-regulation, thus causing increased · 

oxidative stress which contributes to the decreased NO bioavailability and 

elevated blood pressure. Therefore, the purpose of this study was to exa_mine 

the time-course of the down-regulation of GTPCH 1 and its role in the 

pathogenesis of glucocorticoid hypertension in rats. Experiments were 

pe-rformed · 12 hours, 4 days, or 15 days after beginning dexamethasone 

treatment to examine the role of GTPCH 1 in the onset, development; and 

maintenanc~ of hypertension, respectively. We hypothesized that a time-
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dependent down-regulation of GTPCH1 would decrease endothelium-dependent 

dilation and contribute to the increased blo?d pre_sst.ire i~ rats made hypertensive 

with synt~etic glucocorticoids. 

Methods 

· Animals and Blood Pressure Measurements. M_aleSprague-Dawley rats 

(obtained from Harlan; 300-324 grams)_ were used and all- procedures were 

approved by _the Medical College of Georgia's Animal Use for- Research and 

Educati_on Committee. All rats were maintained ·on a 12: 12 lighUdark cycle and 

had access to water and_ standard rat chow ad libitum throughout the study. 

Systolic blood pressure was measured by tail-cuff procedure (pneumatic 

transducer). Blood pressure measurements were taken at the same time each 

day. 

_Following baseline blood pressure measurements, rat~ were anesthetized . 

with ketamine-xylazine cocktail (10 mg/kg, i.m.) and implanted with a pellet 

(Innovative Research) subcutaneously containing dexamethason~ (5 mg pellet, 

0.79 mg/kg/day) or a placebo (controls).· Rats were killed 12 hours (12hr-DEX), 4 

days (4d-DEX), or 15 days (15d-DEX) after dexamethasone implan~ation to 

examine the onset, development, and maintenance of hypertension, respectively. 

Organ Chamber Experiments. On the day of experiments, rats vvere 

anesthetized with sodi_um pentobarbitol (50 mg/kg, i.p.). The thoracic aorta was 



excised and immediately placed in cold physiological salt solution (PSS; 

composition in mmol/L: NaCl 130.0, KCI 4.7, KH2PO4 1".18, MgSO4-1H2O 1..17, 
' . . 

50, 

NaHCO3 14.9, dextrose 5.5, EDTA 0.026, CaCI~ 1-.6). The- isolated endothelium- _ 

intact ao'rtic segment was cleaned of connective tissue and cut into rings (3-4 · 

mm). The aortic rings were then connected to a isometric force transducer in a 

50 ml organ chamber filled with 37°C PSS and: bubbled with 95% 02-5% CO2• 
' . 

Aortic rings from dexamethasone-_treated ·and control rats were studied in 

parallel. All experiments were performed in the presence of indomethacin (10 -5 

mol/L) to inhibit cyclooxygenase .. Vessels were set at a passive force of 3.5-4.0 

grams and isometric force generation was recorded continuously. Following a 60 

minute equilibration period, all vessels were contracted with phenylephrine (PE, 

1 O -7 mol/L) to test viability. Acetylcholine (ACH, 10 -s mol/L) was administered to 

test the functional integrity of endothelium as measured by relaxation. 

Concentration-response curves were obtained in a half-log, cumulative fashion. 

Responses to' ACH and sodium ·nitroprusside (SNP) were generated following 

preconstriction to PE (10 -7 mol/L). Incubation time was 60 minutes for 

indomethacin and sepiapterin,· and 20 minutes for Nro-nitro-L-arginine {L-NNA). 

Relaxation responses to ACH and SNP were expressed as percent. relaxation 

from submaximal PE-induced constriction (10 -7 moliL). To determine EC50 · 

values .for relaxation responses to ·sNP following NOS inhibition, data were 

expressed as a percentage of maximal relaxation. Rewession analysis using 



three data points along the linear section of the concentration-response curve 

was used to' generate an equation from which the ECso value was determined. 

These values were then averaged· and the geometric mean was compared 

between groups. 
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Reverse Trans~riptase-Polymerase Chain Reaction (RT-PCR). Thoracic 

aorta was removed and cleaned free of adherent fat, connective tissue and blood 

before being snap frozen. RNA was·extract~d using TRIZOL reagent following 

the manufacturers protocol (Gibco ). The RNA was quantified by 

spectrophotometery and 1 µg of RNA was useq to produce cPNA. 

Contaminating cDNA was removed using DNAse enzyme prior to reverse _. 

transcription with AMV reverse transcriptase using oligo dT ·as a primer. 

Occasional RNA samples were subjected to the PCR procedure without prior 

- reverse transcription to control for the presence of contaminating genomic DNA 

.in the sample. PCR amplifications were carried out on a portion of the cDNA 

produced. Each PCR reaction contained 5 pM of each oligonucleotide primer, 

200 µM dNTP, 0.2 units TAQ in the manufacturer's buffer. Optimum annealing 

temperature was assessed using· a gradient block thermal cycler. Cycle number 

and template dilution factor were determined for each amplicon prior to 

experimentation to ensure linearity. The cDNA produced was resolved on a 2% 

agarose gel and the amount of DNA present was identified using ethidium 

bromide staining. The results were quantified using KODAK 1 D software and an 
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EDAS 290 imaging system (East_man Kodak- Rochester; NY). The specific 

oligoneuclotide primers were designed using an internet based primer design . 

program_, GeneFisher. Rat GTPCH1 (forward_: 5'-ATTTGTGGGAAGGGTCCA-3', 

reverse: 5'-CAGATAACGCTGGCCTCA-3') and eNos· (forward: 5'

GACATTGAGAGCAAAGGGCTGC-3', reverse: 5'-CGGCTTGTCACCTCCTGG-

3') primers were obtained from Biosource (Camarillo, CA). 

-Reagents. The following compounds· wer~ purchased from Sigma Chemical_Co . 

. (St. Louis,. MO): ACH, indomethacin, L-NNA, PE, sepiapterin, and SNP. L-NNA, 

and sepiapterin were dissolved in PSS and a stock solution of indomethacin was_ 

dissolved in ethanol ( <0.1 % final concentration in organ chamber). All other. 
I 

drugs were dissolved in distilled water. All reagents were prepared fresh on the 

day of experiments . 

. Statistical Analyses. · Results are presented· as mean±SEM; An analysis of 

variance was us~d ~or·multiple comparisons follo~ed by the· Student's-Newman

Keuls po~t hoc test when necessary. The significance level was SE?t at 0.05. 

Results 

Blood Pressure Measurements. Baseline systolic blood pressure did not differ 

between the dexamethasone-treated and control rats (p>0.05; Figure 3.1 ). 
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Figure 3.1 Dexamethasone (DEX, 0.79 mg/kg/day) increases systolic blood 

· pressures in-male Sprague-Dawley rats. Results are expressed as· 

mean±SEM (n=5 per time point). *p<0. 05 vs control and fp<0. 05 vs previous 

time point (ANOVA with Newman-Keuls multiple comparison test). 

Following dexamethasone implantation, systolic blood pressure increased 

significantly fro~ baseline (baseline =125±1 mmHg vs. 12hr-DEX = 149±3 -

mmHg, 4d-DEX = 161±3 mmHg, 15d-DEX = 184±4 mmHg; all p<0.05 co'mpared 

to the previous time point), and were significantly hi9her than the control rat 

systolic pressures on each day (p<0.001 for all). 



Effect of Dexainethasone on Endothelium-Dependent Vasodilation. 

Maximal relaxation_ to ~CH decreased significantly in the 4d-DEX and 15d-DEX ·. 

compared to the 12hr-DEX and control rats (rel_axation ·from PE-induced 

contraction 10 -7 mol/L: controls = 90±2%, 12hr-DEX .= 87±5%, 4d-DEX = 67±4%, 

15d-DEX = 65±3%; p<0.05 for·4d-DEX and 15d~DEX compared to controls) 

(Figure 3.2). 
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Figure 3.2 Maximal relaxation responses to acety/choline (ACH, 10 -5 mo/IL) 

with and without Nw-nitro-L-arginine (L-NNA, 10 -5 mo/IL) or sepiapterin 

(SEPIA, 10 -4 mo/IL) in aortic rings foJJiJwing precontraction with 



phenylephrine (1 O -7 mo/IL). Rats were treate·d with dexamethasone (DEX, 

0. 79 mg/kg/day) for 12 hours, 4 days, or 15 days. Results are expressed as 

mean±SEM (n=15 in control group and n=5 in each DEX group). *p<0.05 vs 

· control (ANOVA with Newman-Keuls multiple comparison test). 
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This effect was dependent on the length of dexamethasone treatment. NOS 

inhibition using L-NNA (10 -5 mol/L) significantly decreased maximal relaxation to 

ACH in all groups (Figure 3.2) except the 15d-D.EX vessels, in which NOS 

inhibition slightly decreased maximal relaxation to ACH. Sepiapterin ( 1 O -4 

mol/L), a BH4 donor, restored maximal vasodilation responses to ACH in the 4d

DEX and 15d-DEX segments to that of controls (Figure 3.2) .. The dose-response . 

. curves and ECso values for aortas from all groups following sepiapterin were 

similar to those of the control rats (data not shown). 

Effect of Dexamethasone on Endoth.elium-lndependent Vasodilation. 

Endothelium-independent dilation was examined using SNP. Except for one 

data point, relaxations to SNP in aortic segments from all dexamethasone

treated rats were not statistically different compared to controls (Figure 3.3). 
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Figure 3.3 Endothelium-independent relaxations to sodium nitroprusside 

· in aortic rings following precontraction with phenylephrine (10 ·1. mo/IL). 

Rats were treated with dexamethasone (DEX, 0. 79· mg/kg/day) for 12 hours, 4 -

days, or 15 days. Results are expressed as mean±SEM (n=15 in control group 

and n=5 in each DEX group). *p<0.05 vs control (ANOVA with Newman-Keuls 

multiple· comparison test). 

However, NOS inhibition by L-NNA (1-0 -5 mol/L) significantly increased the 

senstivit_y to SNP in the vessels from all DEX-treated rats compared to controls 

(Figure 3.4 )'. 
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Figure 3.4 Endothelium-independent relaxations to sodium nitroprusside 

following NOS inhibition (L-NNA, 10 -5 mo/IL) and precontraction with 

phenylephrine (10 ·7 mo/IL). Vaules are _expressed as percent .of maximal 

relaxation. In-the insert, the EC50 values for each group are reported. Results 

are expressed as mean±SEM (n=15 in control group and n=5 in each DEX 

group). *p<0.05 vs control (ANOVA with Newman-Keuls multiple comparison 

test). 

The EC50 values (Figure 3.4) for the 12hr-DEX (-8.8.951 ±0.0237, anti-log = 

1.3x10 -9), 4d-DEX (~8.8987±0.0593, anti-log = 1.3x10 -9), and 15d-DEX (-
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8.9463±0.1611, anti-log= 1.1x10 .-9) rat aortas were increased significantly . . 

compared to the control vessels (-8.4838±~.0744, anti-log= 3.3x10 -9) (p<0.05 

for all). 
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Effect of Dexamethasone onmRNA Expression.· GTPCH1 mRNA expression 

was reduced significantly in the 4d~DEX and· 15d-DEX vessels compared to 

con_trols and 12hr-DEX vessels (intensity in arbitrary units; controls = 122.2±1.1, 

12hr-DEX = 120._6±3.6, 4d-DEX = 113.6±2.5, 15d-DEX = 111.0~1. 7; p<0.05, 

Figure 3.5). 
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Figure 3.5 GTPCH1 mRNA expression in aortas from rats treated with 
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dexamethasone (DEX, 0.79 mg/kg/day). Results are expressed as mean±SEM 

(n=15 in control group and n=5 in each DEX group).-- *p<0.05 vs control and 

_ fp<0.05 vs 12hr-DEX (ANOVA with Newman-Keuls multiple comparison test). 

Similarly, eNOS mRNA expression.was decreased.significantly in the _4d-DEX 

and 15d-DEX vessels compared to controls and 12-hr-DEX vessels (intensity in 

arbitrary units; controls= 118.1±1.8, 12hr-DEX = 111.8±3.4, 4d-DEX = 

103.4±1.0, 15d~DEX = 98.4±1.0; p<0.05; data not shown). There were no 

significant differences in GTPCH1 and eNOS mRNA levets between the 12hr

DEX vessels and controls (p>0.05). 

Discussion 

This study examined the role of GTPCH1 in the onset, dev~lopment, and 

maintenance of glucocorticoid hypertension. We found that dexamethasone 

significantly elevated blood pressure and decrea~ed endothelium-dependent 

dilation in a time-dependent manner. We also demonstrated that endothelium

dependent relaxation could be restored with sepiapterin, a BH4 donor, in aortas 

from dexamethasone-treated rats. Lastly, dexamethasone down-regulated 

GTPCH1 and eNOS mRNA expression in a time-dependent fashion. 

NO plays an important role in blood pressure ·regulation and inhibition of 

NO production-leads to· elevated blood pressure_as demonstrated in rats given 
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e~ogenous L-NNA and eNOS knockoutmice. 16
·
17 Excess _glucocorticoids are 

known to· increase blood pressure in hum·ans and animals and systolic blood 

pressure rises rapidly upon administration of high doses of synthetic 

glucocorticoids. Here: we report systolic blood pressure increased significantly 12 

hours after implanting the dexamethasone pellet (Figure 3.1 ). Systolic pressure 

continued to rise significantly and was elevated further 4 and 15 days following 

dexamethasone implantation .. 

Previous studies have shown that ·endothelium-dependent relaxation to 

ACH is decreased in humans and rats with glucocorticoid hyperter:ision.1
,4,s Our 

data support the~e findings, and we further elucidated that this· decrease in ACH

induced vasodilation was time-dependent (Figure 3.2). Although the 12hr-DEX 

vessel relaxation responses were not significantly different compared to controls, 

the 4d-DEX and 15d-DEX had significantly reduced vasodilation. These data 

suggest that a further reduction of vasodilation, most likely from the decreased 

bioavailability of NO, contributes to the development and mc:1intenance of 

elevated systolic blood pressure in glucocorticoid hypertensive rats, but not the· 

. onset. The increased blood pressure seen after 12 hours of dexamethasone 

without a subsequent reduction in vasodilation may be due to a potentiation of 

vasoconstriction by angiotensin-II and norepinephrine, previously shown to occur 
I '• 

following glucocorticoid administratio'n.3.4- The thoracic aorta, which does not 
' ' . . ' . 

participate in the control of systemic vascular resistance, w_as used in the current 
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study as a model fC?r vascular tissue to examine the mechanism of circulating 

glucocorticoids and the effects on vascular reactivity and gene expression. NOS 

inhibition using L-NNA (10 -5 mol/L) abolished ACH-induced vasodilation in all 

groups except the 15d-DEX vessels, which showed a slightly reduced 

vasodilation ·to_ ACH (Figure 3.2). These data imply tha·t decreased NO 

bioavailability and NO-mediate_d vasodilation by glucocorticoids may upregulate 

other mediators of vasodilation such as endothelium-derived hyperpolarizing 

factor (EDHF). Supportive evidence comes from a previous study which showed 

increased EDHF-mediated relaxation and gene expression in porGine coronary 

arteries following· 24-hour incubation with cortisol. 18 Importantly, we can 

eHminate cyclooxygenase-derived products as the cause of this finding since 

indomethacin (10 -5 mol/L) was used in all experiments. In addition, increased 

sensitivity to NO by downstream-mediators ofvasodilation also may explain this_ 

finding. 

_ Inhibition of GTPCH1, the rate-limiting enzyme in the production of BH4, 

has been shown to_ decrease NO production and endothelium-dependent 

relaxation. 19
·
20 In contrast, restoration of BH4 levels in humans and animals 

increases endothelium-dependent relaxation in a number of disease 

conditions.21
-
23 Results from our study support these findings as we showed that 

sepiapterin restored ACH-induced vasodilation in glucocorticoid hypertensive rats 

(Figure 3.2). Interestingly, we observed a small, but not significant, decrease in 
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vasodilation in the control vessels following sepiapterin incubation for 60 minutes. 

BH4 has been reported to be susceptible to auto-oxidation which may increase 

oxidant stress and decrease NO bioavailability thus leading to reduced 

vasodilation. Katusic has suggested thi_s mechanism as a caution in the use of 

exogenous BH4 in humans with normal endothelial function. 24 

To examine the site of glucocorticoid-induced decreases in vasodilation, 

· endothelium-independent experiments were performed. Utilizing SNP, we found · 

no differences in the concentration-response curves in the aortas from DEX-_ 

-treated rats compared to controls except forqne unrel~ted d:ata point (Figure 

3.3). However, we did_ dem.onstrate an increased sensitivity to SNP following 

NOS inhibition (Figure 3.4 ).· By depleting endogenous NO in DEX-treated and 

control vessels,_ we saw a significant decrease in SNP EC50.values for aortas 

from DEX~treated rats .. These findings suggest that in the presence of low NO 

bioavailability downstream mediators of NO-induced vasodilation, such as 

guanylate cyclase and cyclic guanosine monophosphate, may become . 

upregulated. Although endothelium-dependent relaxations in the 12hr-DEX 

vessels were not different compared to controls, we did observe a significant shift 

of the concentration-response curve to SNP following NOS inhibition. This may 

. -be explained by a rapid down-regulation of ~NOS following glucocorticoid 

treatment despite sufficient levels of NO to mediate vasodilation. In addition, 



endothelium-dependent relaxations in the 12hr-DEX vessels may be mediated 

via hydrogen peroxide, a known vasodilator. 
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Glucocorticoids have been s_ho~n to alter various_ proteins in the NOS- . 

mediated production of NO;6 To examine the genomic. effect of glucoc,orticoids 

on GTPCH1 and eNOS, we performed mRNA expression studies .. We have· 

shown previously that GTPCH 1 mRNA levels were decreased significantly (50% 

of controls) in aortic segments incubated with dexamethasone (1.3 x 10 -5 mol/L) 

after 6 hours.5 However, it !snot known at' what period in.the development of 

hypertension that the enzyme responsible for BH4 biosynthesis decreases. In 

the current study, we hypothesized there would be little to no change in GTPCH1 

and eNOS mRNA expression in the vessels from 12hr-DEX-treated rats, but a 

significant decrease of both enzymes in the 4d-DEX and 15d-DEX compared to 

controls. Indeed, we found a significant down-regulation of GTPCH1 and eNOS 

in the latter two time-points, 4d-DEX and 15d-DEX (Figure 3.5). Since BH4 . 

biosynthesis is coupled tightly with eNOS production, this finding .supports 

Wallerath et al. who found a 40% decrease in eNOS mRNA in ·aortas from rats 

_after 3 days of dexamethasone in the drinking water (0.3 mg/kg/day).15 They 

found that although the eNOS promoter lacks a glucocorticoid response element, 

glucocorticoids can destabilize eNOS mRNA via prevention of the transcription 

factor GATA and reduced transcription of the eNOS gene. These data support· 

previous findings that glucocorticoids can. negatively affect gene expression of 
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eNOS and GTPCH1, thus leading to reduced vasodilation and increased blood 

pressure. It currently is unknown if GTPCH1 contains a glucocorticoid re_sponse 

element. Of interest, there· was _a very strong _correlation between GTPCH 1 

mRNA levels and blood pressure in the DEX-freated rats (r = -0.94 ). 

In conclusion, our evidence supports the hypothesis that down-regulation 

of GTPCH1 expression, thus decreased production of BH4 and NO, contributes 

to hypertension in rats treated with synthetic glucocorticoids. GTPCH 1 appears 

to be down-regulated early in the development of hypertension and a sustained _ 

decrease of GTPCH 1 expression by glucocorticoids may contribute to the 

decreased NO bioavailability and increased blood pressure in rats. 

Perspectives. Based on the results of this study, prevention of GTPCH1 down

regulation in humans and animals.with excess glucocorticoids may_ maintain 

endothelial function and suppress the development of hypertension. Future . 

research to examine ·the molecular mechanism of GTPCH 1 down-regulation by 

glucocorticoids may provide a target that would eliminate_ potential negative side 

effects of excess glucocorticoids such as depression and hypertension. 
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CHAPTER4 

GLUCOCORTICOIDS DECREASE GTP CYCLOHYOROLASE AND · 

TETRAHYDROBIOPTERIN-DEPENDENT VASORELAXATION THROUGH 

GLUCOCORTICOID RECEPTORS 

·Abstract 

Excess glucocorticoids result in decreased aortic dilation and mRNA 

expression of G_TP cyclohydrolase 1 (GTPCH 1 ), the rate-limiting enzyme in the 

production of the nitric oxide synthase (NOS) cofactor tetrahydrobiopterin (BH4 ). 

We hypothesized that this response is a genomic effect mediated through the 

glucocorticoid receptor (GR). Endothelium-intact rat aortas were incubated w,ith 

dexamethasone (DEX; 1.3x10 -5 mol/L) or vehicle for- 2-or 6 hours and isometric 

force generation was measured. Maximal acetylcholine-induced relaxation in 
. . 

· DEX-2hr aortas was not different compared to control values, however, DEX-6hr 

aortas were significantiy decreased. Co-incubat'ion with sepiapterin (10 -4 mol/L), 

which produces BH4 via a salvage pathway; restored relaxation i~ DEX-6hr 

aortas to that of controfs .. Co-incubation with the GR antagonist mifepristone _(1 O 

-
6 mol/L) completely blocked the DEX-induced decrease in relaxation. 

70 
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Spironolactone (10 -s mol/L), a mineralocorticoid receptor antagonist, had no 

effect. GTPCH 1 mRNA expression was decre_ased significantly in DEX-6hr 

aortas compared to control values. This was blocked by mifepristone; however, 

spironolactone and cycloheximide did not prevent the decrease of GTPCH 1 by 
. . 

DEX. These results support the hypothesis that GTPCH 1 down~regulation by 

glucocorticbids is mediated through the GR and contributes to reduced 

endothelium-dependent relaxation. 

Key words. GTP cyclohydrolase 1; tetrahydrobiopterin; glucoco_rticoids; 

endothelial nitric mdde synthase; endothelium 

Introduction 

Excess glucocorticoids lead _to hyperten.sion and decreased e·ndothelium

dependent dilation in humans (Cushing's Syndrome) ·and animals.1
-
3

· Previous 

studies have shown that nitric oxide (NO) bioavailability and the NO cofactor; 

tetrahydrobiopterin (BH4}, are decreased in.glucocorticoid hypertension.4
•
5 In 

addition, glucocorticoids are known to have genom'ic effects on endothelial NOS 

(eNOS) mRNA and protein expression.4
·
6 Glucocorticoid receptors (GR), 

identified in endothelial and smooth muscle cells,1
-
9 mediate the glucocorticoid-

. induced down-regulation of eNOS mRNA and protein (60% of controls), and 
. . 

decrease nitrate/nitrite/NO release in aortic tissue and endothelial cells.4
•
6 
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NO bioavailability also may be decreased by insufficient BH4 levels. In 

the presence of low levels of BH4, NOS becomes uncoupled and results in 

decreased NO and increased superoxide formation. 10
•
13 We have previously · 

shown that tetrahydrobiopterin-dependent vasodilation and GTP cyclohydrolase 

1 (GTPCH 1 ), the rate-limiting enzyry,e in the production of BH4, are time

dependently decreased in rats made hypertensive with glucocorticoids.,14 

However, if this down-regulation of GTPCH1 by glucocorticoids is a direct effect 

on the blood vessel and ifthis response is mediated through the GR are 

unknown. Therefore,- the purpo~e of this study was to examine the direct 

vascular effect of glucocorticoids on BH4 biosynthesis and endothelium

dependent dilation. We hypothesized that glucocorticoids have a GR-mediated 

vascular genomic effect to down-regulate GTPCH 1 leading to decreased. 

endothelium-dependent relaxation. If vascular segments incubated with 

glucocorticoids mimic the relaxation responses and levels of GTPCH 1 mRNA as 

seen in arteries from glucocorticoid hypertensive rats, then we can conclude that 

the effects seen in the whole animal are a direct action of glucocorticoids. 

Methods 

Animals and Organ Chamber Experiments. 

Male Sprague-Dawley rats (obtained from Harlan; 300-324 grams) were 

used and all procedures were approved by the Medical College of Georgia's 
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Animal Use for Research and Education Committee. All rats were maintained on 

a 12: 12 light/dark cycle and had access to water and standard rat chow ad 

libitum throughout the study. 

On the day of experiments, rats were anesthetized with sodium 

pentobarbitol (50 mg/kg, i.p1 The thoracic aorta was excised and immediately · 

placed in cold physi_ological · salt solution (PSS; composition in mmol/L: NaCl 

EDTA 0.026, CaCl2 1.6). The isolated endothelium-intact aortic segment was 

cleaned of connective tissue and cut into rings (3-4 mm). The aortic rings were 

then placed in 1 ml wells containing sterile PSS, penicillin (100 IU/ml), and 

streptomycin (100 µg/ml). Dexamethasone (1.3x10 -5 mol/L), alone or with 

mifepristone (10 -5 mol/L), sepiapterin (10 -4 mol/L), or spironolactone (10 -5 

mol/L) was then added to each well. Vessels were incubated at 37°C and 

oxygenated with 95% 02-5% CO2. After 2 or 6 hours, the vessels were removed 

and connected to an isometric force transducer in a 50 ml organ chamber filled 
( 

with 37°C PSS and bubbled with 95% 0 2-5% CO2. Aortic rings incubated with 

DEX or vehicle were studied in parallel. All experiments were performed in the 

presence of indomethacin (10 -5 mol/L) to inhibit cyclooxygenase. Vessels were 

set at a passive force of 3.5-4.0 grams and isometric force generation was 

recorded continuously. Following a 60 minute equilibration period, all vessels 

were contracted with phenylephrine (PE, 1 O -7 mol/L) to test viability. 



74 

Acetylcholine (ACH, 10 -5 mol/L} was adminis.tered to testthe functional ir:itegrity 

of endoth~lium as measured by relaxation. Concentration-response curves were 

obtained in a half-log, cumulative fashion. Responses to ACH and sodium 

nitroprusside (SNP) were generated following preconstriction to PE (10 -7 mol/L). 

Incubation time was-60 minutes for indoniethacin and sepiapterin, and 20 

minutes for Nro-nitro-L-arginine (L--NNA). Relaxation responses to ACH and SNP 

were expressed as percent relaxation from submaximal PE-induced constriction 

(10 -7 mol/L). To determine EC50 values for relaxation responses to SNP 

following NOS inhibition, data were expressed as a pe·rcentage of maximal 

relaxation. Regression analysis using three data points along the linear section 

_of the concentration-response curve was used.to _generate an equation from 

which the EC50 value was determined. These values were then averaged and 

the geometric mean was compared between groups. 

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR). Thoracic 

aorta was removed and cleaned free of adherent fat, connective tissue and blood 

before being snap frozen. RNA was extracted using TRIZOL reagent following 

the manufacturers protocol (Gibco, Grand Island, NY, USA). The RNA was 

quantified by spectrophotometery and 1.5 µg of RNA was used to produce cDNA. 

Contaminating cDNA was removed using DNAse enzyme prior to reverse . 

transcription with AMV reverse transcriptase using oligo dT as a primer. 

Occasional RNA samples were subjected to the PCR procedure without 
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prior reverse transcription to control for the presence of contaminating genomic 

DNA in the sample. PCR amplifications were carried out on a portion of the 

cDNA produced. Each PCR reaction contained 5 pmol/L of each oligonucleotide 

primer, 200 µmol/L dNTP, 0.2 units TAQ in the manufacturer's buffer. o·ptimum 

annealing temperature was assessed using a gradient block thermal cycler and 

was 54.5°C for GTPCH1 and 56°C for eNOS and GAPDH. Cycle number and 

template dilution factor were determined for each amplicon prior to 

experimentation to ensure linearity. GTPCH1 was run for 50 cycles and both 

eNOS and GAPDH were run for 40 cycles. · The cDNA produced was resolved on 

a 2% a_garose gel and the amount of DNA present was identified using ethidium 

bromide ·staining. The results were quantified using.KODAK 1 D software and an 

EDAS 290 imaging system (Eastman Kodak, Rochester, NY). The specific 

oligoneuclotide primers were designed using an internet based primer des\gn 

program, GeneFisher. Rat GTPCH1 (forward: 5'-ATTTGTGGGAAGGGTCCA-3', 

reverse: 5'-CAGATAACGCTGGCCTCA-3'), eNOS (forwarq: 5'

GACATTGAGAGCAAAGGGCTGC-3', reverse: 5'-CGGCTTGTCACCTCCTGG-

3'), and GAPDH (forward: 5'-CTGGCCAAGGTCATCCA-3', reverse: 5'

CCAGCATCAAAGGTGGAA-3') primers were obtained from Biosource 
I 

(Camarillo, CA). 

Reagents. The following compounds were purcha·sed from Sigma Chemical Co. 

(St. Louis, MO, USA): ACH, cycloheximide, indomethacin, L-NNA, PE, 



mifepristone, sepiapterin, spironolactone, and SNP~ L-NNA, and sepiapterin 

were dissolved in PSS, spimnolactone was dissolved in DMSO, and a stock 

solution of indomethacin was dissolved in ethanol (<0.1 % final concentration in 

organ chamber). All other drugs were dissolved in distilled water and all 

reagents were prepared fresh on the day of experiments. 
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Statistical Analyses. Results are presented as mean±SEM. An analysis of 

variance was used for multiple comparisons followed by the Newman-Keuls post 

hoc test when necessary. The significance level was set at 0.0s.· 

Results 

Temporal Effect of Dexamethasone on Endothelium-Dependent Dilation. 

DEX-6_hr aortas exhibited significantly decreased relaxation to ACH compared to 

the DEX-2hr and control vess,els (maximal relaxation from PE-induced 

contraction 10 ·7 mol/L: vehicle= 89±3%, DEX-2hr = 88±3%, DEX-6hr = 47±7%; 

p<0.05 for DEX-6hr compared to vehicle) (Figure 4.1.A). Co-incubation with DEX 

and sepiapterin (10 ·4 mol/L), a BH4 donor, restored ACH-induced vasodilation in 

the DEX-6hr aortas to that _of controls (Figure 4.1.B). 
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Figure 4.1 (A) Dexamethasone (DEX, 1.3 x 10-6 mo/IL) time-dependently 

decreased and (BJ Sepiapterin (SEPIA, 10 -4 mo/IL), a tetrahydrobiopterin 

donor, restored relaxation responses to acetylcholine. Results are 
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expressed as mean:tSEM (n=10 in control group and n=5 in each DEX group). 

*p<0.05 vs control (ANOVA withNewman-Keuls multiple comparison test). 
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The EC50 values for aortas from both DEX _groups-following- sepiapterin were 

similar to those of controls (data not shown). Co-incubation with DEX and 

mifepristone (MIF, 10 -5 mol/L) completely blocked the effects of DEX on 

relaxation in the DEX-6hr vessels (maximal relaxation from PE-induced 

contraction 10 -7 mol/L: DEX-6hr = 47±7%, DEX+MIF".'6hr = 85±3%; p>0.05) 

(Figure 4.2.A). Co~incubation with DEX and spironolactone (10 -5 mol/L), a 

mineralocorticoid receptor antagonist, did not alter relaxation responses to ACH 

(Figure 4.2.B). NOS ·inhibition using L-NNA (10 -5 mol/L) completely abolished 

relaxation to ACH in all groups (data not shown). 
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Figure 4.2 (A) Mifeptistone (MIF, 10 -6 mo/IL ) blocked the effects of 

dexamethasone (DEX, 1.3 x 1 O -6 mo/IL) on relaxation responses to 

acetylcholine, and (BJ Spironolactone (SPIRO, 1 O -5 mo/IL) had no effect. 

Results are expressed as mean±SEM (n=10 in control group and n=5 in each 

DEX group). *p<0.05 vs control (ANOVA with Newman-Keuls multiple 

comparison test). 
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Effect of Dexamethasone oh Endothelium-Independent Dilation. Following 

NOS inhibition by L-NNA (10 ·5 mol/L), DEX-6hr vessels- showed a significantly 

increased senstivity to SNP. compared to DEX-2hr and control ve·ssels 

demonstrated by a ,leftward shift of the conc~ntration"'."response curve (Figure 



4.3.A). 
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Figure 4.3 (A) Dexamethasone (DEX, 1.3 x 10 -6 mo/IL) time-dependently 

increased and (BJ Sepiap.terin (SEPIA, 10 -4 mo/IL) decreased sensitivity to 

sodium nitroprusside following nitric oxide-synthase inhibition with L-NNA 



81 

(1 O -5 mo/IL). Results are expressed as mean±SEM and percent of own maximal 

relaxation (n=10 in control group and n=5 in each DEX group). *p<0.05 vs 

control (ANOVA with Newman-Keuls multiple· comparison test). 

The -EC50 value for DEX-6hr vessels was decreased significantly compared to 

DEX-2hr and control vessels (Figure 4.3.A) (anti-log in mol/L: vehicle = 1.8x1 O -9, 

DE0-2hr = 2.6x10 -9, and DEX-6hr = 5.4~10 -10
). Co-incubation with DEX and 

sepiapterin (10 -4 mol/L) significantly decreased SNP sensitivity following NOS 

inhibition in the DEX-2hr and DEX-6hr vessels compared to_ controls (Figure. 

4.3.8). This finding was demonstrated b~ the rightward shift of the concentration

response curve and the ·significant increase in ECso values (anti-log in mol/L: 

vehicle = 1.8x10 -9, DEX+SEPIA-2hr = 8.5x10 -9, and DEX+SEPIA-6hr = 8.4x10 -

9
). Vessels incubated with DE0 and mifepristone (MIF, 10 -5 mol/L) showed no 

differences in sens"itivity to SNP following NOS inhibition compared to controls 

(Figure_ 4.4.A) (anti-log in mol/L: vehicle= 1.5x10 -9 , DEX+MIF-2hr = 2.0x10 -9, 

· and DEX+MIF-6hr = 2.2x10 -9). Similarly, vessels co~incubated with DEX and 

spironolactone (SPIRO, 10 -5 mol/L) showed no differences in sensitivity to SNP 

following NOS inhibition compared to controls (Figure 4.4.~) (anti-log in mol/L:· 

vehicle= 1.5x10 -9, DEX+SPIR0-2hr = 1.6x10 -9, and DEX+SPIR0-6hr = 1.5x10 -

9). 
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Figure 4.4 (A) Mifepristone (MIF, 1 p -6 mo/IL) and (BJ Spironolactone 

(SPIRO, 1 O ·5 mo/IL) blocked the effects of dexamethasone (DEX, 1.3 x 1 O ·6 

mo/IL) on sensitivity to sodium nitroprusside 'following nitric oxide 

synthase inhibition with L-NNA (10 ·5 mo/IL). Results are expressed as 



mean±SEM and percent of own maximal relaxation (n=1 O in control group and 

n=5 in each DEX group). 

Effect of Glucocorticoids on mRNA Expression. DEX-6hr vessels had 

significantly reduced GTPCH 1 mRNA expression compared to co"ntrol vessels 

(GTPCH1/GAPDH mRNA in arbitrary units; DEX-6hr = 0.79±0.07 vs vehicle= 

1.25±0.12; p<0.05, Figure 4.5). 
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Figure 4.5 Dexamethasone (DEX) decreased GTPCH1 mRNA expression in 

aortic segments and was blocked by mifepristone (MIF). Co-incubation 

with sepiapterin (SEPIA) or spironolactone (SPIRO) had no effects on tne 

DEX-induced dOWIJ•regulation of GTPCH1 mRNA. Results are expressed as 
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mean±SEM in arbitrary units per GAPDH mRNA (n=6 in each group). *p<0.05 vs 

control and (ANOVA with Newman-Keuls multiple comparison test). 

Co-incubation with DEX and sepiapterin (1.0 ·4 mol/L) reversed the DEX.;.lnduced 

decrease in GTPCH1 mRNA levels in the DEX-6hr vessels (Figure 4.5). 

Similarly, co-incubation with DEX and mifepristone (10 -a mol/L) completely 

blocked the effects of DEX on GTPCH1 mRNA in the DEX-6hr vessels 

(GTPCH1/GAPDH mRNA in arbitrary units; DEX-6hr = 0.79±0.07 vs DEX+MIF = 

1.15±0.07; p<0.05, -Figure 4.5). Co-incubation with DEX and spironolactone (1 O · 

5 mol/L) or cycloheximid~ (1 O -5 mol/L) did riot preventthe decrease in DEX-6hr 

vessel GTPCH1 mRNA levels (Figure 4.5). eNOS mRNA levels in the DEX-6hr 

vessels were not significantly different compared to control vessels . 

(eNOS/GAPDH mRNA in arbitrary units; DEX-6hr = 0.66±0.07 vs vehicle= 

0.68±0.13; p>0.05). 

· · Discussion 

This study examine.d the direct action of gltJcocorticoids on vascular BH4 

biosynthesis and· ~H4-dependent vasodilation. We hypothesized that 

glucocorticoids act through the GR to down-regulate GTPCH_1 and contribute to 

· decreased vasodilation. ·If the results of the current study mimic the findings in 
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the whole animal, 14 it can be determined that the decreased GTPCH 1 mRNA and 

endothelium-dependent dilation is a direct vascular effect of the steroid. We 
r 

found that DEX significantly decreased GTPCH1 mRNA and ·endothelium-· 

dependent dilation in a time-dependent manner and vasodil.ation could be 

· restored with sepiapterin, a BH4 donor,_ in DEX-treated aortas. The 

glucocorticoid receptor antagonist, mifepristone, completely ·blocked the 

decrease in GTPCH 1 mRNA and endothelium-dependent dilation, whereas 

spi~onolactone, a mineralocorticoid receptor antagonist, had no effect. 

We and others have shown previously that endothelium-dependent 

relaxation to ACH is de.crea.sed in glucocorticoid hypertension.4
•
5
;
14

·
15 Our data 

using rat aortic segments incubated ~ith DEX support the findings in the whole 

animal, and we further elucidated that this decrease in ACH-induced vasodilation 

was time-dependent (Figure 4.1.A). The DEX-2hr vessel relaxation respons·es 

were not significantly different compared to controls, however the DEX-6hr 

vessels had significantly reduced vasod\lation suggesting a possible genomic 

. effect on NO-mediated vasodilation. Sepiapterin has been shown to 

increase BH4 levels and restore endothelium-dependent relaxation in vessels 

from glucocorticoid hypertensive rats. 14
·
16

•
17 In support, results from this study 

showed that co-incubation with DEX and sepiapterin restored ACH-induced 

vasodilation in DEX-6hr vessels to that of controls and had no effect in DEX-2hr 

or control vessels (Figure 4.1.8). 
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The role of glucocorticoids in blood pressure regulation has been 

examined through the use of mifepristone, a glucocorticoid receptor 

antagonist. 18
•
19 Kalimi and col leagues showed that administration of mifepristone 

to glucocorticoid hypertensive rats ·attenuated the increase in systolic blood 

pressure.18 In the current study,· co-incubation with DEX and mifepristone 

prevented the decrease in endothelium-dependent dilation in-the DEX-6hr 

vessels but had no effect on the DEX-2hr or control vessels (Figure 4.2.A). 

Futhermore, spironolactone, a mineralocorticoid receptor antagonist, did not alter 

the DEX-induced decrease in vasodilation (Figure 4.2.B). These data support 

the hypothesis and previous findings in the rat that glucocorticoids act through 

the GR to decrease vasodilation. 

Previous studies have shown that endothelium-independent relaxation to 

SNP is not altered in vessels from glucocorticoid hypertensive rats compared to 

controls.4
•
5

•
14

•
20 Similar results were found in the present study. However, NOS 

inhibition with L-NNA unmasked sensitivity changes to the endothelium

independent NO donor, SNP. By inhib_iting ·endogenous NO, the sensitivity of 

downstream mediators of NO-induced relaxation to exogenous NO can be 

determined. If in fact NO is decreased in vessels incubated with DEX, we would 

expect an increased sensitivity to SNP following NOS inhibition. Indeed, we 

observed a significant leftward shift of the curve and decreased EC5o value in the 

DEX-6hr vessels compared to DEX-2hr and control vessels (Figure 4.3.A). Co-
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incubation with DEX and sepiapterin, which increases BH4 and NO levels, 

significantly decreased sensitivity to SNP in vessels regardless of incubation time 

(Figure 4.3.8). The rightward shift and increased EC50, values indirectly suggest 

that NO-mediated relaxation was restored. Mifepristone and spironolactone both 

blocked the· DEX-induced _increase in NO sensi\ivity following NOS inhibition 

seen in DEX-6hr vessels (Figure 4.4.A and Figure 4.4.8, respectively). 

Interestingly, spironolactone, a mineralocorticoid receptor antagonist, either had 

a NO-sparing effect or increased NO levels in the DEX-6hr vessels. 1 Evidence to 

support the latter comes from studies showing that spironolactone increases NO 

bioavailability by decreasing superoxide formation and blunts the decrease in 

vascular eNOS protein and nitrate tissue levels in liquorice-induced 

hypertension.21
-
23 Taken together, these findings suggest that in the presence of 

low NO _bioavailability, such as that in glucocorticoid hypertension, downstream 
. . 

mediators of NO-induced vasodilation, such as guanylate cyclase and cyclic 

guanosine monophosphate, may become upregulated. 

Various proteins in the NOS-mediated production of NO are altered by 

glucocorticoids.15 Glucocorticoids have been shown to decrease eNOS mRNA 

and NOS activity in endothelial cells from various species.4
•
6 In addition, we have 

shown previously that GTPCH 1 mRNA levels were significantly decreased in rats 

implanted with dexamethasone (0.79 mg/kg/day) after 4 and 15 days, and in rat 

aortic rings after 6 hours of incubation with DEX.5
•
14 However, it is -not known if 
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this down-regulation of GTPCH1 is mediated through the ·GR. .To examine the 

· direct genomic effect of glucocorticoids on vascular GTPCH1, mRNA expression 

studies were performed in endothelium-intact rat aortic segments. In the current . 

study, we hypothesized there would be a significant decrease of GTPCH1 in the 

DEX-6hr vessels. · Indeed, we found a significant down-regulation of GTPCH1 in 

the DEX-6hr vessels compared to controls (Figure 4.5). _Sepiapterin restored 

endothelium-dependent relaxation and interestingly, the resultant increase in 

BH4 leyels produced by the salvage pathway increased GTPCH 1 message 

levels. The glucocorticoid receptor antagonist, mifepristone, completely blocked 

the effect of DEX on GTPCH 1 mRNA, whereas a mineralocorticoid receptor . 

antagonist had no effect. Taken together, these data support our hypothesis that 

glucocorticoids, acting through the GR, can decrease GTPCH1 mRNA levels. A 

previous study showed a 40% decrease in eNOS mRNA in aortas from rats 

treated with dexamethasone in the drinking water after 3 days, however in the 

current study a 6-hour incubation of isolated aortas with DEX had no effect on 

eNOS mRNA levels.4 These results suggest that down-regulation of GTPCH1 by 

DEX, leading to decreased BH4 biosynthesis and uncoupled eNOS, may 

precede the down-regulatiqn of eNOS mRNA .. Wallerath and colleagues also 

reported that although the eNOS promoter lacks a glucocorticoid response 

element, glucocorticoids can destabilize eNOS mRNA via prevention of .the 

transcription factor GATA and reduced transcription of the eNOS gene.4 If 
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' glucocorticoids require the tran~cription of a new protein to down-regulate 

GTPCH1, then co-incubation with DEX and a protein synthesis inhibitor should 

not decrease GTPCH mRNA levels. In the current study, cycloheximide, which 

inhibits protein synthesis,24 had no effect on the DEX-induced decrease of 

GTPCH1 mRNA levels. These data support previous findings that 

glucocorticoids can negatively affect gene expression of GTPCH1, thus leading 

to reduced vasodilation. 

In conclusion, these data support the hypothesis that down-regulation of 

GTPCH1 by glucocorticoids is mediated by the GR. ~TP~H1, which is down

regulated in a time-dependent manner· by glucocorticoids, results in a decreased 

production of BH4 and NO and contributes to decreased endothelium-dependent 

dilation. The results support previou~ findi.ngs of decreased vasodilation and 

increased blood pressure by glucocorticoids in the intact animal, suggesting that 

these effects.are a direct action of the steroid on the vasculature. The prevention 

of GTPCH 1 down-regulation or inhibition of the GR in humans and animals with -

excess glucocorticoids may maintain endothelial function and suppress the 

development of hypertension. 
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CHAPTERS 

SEPIAPTERIN DECREASES VASORELAXATION IN NOS INHIBITION

·INDUCED HYPERTENSION 

Abstract 

Nitric oxide synJhase (NOS) may become uncoupled in the presence of 

low levels of the cofactor tetrahydrobiopterin (BH4 ); thus producing increased 

superoxide and decreased nitric oxide. Exogenous BH4 has been shown to 

_improve endothelial function in various cardiovascular diseases, however in the 

presence of elevated superoxide levels and decreased NOS activity BH4 may 

become autoxidized and lead to reduced vasorelaxation. We tested the 

hypothesis that increasing BH4 will reduce further endothelium-dependent 

. relaxation in aortas from male Sprague-(?awley rats made hypertensive by NOS 

inhibition. Nco-Nitro-L-arginine (L-NNA, ~49 mg/kg/day) was administered in the 

drinking water for 4 days. Systolic blood pressures, measured by tail-cuff 

technique, increased significantly in L-NNA-treated rats and were greater than 

controls. Endothelium-intact aortic segments were isolated and hung in organ 

chambers for the measurement of isometric force generation. Aortas from 

95 
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L-NNA-treated rats had decreased relaxation to acetylcholine com·pared to 

controls, and this was further decreased following incubation with sepiapterin,. 

whicb produces BH4 via a salvage pathway. Superoxide dismutase (SOD) 

restored relaxation in. aortas from L-NNA-treated rats to that of control. In 

addition, SOD or ascorbic acid reversed the sepiapterin-induced decrease in 

relaxation in aortas from L-NNA treated rats. Aortas from L-NNA-treated rats 

with or without sepiapterin, and sepiapterin-treated control· aortas, had increased 

dihydroethidium staining for superoxide compared to untreated controls .. These 

results support the hypothesis that sepiapterin further reduces endothelium

dependent relaxation in the presence of NOS inhibition, and this.may be due to 

autoxidation of BH4. 

Introduction 

Nitric oxide (NO) is a key regulator of vascular tone, and reductions in its 

bioavailability have been shown to decrease endothelium-dependent relaxation 

and increase blood pressure.5
· 

13
· 

16 Recent studies found that iri the presence of 

low cofactor or substrate levels, endothelial nitric oxide synthase (eNOS) 

produces decreased NO and increased superoxide (0£). 3• 
6

• 
22

• 
25

• 
26 This 

increased production of 0 2-, from both uncoupled eNOS and other sources, has 

been implicated in increased vasoconstriction and hypertension.12 An alte·ration 

in the balance between NO and 0£ (i.e.,.decreased NO and increased 0£ 
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production) modulates NO bioavailability and results in increased oxidative stress 

by a lowered quenching of 0£. 

An essential cofactor for NO biosynthesis is the fully-reduced pterin, 

tetrahydrobiopterin (BH4 ). BH4 aids in the stabilization of the eNOS dimer and 

increases the affinity of eNOS for arginine.6 BH4 is produced via a de novo 

pathway from guanosine-triphosphate (GTP) by the rate-limiting enzyme GTP 

cyclohydrolase I (GTPCH1 ), and by a salvage pathway in which sepiapterin is· 

converted to the intermediate 7,8-dihydrobiopterin (BH2) by sepiapterin 

reductase and then to BH4 by dihydrofolate reductase. BH4, together with 

arginine, stimulates NO production by eNOS to an optimal level.23 

Recent reports have found decreased BH4 levels in animals with 

atherosclerosis and diabetes.17
• 

21 Also, in vitro studies utilizing a GTPCH 1 

inhibitor have shown that NO production and endothelium-dependent relaxation 

are decreased as a result of ~H4 depletion.4
• 

11
· .2° Because of the critical role 

that BH4 plays in eN9S-medic::1ted NO production, ·studies have used BH4 as a 

therapeutic target to improve endothelial function in a variety of cardiovascular 

diseases. Exogenous BH4 has been used to successfully restore vasodilation in 

humans and animals with coronary artery disease, hypercholesterolemia, 

atherosclerosis, and diabetes.14
·· 1

8
• 

19 
· In addition, exogenous BH4 given to the 

spontaneously hypertensive rat, a genetic form of hypertension, has been shown· 

to suppress the development of elevated blood pressure. 8 
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The mechanism by which increasing BH4 lev~ls improves endothelial 

function remains unclear. Possibilities include the stimulation of eNOS by 

exogenous BH4. and/or its role as an antioxidant, although a recent study has 

discarded the latter as a _major in vivo physiological mechanism.24 It is possible 

that the beneficial effect of exogenous BH4 is dependent upon· ~he presence of a 

functional eNOS ·and/or a low level of oxidative stress. In contrast, a recent study 

showed that aortas from hyperlipidemic rabbits had decreased BH4 levels and 

endothelium-dependent relaxation responses.21 Interestingly, following 

incubation with sepiapterin which restored BH4 levels to that of control, 

endothelium-~ependent relaxations were not increased but further decreased. 

Additional studies have found that 24-hour incubation of canine and human 

internal mammary arteries with sepiapterin further reduced endothelium

dependent relaxation.10
· 

20 This paradoxical worsening of re.laxation .responses 

by exogenous BH4 may be due to oxidation of excess BH4 to BH2, which has 

been shown to competitively bind the BH4 site of eNOS and result in eNOS 

uncoupling and increased 0£ production.20 Vasquez-Vivar and colleagues 

proposed that the ratio_ between BH4 and BH2 plays an important role in the 

control of eNOS and NO production.21 

BH4 is known· to be s~sc_eptible to autoxidation, and excess BH4 levels 

with a concomitant decrease in NOS activity, along with a high oxidative state, 

may result in further oxidative stress and decreased vasodilation. A recent study 



found that BH4 autoxidation increases 0£ production and endothelium

dependent contractions in the spontaneously hypertensive rat, but only when 
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· NOS is inhibited.27 Therefore, the purpose of this study was to exa.mine the 

effects of sepiapterin on vasqrelaxation in rats made hypertensive by NOS -

inhibition, a model known to have decreased aortic NOS activity and increased 

reactive oxygen species production. We hypothesized that in the presence of 

NOS inhibition and high oxidative stress sepiapterin, which is converted to BH4, 

. ' 

would become autoxidized and further decrease endothelium-dependent 

relaxation and increase 02-. 

Methods 

Animals and Blood Pressure Measurements. 

Male Sprague~Dawley rats (obtained from Harran; 300-324 grams) were 

used.and all procedures were approved by the Medical College of Georgia's 

Animal Use for Research and Education Committee. All rats were.maintained on 

-a 12: 12 light/dark cycle and had access to standard rat chow ad libitum 

throughout the study. Systolic blood pressures were measured by the tail-cuff 

method (pneumatic transducer). All rats underwent habituation to the procedure · 

followed by baseline blood pressure measurements while being given tap water 

ad /ibitum. The next 4 days, rats were given Nco-nitro..;L-arginine (L-NNA; ~49 

mg/kg/day; n=6) in their drinking water or continued receiving tap water (controls, 



n=6). Effective concentrations of L-NNA were determined based on normal 

water intake (-41 ml/day) of rats with a body weight of 300 grams. Blood 

pressure measurements were taken at the same time each day during the L

NNA-treatment. 
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Organ Chamber Experiments. On the day of experiments, rats were 

anesthetized with sodium pentobarbitol (50 mg/kg, i.p.). The thoracic aorta was 

excised and immediately placed in cold physiological salt solution (PSS; 

composition in mmol/L: NaCl 130.0, KCI 4.7, KH2PO41.18, MgSO4-7H2O 1.17, 

NaHCO3 14.9, dextrose 5.5, EDTA 0.026, CaCb 1.6). The isolated endothelium- _ 

intact aortic segment was cleaned of connective tissue and cut into 3-4 mm rings. 

The aortic rings were then connected to a isometric force transducer in a 50 ml 

organ chamber filled with 37°C PSS and bubbled with 95% 02-5% CO2. Aortic 

rings from one L~N NA-treated rat and one control rat were studied in parallel. All 

experiments were performed in the presence of indomethacin (10 -5 mol/L) to 

inhibit cyclooxygenase. Vessels were set at a passive tension of 3.5-4.0 grams 

and isometric force generation was recorded continuously. Following a 60 

minute equilibration period, all vessels were contracted with phenylephrine_ (PE, 

10 -7 mol/L) to test viability. Acetylcholine (ACH; 10 -5 mol/L) was administered to 

test the functional integrity of endothelium as measured by relaxation. 

Concentration-response curves were obtained in a half-log, cumulative fashion. 

Responses to ACH and sodium nitroprusside (SNP) were generated following 
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constriction to PE (10 -7 mol/L)~ Incubation time was· 10 minutes for superoxide 

dismutase (SOD) and ascorbic acid, 20 minutes for L-NNA, and 60 minutes for 

indomethacin and sepiapterin. Relaxation responses to ACH and SNP were · 
I 

expressed as percent relaxation from submaximal PE-induced constriction (10 -7 

mol/L). To determine ECso values for relaxation responses to SNP following 

NOS inhibition, data were expressed as a percentage of niaximal relaxation. 

Regression analysis using three data points along the linear section of the 

conc£3ntration-response curve was used to generate an equation from which the 

EC50 value was determined. These values were then averaged and the 

geometric mean was compared between groups. 

Superoxide Measurement. Superoxide levels were measured by oxidative 

· fluorescent microtopography. In brief, in situ 0 2- generation was evaluated in 

aortic cryosections with the oxidative fluorescent dye dihydroethidium (DHE). 

Tissue was prepared for cryosectioning by snap freezing_ in optimal cutting 

temperature compound (Sakura Finetek Torrance, CA) and 10 µm sections were 

cut using a Lieca CM 1850 cryostat. The cryosections were incubated with DHE 

(2 ~µmol/L) in PBS, with or without polyethylene glycol (PEG)~conjugated SOD. 

PEG-SOD was added 30 minutes prior to staining._ Fluorescence ·images were 

. . . . 

obtained with a BioRad MRC 1024 scanning confocal microscope. In each case, 

paired aortic segments from L-NNA-treated and control rats were· analyzed in 

parallel with identical imaging parameters. 
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Reagents. The following compounds were purchased from Sigma Chemical Co. 

_ (St. Louis, MO): ACH, ascorbic acid, indomethacin, L-NNA, PE, sepiapterin, 

SNP, and SOD (from bovine erythrocytes). L-NNA and sepiapterin were 

dissolved in PSS and a stock solution of indomethacin was dissolved in ethanol 

(<0.1 % final concentration in organ chamber). 'All other drugs were dissolved in 

distilled water and all reagents were prepared fresh on the day of experiments.·_ 

Statistica/. Analyses. Results are presented as mean±SEM .. An analysis of 

variance was used for multiple comparisons followed by the Newman-Keuls post 

hoc test when necessary. Comparison between 2 values was analyzed using the 

Student's t test when appropriate and the significance lev~I was set at 0.05. 

Results 

Blood Pressure Measurements. Baseline systolic blood pressures did not 

differ between the two groups of rats (p>0.05; Figure 5~ 1 ). Following L-NNA (~49 

mg/kg/day) administration in the drinking water, systolic blood pressure 

increased significantly after 4· days (baseline=127±1 mm Hg versus 4-day L-NNA

treatment=163±4 mmHg; p<0.05) and was significantly higher than systolic blood 

pressure of control rats (p<0.05). 
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Figure 5.1 NOJ•Nitro-L-arginine (L-NNA; -49 mg/kg/day), given in the drinking 

water, increased systolic blood pressure in male Sprague-Dawley rats. 

Results are expressed as mean±SEM (n=6). *p<0.05 vs control (ANOVA with 

Newman-Keuls multiple comparison test). 

Effect of in vivo NOS Inhibition and Sepiapterin on Endothelium-Dependent 

· Relaxation. Aortas from L-NNA-treated rats had significantly .decreased 

relaxation responses to ACH compared to controls.(40±5% versus 88±4% 

relaxation, respectively, from PE 10 ·7 mol/L, p<0.05; Figure 5.2). 
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Figure 5.2 Acetylcholine-induced relaxation is decreased in aortas from· 

Nw•nitro-L-arginine (L-NNA)-treated rats but restore~ with superoxide 

dismutase. (SOD, 150 UlmL). Results are expressed as mean±SEM (n=6). 

*p<0.05 vs control and tp<0.06 vs 4d-L-NNA (ANO VA with Newman-Keuls 

multiple comparison test). 
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Addition of L-NNA (10 ·5 mol/L) in the organ chamber abolished relaxations to 

ACH in both groups (data not shown). Sepiapterin (1 0 ·4 mol/L), a BH4 donor, 

further reduced maximal ACH-induced relaxation in aortas from L-NNA-treated 

rats (% relaxation from PE 10 ·7 mol/L; L-NNA-treated=40±5 versus L-NNA 
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treated+sepi_apterin~21±5, p<0.05; Figure 5.3), but had no ·effect on controls. · 
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. Figure 5.3 . Se,piapterin (1 O ·4 mo/IL, 60 minutes) decreased acety/choline

·induced relaxation in aortas from NOJ-nitro-L-arginine (L-NNA)-treated rats, 

however incubation with sepiapterin followed by superoxide dismutase (SOD, 

. 150 U/mL) increased acetylcholine-induced relaxatiOn (n aortas from L-NNA

treated rats. Results are expressed as mean±SEM (n=6). *p<0.05 vs 4d-L-NNA 

· and tp<0.05 vs 4d-L-NNA+Sepiapterin (ANOVA with Newman-Keuls multiple 

comparison test). 
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SOD (150 U/ml) increased ACH-induced relaxation in aortas from L-NNA

treated rats to that of control re.sponses (Figure 5.2). Following incubation with 

sepiapterin (10 -4 mol/L), SOD similarly improved relaxation responses to ACH in 

aortas from L-NNA-trea~ed rats (% relaxation from PE 10 -7 mol/L; L-NNA

treated+sepiapterin=21 ±5 to L-NNA-treated+sepiapterin+SOD=76±3, p<0.05; 

Figure 5.3). Ascorbic acid (10 -e mol/L) pre-treatment significantly improved 
. . 

ACH-induced relaxation in aortas from L-NNA-treated rats both in the absence. 

and presence of sepiapterin (Figure 5.4 ). 
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Figure 5.4 Acetylcholine-induced relaxation is restored following 

incubatiof? with ascorbic acid (AA, 10 -6 mo/IL) in aortas from N())-nitro-L-
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arginine (L-NNAJ-treated rats. Following incubcJtion with sepiapterin, ascorbic 

acid (AA, 10 -5 mo/IL) increased acetylcholine-induced relaxation in aortas from 

L-NNA-treated rats. Results are expressed as mean±SEM (n=6). ·*p<0.05 vs 4d

L-NNA and fp<0.05 vs 4d-L-NNA+Sepia (ANOVA with Newman-Keu/s multiple 

comparison test). 

Effect of NOS Inhibition on Endothelium-Independent Relaxation. 

Relaxation in aortic segments from L-NNA-treated rats to the NO donor, SNP, 

was not statistically different_ compared to controls (data not shown). However, 

aortas from L-NNA-treated rats exhibited significantly increased senstivity to SNP 

following NOS inhibition by L-NNA (10 -5 mol/L) compared to controls (Figure 

5.5). The ECso value for aortas from L-NNA-treated rats· (-8.9882±0.1980, anti

log=1.0x10 -9; p<0.05 versus controls) was significantly decreased compared to 

the control vessels (-8.4244±0.1008, anti-log=3.8x10 -9). 
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Figure 5.5 Sensitivity to the endothelium-independent vasodilator, sodium 

nitroprusside, following in vitro NOS inhibition (L-NNA, 10 -s mo/IL) is 

increased in aortas from N~-nitro-L-argin~ne (L-NNAJ-treated rats. Values 

are expressed as percent of maximal relaxation. Results are expressed as 

mean±SEM (n=6). · *p<0.05 vs control (ANOVA with Newman-Keuls multiple 

comparison test). · 

Effect of Chronic NOS Inhibition and Sepiapterin on 02· Levels. Aortas from 

L-NNA-treated rats exhibited significantly greater levels of DHE staining for 0£ 



compared to controls (intensity in arbitrary units: L-NNA=28.25±5.18 versus 

control=S.77±1.54, p<0.05; Figure 5.6). 

Control L-NNA 

Control/Sepiapteri n L-NNA/Sepiapterin 

Figure 5.6 Superoxide levels, as measured by dihydroethidium staining, 

. are increased in aortas treated with sepiapterin (10 -4 mo_llL) and from L

NNA-treated rats compared to untreated controls (n=3 in each group). 
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Incubation of aortas from L~NNA-treated rats with sepiapterin did not alter 0£ 

staining as DHE staining remained markedly-higher compared to controls 

(intensity in arbitrary units: L-NNA+sepiapterin=24.94±4.99 versus 

control=B.77±1.54, p<0.05; Figure 5.6). Interestingly, DHE staining for 0£ was 

also increased in control rat aortas following incubation with sepi'apterin 

compared to controls without sepiapterin (intensity in arbitrary units: 

control+sepiapterin=19.51±1.06 versus control=B.77±1.54, p<0.05; Figure 5.6). 

Discussion 

Previous studies have shown that exogenous BH4 has beneficial effects 

on endothelial function in cardiovascular diseases such as diabetes, 

atherosclerosis, and hypertension.8
• 

14
· 

18
• 

19 In contrast, recent studies have 

· found that restoration of BH4 levels further reduc~d endothelium-dependent 

relaxation and increased contraction. 10
• 

20
• 

21 
· 

27 This study tested the hypothesis 

·that in the presence of in vivo NOS inhibition and high oxidative stress, 

increasing BH4 levels would impair vasodilation further. We observed that acute 

incubation with sepiapterin further reduced endothelium-dependent relaxation in 

aortas from NOS inhibition-induced hypertensive rats. In addition, 0 2- levels 

were significantly increased in these vessels and remained elevated following 

incubation with sepiapterin. Lastly, superoxide dismutase and ascorbic acid 

improved relaxation responses following sepiapterin. 
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NO plays an important role in blood pressure regulation and inhibition of 

NO production leads to elevated blood pressure as demonstrated in rats treated 

with L-NNA and eNOS knockout mice.5
· 

13
· 

16 Our data confirmed these findings, 

because L-NNA (0.25 g/L) in the drinking water significantly elevated systolic 

blood pressure after 4 days (Figure 5.1 ). In this model of hypertension, the 

decreased production of the vasodilator NO contributes to the elevated blood 

pressure. In addition, decreased NO exacerbates oxidative stress due to a 

reduced quenching of 0£. 

Previous studies have show_n that exo"genous BH4 can improve 

endothelial function in humans and animals.8
• 

14
• 

18
· 

19 Se.piapterin has been · 

shown to be effective as a pharmacological tool to increase BH4 levels· and this 

may activate eNOS leading to increased NO-mediated vasodilation. 20 However, 

the present study demonstrated that endothelium-dependent relaxation was 

reduced further following a 60-mi~ute incubation with sepiapterin (Figure 5.3). · 

Similar findings were reported in hyperlipidernic rabbit aortas following a 6-hour 

incubation with sepiapterin.21 These authors suggested that the difference · 

between the beneficial versus detrimental effect of sepiapterin on vasorela_xation 

may be time-dependent. Our data do ~at support this, because we found a 60-

minute incubation with sepiapterin decreased relaxati_on, whereas a 6-hour 
. . 

incubation of canine basilar arteries with a BH4 syn_thesis inhibitor and 

sepiapterin restored relaxation responses to that of control vessels. 11 
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Decreased NO production can result in high oxidative stress due to the 

lack of 02- quenching by NO. The 16-week old spontarieously"hypertensive rat 

exhibits decreased BH4 and increased 0£ levels.8 In the current study, we 

examined the 0£ levels in L-NNA-treated rats in the absence and presence of 

sepiapterin. If sepiapterin was converted to BH4 but then autoxidized to form 

BH2 and further reduce vasorelaxation, then 0£ levels should be elevated further 

in aortas from L-NNA-treated rats treated with sepiapterin- due to uncoupled 

eNOS. First, we observed that SOD, which converts 0£ into th·e vasodilator 

hydrogen peroxide, restored endothelium~dependent relaxations to ACH to that 

of control vessels (Figure 5.2). Following incubation with sepiapterin and SOD, 

relaxation significantly increased in aortas from L-NNA-treated rats (Figure 5.3). 

In addition, 0£ levels, as measured by oxidative fluorescent microtopography, 

were increased sign_ificantly in aortas from L-NNA treated rats and following a 60-

minute incubation with sepiapterin (Figure 5.6). These data support previous 

findings in which sepiapterin and autoxidized BH4 increase 0 2- production and 

decrease vasodilation. 21
•
27 

· 

Ascorbic acid has been shown previously to act via stabilization of BH4 

and improve NO production.from eNOS.2
· 
7

· 
9 In the atherosclerotic rabbit aorta, a 

thiol antioxidant significa~tly increased BH4 levels following sepiapterin, however 

endothelium-dependent relaxation responses were not correspondingly 

improved. 21 In contrast, we found a significant increase in relaxation following 
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. pre-treatment with ascorbic acid (Figure 5.4 ). Furthermore, ascorbic acid 

restored relaxation following incubation with sepiapterin to that of pre-sepiapterin 

levels (Figure 5.4 ). This finding suggests that ascorbic acid stabilizes the 

exogenous BH4 thus preventing autoxidation, although the BH4 did not result in 

improved relaxation compared to aortas from L-NNA-treated rats in the absence· 

of sepiapterin. 

Aortas from L-NNA-freated rats showed no differenc~ in relaxation 

responses to the endothelium-independent vasodilator SNP compared to control 

vessels (data not shown). However, we did.observe a·significant increase in 

sensitivity to the NO-donor, SNP, following NOS inhibition in aortas from L-NNA- . 

. treated rats compared to control rats (Figure 5.5). This finding was demonstrated 

by a leftward shift in the concentration-response curve and a decreased EC50 

value compared to controls. These findings suggest that in the presence of low 

NO bioavailability .downstream mediators of NO-induced vasodilation are 

upregulated. Indeed, our data support previous findings and we have observed 

this response in several other forms of hypertension.1
• 

15 

In conclusion, these data support the hypothesis that in the presence of in 

vivo NOS inhibition exogenous BH4 becomes autoxidized .and further decreases 

endothelium-dependent relaxation. High oxidative stress, such as that seen in 

NOS inhibition-induced hypertension, and a dysfunctional NOS contribute to the 

detrimental effect of sepiapterin on vascular reactivity and this effect does not 
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appear to be time-dependent. These findings should be considered to eliminate 

negative effects in conditions where BH4 restoration may be warranted. 
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CHAPTERS 

DISCUSSION AND SUMMARY 

This dissertation tested the hypothesis that decreased GTPCH, 

the rate-limiting enzyme in the production of BH4, reduces NO biosynthesis 

leading to impaired vasodilation and increased blood pressure. The 

following summary of results pro'{ide evidence to support the specific aims: 

Specific Aim 1. To examine the role of GTPCH1 in vascular reactivity 

and blood pressure regulation . 

. • GTPCH inhibition in vivo increased blood pressure and decreased 

endothelium-dependent vasodilation 

J • Vasodilation was restored with sepiapterin or superoxide dismutase 

• GTPCH inhibition increased sensitivity to a NO donor suggesting decreased 

NO b.ioavailability 

• Phenylalanhie attenuated blood pressure and increased vasodilation 

Specific Aim 2. To define the mechanism of glucocorticoid-induced 

alterations in GTPCH1 in decreased vasodilation and in the development 

and maintenance of hypertension. 

• Glucocorticoids act through the glucocorticoid receptor to time-dependently 

down-regulate GTPCH mRNA levels 
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• Glucocorticoids decreased BH4-dependent vasodilation and NO 

bioavailability 
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• _Down-regulation of GTPCH and decreased vasodilation contribute to the 

development and maintenance of glucocorticoid-induced hypertension 

Specifi_c Aim 3. To define the mechanism of exogenous BH4-induced 

alterations on vasodi/a'tion in NOS inhibition-induced hypertension. 

• In conditions where NOS activity is decreased and oxidative stress is 

increased, exogenous BH4 further decreased endothelium-dependent dilation 

•· This response was reversed with superoxide dismutase or ascorbi~ acid 

• Exogenous BH4 may become autoxidii:E}d thus increasing superoxide and 

decreasing vasodilation 

The role of GTPCH in blood pressu_re regulation was central to all of the 

aims tested. It is known that excess glucocorticoids cause hypertension in 

humans and animals, and humans with Cushing's Syndrome exhibit reduced 

levels of NO, serotonin, melatonin, and catecholamines.1
-
4 These observations 

led us to examine the effect of glucocorticoids ori BH4, an essential cofactor for 

the synthesis of these products, while. focusing on NO production. Only one 

previou·s animal model of decreased GTPCH has been examined with respect to 

blood pressure, and that is the hph-1 mouse. This mouse mutant, which displays 
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a 90% deficiency in GTPCH, develops ·systolic hypertension.5 In Chapter 2, we 

developed a novel, non-genetic form of GTPCH inhibition by admini~tering a 

GTPCH inhibitor in the drinking water of rats.· These rats also developed 

hypertension. In Appendix C, we present recent data showing that 

phenylalanine, which is known to stimulate GTPCH activity and increase BH4 

levels, attenuated the _increased blood pressure in DAHP-treated rats. ~his 

finding supports the hypothesis that inhibition or stimulation of GTPCH can 

increase or decrease blood pressure, respectively. Additionally, we 

• demonstrated that high levels of glucocorticoids significantly increased blood 

pressure in a time-dependent manner. While this incre.ase in blood
1 
pressure has 

been demonstrated previously,6 we found a significant inverse correlation. 

between GTPCH mRNA and systolic blood pressure. Therefore, decreased 

GTPCH,.either through pharmacological inhibition or by glucocorticoid-induced 

down-regulation, contributes to increased blood pressure. 

Previous studies have demonstrated that inhibition of BH4 biosynthesis in 

endothelial cells and isolated arteries can decrease NO and vasodilation.1
-
11 

However, no studies have examined BH4-dependent vasodilation in animals 

treated with glucocorticoids or pharmacological GTPCH inhibition. We found 

reduced endothelium-dependent relaxation in aortas from DAHP- and 

glucocorticoid-treated rats. Additionally, isolated aortas incubated with 

glucocorticoids exhibited decreased relaxation, which was blocked by a 
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glucocorticoid receptor antagonist. Further results to support the central 

hypothesis were found in aortas from rats treated with DAHP and_ phenylalanine 

(Appendix C, Figure C.2). In vivo phenylalanine treatment increased relaxation 

responses to acetylcholine and A23187. We have not yet tested the -effects of 

·phenylalanine on vasodilation i.n rats treated with glucocorticoids, but would 

hypothesize a similar increase in vasodilation. The decreased relaxation in both 

intact-animal models could be restored with sepiapterin, suggesting that reduced 

. BH4 results from GTPCH inhibition and glucocorticoid-treatment in the intact 

animal. Supportive evidence comes from previous studies in which DAHP

treated arteries had restored relaxation following incubation with sepiapterin. 11
·
12 

In contrast, results from Chapter 5 demonstrate that incubation of blood vessels 

with sepiapterin further decreased endothelium-dependent relaxation. We 

concluded that in the presence of a dysfunctional NOS and increased oxidative 

stress (NOS inhibition-induced hypertension), exogenous BH4 may become 

autoxidized leading to reduced vasodilation. Despite a potential detrimental 

effect of sepiapterin on vasodilation, endothelium-dependent relaxation was 

increased in the hph-1 mouse following sepiapterin and superoxide dismutase.5 

Similarly, superoxide dismutase significantly increased relaxation in our DAHP

and glucocorticoid-treated rats demonstrating an increased superoxide 

production from uncoupled NOS. A recent study by Landmesser and colleagues 

found that n,ineralocorticoids increased superoxide production via NADPH 
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oxidase, which led to decreased BH4 and decreased NO production by 
,· 

uncoupling eNOS. 13 It has yet to be determined if this mechanism occurs in 

glucocorticoid-induced hypertension. 

Although all of the experimental hypertension models in this dissertation 

exhibited decreased_ endothelium-dependent relaxation; endothelium

independent relaxation was not different compared to controls. This finding 

suggests that myocyte function was not impaired as a result of DAHP-, 

gluco"corticoid-, or L-NNA-treatment. However, in all of the studies we 

demonstrated an increased sensitivity to a NO.donor following NOS inhibition. 

By blocking endogenous NO, production, we unmasked differences in 

downstream mediators of NO-induced vasodilation. These data suggest that in 

the presence of low N_O bioavailability, guanylate cyclase, cyclic GMP, and/or 

protein kinase G are upregulated so smaller amounts· of NO are needed to elicit 

vasodilation. Amer has also reported that cyclic nucleotides are upregulated in 

several forms of hypertension.14 Futhermore, treatment with phenylalanine in 

DAHP-treated rats restored aortic sensitivity'to a NO donor following NOS· 

inhibition. This finding suggests that increased BH4 due to phenylalanine

mediated stimulation of GTPCH increased NO bioavailability and normalized 

vascular myocyte sensitivity. This compensatory mechanism by the vascular 

smooth muscle cell plays an important role in maintaining some vasodilation and 

possibly preventing further increases in blood pressure. 
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With respect to mRNA levels, DAHP-treatment did not alter GTPCH. This 

finding was predicted as DAHP is known to bind competitively with GTP and 

should have had no effect on message levels.15 However, we observed a 

significant glucocorticoid-induced down-regulation of GTPCH. After 4 and 15 

-days of glucocorticoid-treatment in the intact animal, and after 6 hours incubation 

of isolated aortas with glucocorticoids, GTPCH mRNA was significant_ly 

decreased compared to controls. Further experiments in Chapter 4 revealed that 

this down-regulation of GTPCH by glucocorticoids was mediated through the 

glucocorticoid receptor. Although it is unknown if GTPCH contains a 

glucocorticoid response element on the promoter region of the gene, we ruled 

· out that the glucocorticoid/glucocorticoid receptor complex needs to synthesize a 

new protein to down-regulate GTPCH. Since GTPCH and eNOS are tightly 

coupled, we measured eNOS mRNA and faun~ a similar down ... regulation by 

glucocorticoids after 4 and 15 days. These data support a previous finding by 

Wallerath and colleagues who found decreased eNOS mRNA following 

glucocorticoid-treatment of rats.16 The authors further elucidated the mechanism · 

of the eNOS down-regulation and concluded that glucocorticoids destabilize the 

eNOS protein as well as reduce the GATA transcription factor, which is 

necessary for eNOS gene transcription. · interestingly, we did not observe a -

decrease in ~NOS mRNA-following a 6-hour incubation of isolated aortas with 

glucocorticoids. It is possible that glucocorticoids down-regulate GTPCH first, 
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leading to reduced BH4 levels and uncoupled eNOS, followed by eNOS d.own

regulation. The order in which glucocorticoids decrease NOS and GTPCH has 

yet to be examined. 

The experiments performed and the data in this dissertation have several 

limitations with respect to methodology and in_terpretations. First and foremost, 

BH4 and GTPCH protein, as well as GTPCH activity, were not measured directly 

due to limitations in experimental tools (i.e., HPLC and GTPCH antibody). 

Although we feel that the exclusion of these·measurements do not detract from 

our findings and interpretations, these direct measurements would have 

strengthened our findings. 

With respect to the models of experimental hypertension used, the 

effective concentrations of DAHP and DEX in the intact animal were estimated. 

In Chapter 2, DAHP was given in the drinking water of rats, however the effective 

concentration was estimated by using the normal water intake of rats, the 

concentration of DAHP ~ and the weight of the rats. The glucocorticoid pellet 

used in Chapter 3 was a 5 mg, 21-day time-release pellet implanted 

sub~utaneously. Plasma' dexamethasone levels were not measured in Chapter 3 

and this would have quantified the actual amount of glucocorticoid released from 

the pellet each day. It is possible that the animal saw a higher dose of 

dexamethasone in the first -few days after implantation compared to later days. 

Alternative modes of DAHP and DEX administration could also be considered 



and include daily injections or the use of an osmotic mini-pump implanted 

subcutaneously._ 
. . \ 

_ 128 

The intact animal presents many limitations as· a model sinc·e complex, 

physiological responses may alternatively explain .our findings. In Chapter 3, we 

could not rule out that ·pressure-induced modulations of GTPCH and eNOS may 

have taken place independent of glucocorticoid effects. Furthermore, 

glucocorticoid receptors have been localized in the brain and central effects may 

have occurred to alter peripheral vascular responses. These limitations were 

addressed in the follow-up study (Chapter 4) in isolated vascular segments to 

rule out any central- or pressure-induced effects. Although this research focused 

on BH4 and eNOS, NO production and bioavailability from other NOS isoforms 

may alternatively explain some of our findings. For example, renal nNOS and it's 

uncoupling fr~~ reduced BH4 may have contributed to the increased blood 

pressure observed in the DAHP- and glucocorticoid-induced hypertensive rat 

models. Due to the lack of a specific eNOS inhibitor_, NO production from nNOS 

and iNOS in other vascular beds could not be· examined. 

Additionally, there were several limitations in the pharmacological agents 

used. We used exogenous sepiapter'in as a mechanism to generate BH4, and it 

is possible that sepiapterin may exert different effects.on vascular segments than 

BH4 or alternative forms of BH4. Interestingly, only at higher concentrations of 

acetylcholine were relaxation responses further reduced by sepiapterin (Chapter 
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5). It is possible that alternative ago~ists to elicit contraction and relaxation may 

not reveal further reductions in _relaxation responses by sepiapterin. 

Alternatively, it is only at higher NO requirements that sepiapterin has a 

. detrimental effect on vasodilation, and it is possible. that the beneficial 

vasodilatory effects seen in humans .given sepiapterin n:,ay be masked py the low 

NO requirement at rest. However, if these patients were stressed in some 

manner to increase NO requirements, detrimental effects of sepiapterin may be 

observed. Lastly, phenylephrine was used in all vascular reactivity experiments 

to elicit contraction, and acetylcholine.and calcium-ionophore A23187 were used 

to measure. relaxation responses. Perhaps other agonists, such as papaverine · 

and serotonin, may have revealed different responses. Lastly, all of the 

experiments were performed in thoracic aortas, a conduit vessel of which 

changes in tone do not influence systemic resistance and hypertension. The 

aorta was chosen due to the abundance of tissue that could be obtained for 

biochemical experiments, and because it represents a good model to examine 

endothelial function and results obtained from the aorta can be applied to 

resistance arteries.· Additionally, this dissertation examined the role of BH4 in the 

NO signaling pathway, which plays a major role in aortic vascular reactivity 

allowing us to detect differences that may have been more ~ifficult to observe in 

resistance arteries. 



The results of the experiments performed in this dissertation generated 

many new ideas and future directions. Of interest, could blood pressure be 

J 
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decreased with BH4 in these models of experimental hypertension? If our overall 

hypothesis is true, then increased GTPCH should increase vasodilation and 

decrease blood pressure. In the DAHP-treated rats (Chapter 2), DAHP plus 

exogenous sepiapterin administration simultaneously should prevent the rise in 

blood pressure. These experiments were attempted, but the rats did not drink 

the water containing DAHP and sepiapterin. Alternatively, in vitro studies have 

shown that phenylalanine can reverse end-product nega"tive-feedback inhibition 

of GTPCH by decreasing the GT_PCH feedback regulatory protein and stimulating 

GTPCH.17
•
18 Whether phenylalanine administration would translate into 

increased BH4 biosynthesis for eNOS and decrease blood pressure has not 

been examined. Preliminary, unpublished data from our laboratory have 

suggested that DAHP+phenylalanine water attenuated the rise in blood pressure 

and significantly improved relaxation responses in this model. Alternatively, 

GTPCH gene-transfer has been used successfully in animals to increase BH4 

biosynthesis 19 and would be a viable candi.date to examine if GTPCH inhibition

and glucocorticoid-induced hypertension could be- reversed. 

Another direction of research would be to examine the role of GTPCH and 

BH4 in other cardiovascular disease states. Previous studies have shown that 

insulin can stimulate GTPCH and that in diabetes, in whiGh cells are insulin 
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resistant, GTPCH levels are reduced.20
•
21 This reduced stimulation of GTPCH by 

insulin may contribute to the decreased vasodilation and development of 

hypertension characteristic of diabetes. Indeed, recent studies have found · 

reduced BH4 levels in blood vessels and endothelial cells 'from diabetic 

animals.22
•
23 Additionally, exogenous BH4 has been used to improve 

vasodilation in diabetic animals and humans.22
•
24 

· 

_It would also be interesting to further characterize the downregulation of 

GTPCH and eNOS and the effects on vasodilation using shorter time-points. 

These experiments would tell us if the doWnregulation of GTPCH preced~s 

eNOS to regulate its activity, or if eNOS is decreased first and then_ GTPCH is 

later decreased. to reduce uncoupled eNOS activity. Additionally, further 

investigation of the mechanism by which glucocorticoids down-regulate GTPCH 

could utilize. the CHIP assay to show that the ·glucocorticoid/receptor complex 

binds the GTPCH gene, as well as the use of microarrays or proteomics to 

examine transcription factor and GTPCH changes due to excess glucocorticoids. 

Lastly, one question raised from the data in Chapter 5 is the temporal 

effect of sepiapterin on vasodilation and superoxide levels. Although conflicting 

results· have been reported (i.e., improved relaxation after 1 or 24 hours of 

sepiapterin and decreased relaxation after 1 or 24 hours of sepiapterin), it would . 

be interesting to perform a time-course study examining the effects of sepiapterin 

on vasodilation and s~peroxide in a variety of models. By manipulating oxidative 



stress levels and NOS function through the use of antioxidants and NOS 

inhibitors, the effects of sepiapterin on endothelium-dependent re·laxation 

responses could be elicited. 

Dissertation Conclusion 
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The data from Chapters 2 through 5 support the overall hypothesis that 

alterations in GTPCH affect BH4 biosynthesis and NO production. In several 

models of experimental hypertension, altered BH4 production leads to uncoupled 

NOS (decreased NO and increased superoxide production), decreased 

endothelium-dependent relaxation, and increased ~lood pressure (Figure 6.1 ). 

Glucocorticoids DAHP 

+ 1 
~ ~ I GTPCH I ■ 
~ ·. • leNosl 

-1, BH4 + ~ 

iNo-

~ 
t Blood Pressure +i- · -1, Vasodilation 

Figure 6.1 Reduced BH4 leads to decreased NO production, decreased 

vasodi/ation and increased blood pressure 
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Novel findings presented in this dissertation were the role of GTPCH in blood 

pressure regulation and GTPCH down-.regulation by glucocorticoids, which 

contributes to the development of endothelial dysfunction and hypertension. The 

data suggest the importance of the NOS cofactor, BH4, in vasodilation and b_lood 

pressure regulation, and GTPCH may become a therapeutictarget to improve 

endothelial function and decrease the fncidence of hypertension in humans. 
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APPENDIX A 

IMPAIREDVASODILATION AND NITRIC OXIDE SYNTHASE ACTIVITY IN 

-GLUCOCORTICOID-INDUCED HYPERTENSION 

Abstract 

Synthetic glucocorticoids are among the most widely prescribed medications by 

physicians. Although they have a vast array of beneficial effects, such as 

immunosuppre.ssion and anti-inflammation, excess glucocorticoids can lead to 

iatrogenic Cushing's Syndrome, which includes hypertension and cardiovascular 

disease. The exact mechanism by which glucocorticoids elevate blood pressure 

is not understood completely, but.it appears to be a complex pathology that 

involves increased responsiveness to vasoconstrictors and decreased 

vasodilator production. Nitric oxide is a vasodilator that plays a key role in blood 

pressure regulation, and previous studies have shown that a reduction in nitric 

oxide production or bioavailability contributes to hypertension. 

Tetrahydrobiop\erin, a necessary cofactor for nitric oxide synthase activity, can_ 

affect nitric oxide production and bioavailability, with low levels causing 

decreased nitric oxide production. -However, little is known about the interaction 
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between lucocorticoids and their effect on tetrahydrob1opterin levels. In this 

review, t,/ e roles of nitric oxide a_nd tetrahydrobiopterin in_ the pathogenesis of 

glucocoJ.icoid hypertension will be discussed. Furthermore, we propose that 

glucocorticoids exert a genomic effect to decrease GTP cyclohydrolase I, the 

rate-limiting enzyme in the production of tetrahydrobiopterin. In the future, 

tetrahydrobiopterin supplementation in patients with iatrogenic Cushing's 

Syndrome may prove to be beneficial and decrease mortality attributed to· 

cardiovascular disease. 
I 

Glucocorticoids 

Glucocorticoids are steroid hormones derived from cholesterol and are 

produced endogenously in the adrenal gland. The major endogenous 

glucocorticoid hormone in humans is cortisol. Glucocorticoids have a variety of 

· . importantfLmctions,· including al_tering glucose metabolism, countering 

inflammation, immunosuppression, and increasing protein catabolism. Due to 

the vast array of beneficial effects, synthetic glucocorticoids are among the most 

widely prescribed drugs by physicians. Indications for glucocorticoids include 

asthma, rheumatoid arthritis, gram-negative septicemia, post-organ l 

transplantation, nephrotic syndrome, dermatoses, and infant respiratory distress. 

However, prolonged use or :high dosage regimens of glucocorticoids can lead to 

adverse effects such as diabetes, depression, glaucoma, myopathy, 



osteoporosis, and hypertension (see Figure A.1). Glucocorticoid toxicity also can 

lead to iatrogenic Cushing's Syndrome. -· 

. EXCESS · 
GLUCOCORTICOIDS 

Altered Fat Distribution (Truncal Obesity) 

Protein Catabolism (Muscle Weakness) 

Altered Carbohydrate Metabolism 

Blood Changes 

Mental Changes (Depressi~n) 

Suppress Immune Systel')1 

Decrease Inflammation 

Hypertension 

Dermatological Effects (Acne) 

GI Effects (GI Ulceration) 

Osteoporosis 

Ocular E1'.fects (Cataracts) 

Figure A.1 Excess g/ucocorticoid effects on bio_logica/ systems 

Iatrogenic Cushing's Syndrome 

latro.genic Cushing's Syndrome has many characteristics which include 

physical, neurological, mefabolic, and cardiovascular~ Physical symptoms 

include a moon face, tr~ncal obesity, and adren~I atrophy. Patients with 

Cushing's Syndrome also suffer from. depression and previous clinical studies 

have found low levels of serotonin and melatonin in these patients (Cameron and 

others 1995). Metabolic characteristics of iatrogenic Cushing's Syndrome 
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include protein catabolism, _insulin resistance, and muscle wasting. Lastly, 

patients with this syndrome may develop hypertension and cardiovascular 

disease. It has been reported that even after successful treatment there is an 

increase in morbidity and mortality of up to 4-fold, much of this is due to 

cardiovascular disease (Ross and Linch 1982). A previous report.provides an 

important analysis of glucocorticoid excess and the etiology of cardiovascular risk 

factors explaining polygenic inheritance, amplification by obesity, and clinical 

similarities (blood pressure elevation). to Cushing'-s syn~frome (Walker and others 

1998). Further, as noted by others, the benefits of glucoc6rticoid treatment as 

immunosuppressive and anti-inflammatory therapy are unique and important, 

however, the therapy promotes cardiovascular disease including hypertension. 

Glucocorticoid-lnduced Hypertension 

Excess glucocorticoids elevate blood pressure in humans and animals 

(Grunfeld 1990, Krakoff 1988, Mantero and Boscaro 1992, Saruta 1996, 

Whitworth 1994, and Yin and others 1992) and conversely, glucocorticoid 

deficiency, such as in Addison's disease, is accompanied by low blood pressure 

(Grunfeld 1990). In humans with Cushing's syndrome, hypertension develops in 

70-80% of the patients. In those individuals, there is no nocturnal fall in blood 

pressure, and that may contribute to the deleterious effects of glucocorticoid 

excess on blood vessels. Previous reports utilizing RU-486, a progesterone and 

glucocorticoid receptor antagonist, have shown that blood pressure decreased 
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and pressor responses to angiotensin II and ·norepinephrine were attenuated in 

normal rats (Grunfeld and Eloy 1987). Another study found that rats implanted 

with glucocorticoid and RU-486 pellets did not develop the gl.ucocorticoid-induced 

elevation in blood pressure (Kalimi 1989). Whitworth. has outlined possible 

mechanisms for glucocorticoid-induced hypertension that include changes in 

sodium/volume homeostasis~ vascular responsiveness, and sympathetic nervous 

system activity (Whitworth 1994 ). Extensive evidence (Grunfeld 1990; Krakoff 

1988, Mantero and Boscaro 1992,· Saruta 1996) supports the concept that this 

form of hypertension is associated with other factors: 1) activation of the renin

angiotensin system due to increased -renin substrate; 2) increased constrictor 

responses to angiotensin II and norepinephrine; and 3) reduced activity of 

vasodilator systems, including the kallikrein-kinin system, prostaglandins, and 

endothelium-derived nitric oxide. This review will focus on mechanisms by which 

glucocorticoids reduce the bioavailability of nitric oxide in the vascular wall·· 

leading to reduced vasodilation and hypertension. 

The experi.mental evidence supporting a role for reduced nitric oxide

mediated vasodilation in glucocorticoid hypertension is convincing (for further 

review see Whitworth and others 2002). Vasodilator responses to acetylcholine 

and bradykinin, endothelium-dependent agonists, are blunted in humans and 

animals with. gluco~orticoid excess (Saruta 1996). Responses to endothelium

independent vasodilators (nitroglycerin and nitroprusside) are not alter~d. A 
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previous study found that dexamethasone treatment in vitro and ex vivo down

regulated · endothelial nitric oxide synthase (eNOS), the enzyme that converts!

_arginine and oxygen to I-citrulline and nitric oxide (Wallerath and others 1999). In 

- . 

addition to showing that dexamethasone decreased vasoreI·axation to 

acetylcholine, the authors reported that glucocorticoids decreased the stability of 

eNOS mRNA and reduced eNOS gene transcription. These observations 

· support a role for a reduced activity of endothelium-derived nitric oxide in 
·, . 

glucocorticoid hypertension, but the reduced responsiveness does· not involve an 

altered signaling pathway for nitric oxide in the vascular myocytes. Downstream 

elements of the nitric oxide-mediated mechanism of vasodilation (i.e., guanylate 

cyclase, cyclic guanosine monophosphate, etc.) located in the vascular smooth 

muscle cell are not directly altered by glucocorticoids. 

Evidence from studies on other types of experimental hypertension also 

_support a role for glu?ocorticoids in the regulation of bioavailability of nitric oxide . 

. In spontaneously hypertensive rats, the impaired endothelium-dependent dilator 

response to histamine is related to an enhanced adrenal glucocorticoid secretion 

(Suzuki and others 1995, Suzuki, Swei and others 1995, and Suzuki and others 

1996). Furthermore, adrenalectomy lowers blood pressure in spontaneously 

hypertensive rats (Bruner and Webb 1988, Yagi! and others 1989). 
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Endothelium-Derived Nitric Oxide and the Cofactor, Tetrahydrobiopterin 

Endothelium-derived nitric oxide is a potent vasodilator and it plays· an 

important role in the con_trol of vascular tone. The formation of nitric oxide from. 

L-arginine is dependent on the enzymatic activity of nitric oxide synthase (NOS). 

The catalytic activity of endothelial NOS (eNOS or NOS Ill) is regulated by the 

availability of tetrahydrobiopterin, an allosteric and redox cofactor for the enzyme 

(Bogdan an·d others 1995, lgnarro and Murad 1995, and Kinoshita _and others 

1997). Several recent reviews have summarized the literature dealing with the 

role of nitric oxide in hypertension (lgnarro- and Murad 1995, Dominiczak and 

Bohr 1995, Drexler 1997, Ferro and Webb 1997, Hughes and Schachter 1994, 

McIntyre and Dominiczak 1997, Vanhoutte.1996, and Van Zwieten 1997) and 

also the potential role of ~etrahydrobiopterin in vascular disease (lgnarro and 

· Murad 1995, Kinoshita and others 1997, and Katusic 2001 ). 

Tetrahydrobiopterin is'synthesi~ed from guanosine triphosphate (GTP), 

and the levels of the cofactor are determined bY:the rate limiting enzyme,· GTP 

cy~lohydrolase I (lgnarro and Murad 1995, Kinoshita and others 1997, Werner

Felmayer, Prost and others 1993, and Werner-Felmayer, w·erner and others 

1993). · Intracellular levels of tetrahydrobiopterin can be increased by exposing 

cells to sepiapterin, which is converted to tetrahydrobiopterin through the action 

of sepiapterin reductase (see Figure A.2). 
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I GTP I 
GLUCOCORTICOIDS __ ,.,., GTP Cyclohydrolase I 

7,8-Dihydroneopterin Triphosphate 

. 6-Pyruvoyl Tetrahydropterin Synthase + 
6-Pyruvoyl Tetrahydropterin 

Sepiapterin .► Sepiapterin Reductase 

Nitric Oxide Synthase + I Tetrahydrobiopterin I 
L-Arginine + Oxygen L-Citru11ine + Nitric Oxide 

, Figure A.2 Biosynthesis of tetrahydrobiopterin 

This sal.vage pathway fortetrahydrobiopterin synthesis and the biosynthetic 

pathway exist in both e~dothelial cells and vascular myocytes . 

. We propose that th~ low .levels of tetrahydrobiopterin in glucocorticoid 

hypertension are due to an action of the steroids to inhibi_t expression of GTP 

cyclohydrolase I, the rate limiting enzyme for tetr~hydrobiopterin synthesis (see 

Figure A.3). 



· -!, Vasodilation 

Endothelial Cell 

-I, Nitric 
· Oxide 

l hH4 ◄ 
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-!, GTP Cyclohydrolase 1 
-!, eNOS 

Figure A.3 Glucocorticoids inhibit gene transcription and lead· to reduced 

vasodilation. BH4 = tetrahydrobiopterin, eNOS = endothelial nitric oxide 

synthase, G = glucocorticoid, GR = glucocorticoid receptor. 

Indeed, we have shown that dexamethasone treatment of rats and isolated 

arterial rings results in endothelial dysfunction and sepiapterin treatment restores 

endothelium responsiveness (J?hns and others 2001, unpublished data; see 

Figure A.4). 
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Figure A.4 Dexamethasone (0. 79 mg/kg/day for 15 days) decreased 

.relaxation to acetylcholine in rat aorta. Sepiapterin (10 -4 mo/IL for 1 hour), a 

BH4 donor, restored vasodi/ation. 

We also have reported that dexamethasone incubation of rat aortic rings 

significantly decreased GTP cyclohydrolase I gene ·expressi_on compared to 



control vessels (Johns and· others 2001 ). _It is not known, however, if the GTP 

cyclohydrolase I gene contains a glucocorticoid response element. 
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We are investigating currently whether the down-regulation of GTP . 

cyclohydrolase I by glucocorticoids is involved in the development and 

maintenance of hypertension. As mentioned previously, Wallerath showed that 

eNOS mRNA express.ion was decreased similarly after 3, 6, and 9 days of 

dexamethasone administration in the d~inking water (Wallerath ~nd others 1999). 

It is possible that glucocorticoid-induced down-regulation of GTP cyclohydrolase I 

may precede the down-regulation of eNOS gene expression. We have found 

that endothelium-dependent vas6dilation responses to acetylcholin.e are 

unchanged in ao_rtas from r~ts treated with dexamethasone for 12 hours~ 

However; glucocorticoid treatment for 4 and 15 days results in a significantly 

: decrea.sed vasorelaxati'on to acetylcholine (unpublished data). 

A recent study by Hattori et al. r~ported that r~ts injected with bacterial 

lipopolysaccharide developed endotoxic shock ·with severe hypotension (Hattori 

and others 1997). Plasma levels of nitrate/nitrite and biopterin were· elevated in 

·these rats and mRNAs for inducible nitric oxide synthase and GTP 

cyclohyorolase I were increased in the lung. Treatment of the rats with 

dexamethasone· prevented the hyp9tension and attenuated the in.crease· in 

plasma nitrate/riitrite and biopterin levels. Dexamethasone also inhibited the 

induction of inducible. nitric oxitje synthase but did not alter mRNA levels for GTP 



cyclohydrolase I. Thus, in this model of shock, glucocorticoids prevent the 

. hypotension by inhibiting the induction of nitric oxide synthase and by limiting 

. biopterin availability. The reason that glucocorticoids did not alter mRNA for GTP 

cyclohydrolase I in this study is unclear but may relate to an action of the 

lipopolysaccaride or to the regional vascular bed _(lung) which is a low resistance 

circuit. We predict that expression levels for GTP cyclohydrolase I mRNA to be 

low in the systemic vasculature of glucocorticoid hypertensive animals. As noted 

above, this prediction is-consistent with our preliminary experiments and with 

previous observations reported for cultured cells where dexamethasone inhibits 
. (_ 

·expression of GTP cyclohydrolase I (Pluss and others 1997, Simmons and 

others. 1996). 

One other important characteristic of glucocorticoid hypertension in 

humans is that plasma catecholamine levels (norepinephrine) are inversely 

related to urinary co_rtisol levels (Camerofi and others 1995, Golczynska and 

others 1995). This relationship also may reflect an ·action of glucocorticoids to 

reduce tetrahydrobiopterin levels. Tetrahydrobiopterin is an essential -cofactor for 

tyrosine hydroxylase, the rate limiting enzyme for catecholami_ne,$ynthesis . 

. Thus, both the _reduced catecholamines and low nitric oxide levels may be the 

product of a glucocorticoid-induced reduction in the expression levels of GTP 

cyclohydrolase I, the rate-limiting enzyme ·in the produ.ction of. 

tetrahyd robiopterin. 
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Other side effects. of excess glucocorticoids or long-term glucocorticoid 

therapy include depression and osteoporosis (see Figure A-1 ). Given the current · 

knowledge of decreased tetrahydrobiopterin production and nitric oxide 

· bioavailability by glucocorticoids, it is possible that this down~regul-ation ofGTP 

cyclohydrolase I may have a role in the pathogenesis of these disorders. In 

addition to NOS, tetrahydrobiopterin is ct ~ofactor for the production of the 

neurotransmitters serotonin and melatonin by tryptophan hydroxylase. Indeed, 

studies have shown a link betwee~ reduced biosynthesis of serotoni~ and 

depression (for review see van Amsterdam and Opperhuizen 1999). 

Glucocorticoids have also been ·shown to inhibit bone formation by reducing the 

number of osteoblasts and their function. • Glucocorticoid-induced. O$teoporosis 

may develop from decreased nitric oxide produced-from eNOS, which regulates 
. . . . 

osteoblast activity and bone formation. eNOS-knockout mice· have been shown 

. to develop osteoporosis due to defective bone formation (for review see van't Hof 

and Ralston 2001 ). in addition, pharmacological nitric oxide donors have been 

shown to increase bone formation. Taken together, the down-regulation of GTP 

. cyclohydrolase I and subsequent decrease in tetrahydrobiopterin and nitric oxide 

levels by glucocorticoids m_ay play a central role in the development of negative 

side effects (i.e., hyperte·nsion, de_pression, and osteoporosis) induced by 

glucocorticoid therapy. 



Genomic Effects of Glucocorticoids and Future Directions . 

Glucocorticoid hormones enter the cell and bind to the glucocorticoid 

. receptor in the cytoplasm. !here, it is sequestered in ·a preactive state and 

bound by multiple heat ~hock proteins (HSP 56, 70, and 90). When the 

glucocorticoid binds to its re~eptor, the receptor ·conformation is altered and it 

then translocates into the nucleus. The conformational change upon receptor 

· binding unmasks a .nuclear localization signaling motif and a DNA-binding 
.. 

domain. In the nucleus, the glucdcorticoid receptor complex binds to the 

170 

glucocorticoid response eleme~t and_promotes orinhibits transcription of specific 
. . . 

glu~ocorticoid-responsive genes_. Glucocorticoid receptors also have been · 

shown to interact with other DNA transcription co-activators and co-repressors. 

For instance, Wallerath found that glucocorticoids decreased the binding activity 

of the ~ssentiaf transcription factor GATA on the eNOS promoter region of the 

gene (Wallerath and others 1999). Again, it is n,ot known if GTP cyclohydrolase 1. 

contains a glucocorticoid response element or if the GATA transcription factor is 

involved in its transcription. · · 

Further.characterization of the-effects of glucocorticoids on 

tetrahydrobio.pterin-dependent vasodiiation will be ma~e possible with innovative 
. . 

physiological and genetic methodologies. For instance, future experiments using 

DNA microarrays to examine the genetic effects of glucocorticoids ori blood 

vessels will be invaluable to design a new class of glucocorticoids that retains the 
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positive therapeutic effects but eliminates the negative side effects. Clinical 

implications in~lude the possibility of tetrahydrobiopterin supplementation and 

GTP cyclohydrolase I and/o,r eNOS gene transfer in patients with iatrogenic 

Cushing's Syndrome. Exogenous tetrahydrobiopterin h-as been shown to 

improve endothelium-dependent dilation in patients who smoke cigarettes, have 

hypercholesterolemia, diabetes, and hypertension (Stroes and others 1997, 

Ueda and others 2000, Heitzer and others 2000, -and Higashi and others 2002). _ 

Future clinical studies in which tetrahydrobiopterin is given to patients with 

iatrogenic Cushing's Syndrome may decrease blo<?d pressure and the morbidity 

and mortality_due to cardiovascular disease. 
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APPENDIX B 

VASCULAR SMOOTH MUSCLE CONTRACTION AND RELAXATION 

• The phosphorylation of myosin li9ht chain (MLC) regulates the interaction of 

myosin and actin, and thus modulates the contractile state of the vasculature. 

• The Ca2+-dependent activation of MLC kinase and the Ca2+-independent 

regulation of MLC phosphatase dynamically determine the state of MLC 

phosphorylation and cellular contraction. 

• Following removal of a contractile stimulus, dilation occurs as a res·u1t of 

decreased intracellular Ca2+ and increased MLC phosphatase activity .. 

The Contractile Mechanism 

The contractile state of vascular smooth muscle (VSM) is the primary 
. . 

determinant of lumen diameter, and therefore of total peripheral resistance. The 

process of smooth muscle cell co,ntraction independent of membrane potential is · 

regulated by receptor and. mechanical (stretch) activation of the contractile 

proteins myosin and actin. Phosphorylation of the 20-kDa light chain of myosin 

enables myosin/actin interaction. Energy released from· myosin ATPase activity 
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results in the sliding of the myosin cross-bridges over actin for contraction. Thus, 

the initiation of cross-bridge cycling is determined primarily by the 

phosphorylation· state of MLC, a highly regulated process. 

Ca2+ -Dependent Contraction· 

Phosphorylation of MLC is initiated by the Ca2+-calmodulin-dependent 

activation of MLC kinase. As the intracellular c·a2+ concentration ([Ca2+]i) 

increases, Ca2+ combines with calmodulin and this. comple·x activates MLC 

kinase (Figu_re 8.1 ). 

CAM-kinase II ca2+ /Calmodulin 

Dilation -+ MLC 
(relaxation) _ 

Telokin 

MLC 
kinase 

/ 

~ 

MLC~P + actin +- Constriction 
- : -(contraction) 

MLC 
phosphatase 

~ CPl-17 
RhoA/ 

Rho-kinase 

Figµre B.1 Contractile regulation of vascular smooth muscle. Activ_ity of 

myosin light chain (MLC) kinase and MLC phosphatase dynamically regulate the 

phosphorylation· state of MLC, and thus the interaction of myosin and actin for 



contraction. Various signaling molecules can affect MLC kinase and MLC 

phospha_tase activation, and thus modulate cellular contraction. 
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Cytosolic Ca2+ is increased through Ca2+ entry fr~m intracellular (sarcoplasmic. 

reticulum; SR) stores as well as from the extracellular space. Agonist 

(norepinephrine, angiotensin II, etc.) binding to heterotrimeric G-protein coupled 

receptors ·stimulates phospholipase C (PLC) activity, resulting in the ·production 

of inositol trisphosphate (IP3) and diacylglycerol (DAG) from phosphatidylinositol 

4,5 bisphosphate (PIP2). The binding of IP3 to receptors on the SR results in the 

release of Ca2+ into the cytosol. Ca2+ entry is also mediated by Cq2+ channels in 

the plasma membrane. Voltage-gated Ca2+ channels open in response to 

changes in the membrane potential of the cell, and intracellular mediators such 

as DAG may activate signaling cascades to stimulate the opening of membrane 

Ca2+ channels. 

Ca2
+ -Sensitization Mechanism for Contraction 

In addition to the Ca2+-dependent activation of MLC kinase, -the stat_e of · 

MLC phosphorylation is further regulated by MLC phosphatase, which removes 

the high-energy phosphate from MLC, promoting vasorelaxation (Figure 8.1 ). 

MLC phosphatase consists of 3 major subunits: a 37-kDa catalytic subunit, a 20-

kDa variable subunit and a 110-130-kDa myosin binding su_bunit. The latter of 

which, when phosphorylated, inhibits the enzymatic activity of MLC phosphatase. 
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The small G-protein, RhoA, and its down~tream target, Rho-kinase, play a direct 

role in the regulation of MLC phosphatase activity. Rho-kinase, a 

serine/threonine kinase, phosphorylates the myosin binding sub1:,mit of MLC 

phosphatas~, inhibiting its activi~y, and thus promoting the phosphorylated state 

of MLC (Figure 8.1 ).· Y-27632, a selective inhibitor of Rho-kinase, induces 

relaxation of isolated agonist-contracted vasculature, and lowers blood pressure . 

in hypertensive but not normotensive rats. Recently, an increased vasodilator 

response to. Rho-kinase inhibition _in hypertensive as compared to normotensive 

humans has been demonstrated, suggesting that Rho-kinase contributes to 

elevated peripheral resistance. 

Various evidence suggests a role for additional regulators of MLC kinase 

and MLC phosphatase (Figure B.1 ). Calmodulin-dependent protein kinase 11 

decreases the sensitivity of MLC kinase fat" Ca2
+,. promoting vasodilation. 

Additionally, MLC phosphatase activity is stimulated by the 16-kDa protein,• 

telokin, in phasic smooth muscle, and. is inh.ibJted by a downstream mediator· of 

DAG/protein kinase C, CPl-17. Independent of MLC, various proteins, such as 

caldesmon and calponin, modulate actin and th~s _influence cross-bridge cycling. 

Although these factors affect myosin and/or actin, the physiologic importance of. 

these regulatory events is not clear (Figure B.1 ). 



Decreased Intracellular Ca2
+ for VSM Relaxation 

Vasodilation .. occurs as a result of decreased intracellular Ca2+ and 

increased MLC phosphatase activity. The mechanisms that sequester 

intracellular-Ca2+ or increase MLC phosphatase activity may- become altered, 

contributing to elevated vasoconstriction and hypertension. 

A decrease in intracellular Ca2+ elicits VSM cell (VSMC) relaxation. 
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Several mechanisms are i~plicated in the removal of cytosolic Ca2+ and involve 

the SR and the plasma membrane (PM). Ca2+ uptake into' the SR is concomitant 

with ATP hydrolysis and is dependent on ATP and magnesium (Mg2+). This SR 

Ca,Mg-ATPase·, when phos.phorylated, binds two Ca2+ ions ~hich are then 

translocated to the luminal side of the SR and released. Mg2
+ binds to the 

catalytic site of Ca,Mg-ATPase to mediate the reaction. The SR Ca,Mg-ATPase 

is inhibited by vanadate, thapsigargin, cyclopiazonic acid," and phospholamban. 

Phosphorylation of phospholamban removes its inhibitory effect and stimulates. 

ATP-dependent Ca2+ uptake. SR Ca2+-binding proteins also contribute to 

decrec;1sed in~racellular Ca2+ levels. In the last decade, calsequestrin and 

calreticulin have been identified in smooth muscle cells as SR Ca2+-binding 

proteins. 

The PM also contains Ca,Mg-ATPases that aid the removal of Ca2+ from 

the cell. This enzyme diffe.rs from the SR pmtein in that it has an autoinhibitory 

domain ·that can be bound by calmodulin causing stimulation of the PM Ca2+ 
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pump. Calmodulin consists of four homologous domains that each can bind one 

Ga2+; two high-affinity and two low-affinity ~ites: Ga2+ binding to the two high

affinity sites increases binding of calmodulin to the PM Ga,Mg-ATPase which 

then increases the affinity of the remaining Ca2+-binding sites for Ca2+. The PM · 

Ca,Mg-ATPase can be stimulated with phospholipids and inhibited by oxytocin. 

Na+/Ca2+ exchangers are also located on the PM and aid in decreasing 

intracellular Ca2+. This low affinity antiporter is closely coupled to intracellular 

Ca2+ levels and _can be inhibited by amiloride and quinidine. 

Voltage-gated Ca2+ channels located on the PM are important in Ga2+ 

influx and VSMC contraction as previously mentioned. However, inhibition of 

these channels can elicit rel~xation. Channel antagonists such as 

dihydropyridine, phenylalkylamines, and benzothiazepines bind to distinct 

r_eceptors on the chan~el protein and inhibit Ca2
+ entry. This method of Ca2+

entry blockade has been used clinically in controlling hypertension. 

Increased MLC Phosphatase Acti_vity for VSM Relaxation 

Although MLC kinase and MLC phosphatase _are constitutively active 

phosphorylating and dephosphorylating MLC, respectively, the lowering of Ca2+ 

· decreases the rate of myosin phosphorylation and increases MLC phosphatase 

activity. The increase in MLC phosphatase activity is potentiated by the 

phosphorylation of cytosolic inhibitor proteins that release the bound MLC 

phosphatase catalytic subunits. These then bind with the targeting subunits and 



together increase the affinity for MLC. Dephosphorylated M~C leads to the 

detachment of actin-myosin crossbridges and relax~tion. 

Abnormal Contractile Regulation in Hypertension . 

As noted above, alterations in the regulatory proc~sses maintaining 

intracellulat Ca2
+ and MLC phosphorylation have been proposed as possible 

sites contributing to the increased yasoconstriction and impaired vasodilation 

-· 
characteristic of hypertension. In addition, alterations in upstream targets that 
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impact Ca2
+ and MLC phosphorylation have also been implicated. For example, 

changes in the affinity, number, or.subtype of alph~-adrenergic receptors leading 

to enhanced vasoconstriction have been charactedzed in VSMC in some types of 

hypertension. Impaired vasodilation may occur as the result of abnormal cyclic 

nucleotide-dependent signaling pathways coupled with reductions in receptor 

activation (beta-adrenergic receptors and cyclic AMP).or agonist bioayailability 

(endothelium dysfunction, reduced nifric oxide and cyclic._GMP). Importantly, it is 

the complexity and redundancy of these cell signaling pathways regulating 

intracellular Ca2
+ and MLC phosphorylation in VSMC that provide therapeutic 

potential for the treatment of hypertension. 
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APPENDIX C 

,• . 

L-PHENYLALANINE IMPROVES VASODILATION AND DECREASES BLOOD 

PRESSURE IN GTP CYCLOHYDROLASE INHIBITION-INDUCED. 

HYPERTENSIVE RATS· 

Abstract 

GTP cyclohydrolase (GTPCH), the rate-limiting enzyme in the production of the 

nitric oxide synthase cofactor tetrahydrobiopterin (BH4 ), is partly regulated by the 

GTPCH feedback regulatory protein (GFRP). ~FRP can inhibit GTPCH by end

product negative feedback, however L-phenylalanine (L-Phe) has been shown to 

reverse this inhibition and increase BH4 biosynthesis in vitro. We tested the 

hypothesis that L-Phe would improve endothelium-dependent relaxation and 

blood pressure in rats made hypertensive by GTPCH inhibition. DAHP (1 O mM), 

with or without L-Phe (2 mM), was given in the drinking water for 3 days and 

blood pressure was rr,easured via tail-cuff. Systolic blood pressure was 

significantly increased in DAHP-treated rats compared to controls. DAHP+L-Phe 

water attenuated the rise in blood pressure (3-day mean in mmHg; DAHP: 155±1 
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vs DAHP+Phe: 132±3; p<0.05), whereas D-Phe had no effect. Endothelium-

intact aortic segments were isolated and hung in organ chambers for . 

measurement of isometric force generation. Acetylcholine~induced relaxation 
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was decreased in aortas from DAHP-treated rats compared to control aortas, but 

was significantly increased in aortas from DAHP+L-Phe-treated rats (max% 

rela~ation from phenylephrine 10 -7 mol/L; DAHP: 54±6 vs DAHP+L-Phe: 75±5; · · 

p<0.05). Similarly, A23187-induced relaxation was improved in aortas from 

DAHP+L-Phe-treated rats. Following NOS inhibition, sensitivity to the 

endothelium-:-independent dilator sodium nitroprusside was increased in aortas 

from DAHP-treated rats but restored to that of controls in DAHP+L-Phe-treated 

rats (EC.50; DAHP: -8.9±0;1 vs DAHP+L-Phe: -8.5±0.1; p<0.05). These results 

support the hypothesis that L-Phe··can re.verse GTPCH inhibition in vivo and 

. improve vaso~ilation and blood pressure. 

Methods 

The experiments performed in Appendix C were.identical to those of Chapter 2, 

except that rats were given DAHP and/or L-phenylalanine or D-phenylalanine 

(2mM) in the drinking water. Vascular reactivity studies were performed as. 

described previously in ·€hapter 2. 
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Figure c.·2 L-Phenylalanine increased acetylcholine-induced vasodilation 

in aortas from DAHP-treated rats. 
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Figure C.3 L-Pheny/alanine increased A23187-induced vasodi/ation in 

aortas from DAHP-treated rats. 
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following NOS inhibition in aortas from DAHP-treated rats. 



APPENDIX D 

LEFT VENTRICULAR STRUCTURE AND FUNCTION IN OBESE 

ADOLESCENTS: RELATIONS TO CARDIOVASCULAR FITNESS, PERCENT 

BODY FAT AND VISCERAL ADIPOSITY, AND EFFECTS OF PHYSICAL 

TRAINING 

Abstract 

Objective: Little is known about the relations of fitness and fatness to left 

. ventricular structure and function in obese adolescents. This project had two 

purposes: (1) to determine the correlations of cardiovascular fitness and 

adiposity to left ventricular parameters in obese adolescents; ·and (2) to see the 

effect of 8 months of physical training (PT) at low and high intensities. 

Design: Obese 13- to 16-year-olds (n = 81) were tested at baseline and then 

randomly assigned to lifestyle education (LSE) alone, LSE :r moderate-intensity 

PT, or LSE + high-intensity PT. Follow-up testing was conducted 8 months later. 

Since no significant difforences were.found between·moderate-intensity and 
,. 

high-intensity PT, the groups were combined to form a LSE + PT group; 

Intervention: Eight months of PT, offered 5 days per week with the target 

193 



194 

energy expenditure for all PT subjects being 250 kcal/session, and LSE every 2 

weeks~ 

Outcome Measures: Left ventricular mass divided by height to the 2.th po~er 

(LVM/Ht2·
7

), midwall fractional shortenir~g (MFS), and relative wall thickness 

(RWT) were measured using M-mode echocardiography. Cardiovascular fitness 

was measured by a maximal multistage treadmill test; percent body fat (%BF) 

with dual-energy x-ray absorptiometry; and visceral adipose tissue (VAT) with 

magnetic resonance imaging. 

Results: At baseline, high levels of VAT were associated with higher RWT (r = 

0.30, p = 0.01) and lesser MFS (r = -0.29, p = 0.01). Compared to the LSE-alone 

. group, the LSE + PT .group significantly improved in cardiovascular fitness (p = 

0.01) and decreased in %BF and VAT (p values< 0.05). However, there were 

no significant diff~rences between groups on changes in LVM/Ht2·
7

, MFS, or 

RWT. Individual changes in cardiovascular fitness, %BF, and VAT did not . 

correlate significantly with inter-individual changes in left ventricular structure and 

function. 

Conclusions: High levels of VAT were associated with unfavorable left 

ventricular structure and function. However, no evidence was provided that an 8-

month PT program, which improved cardiovascular fitness and reduced general 

and visceral adiposity, improved left ventricular. structure and function. Future 

studies consisting of longer training programs and/or greater weight reductions 
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are needed to see if the adverse left ventricular effects of obesity can be 
. . 

ameliorated by exercise training. 

Introduction 

Obesity and physical inactivity are modifiable lifestyle factors associated 

_ with cardiovascular di~ease, one of thH major kill~rs in the U~ited States (1 ). The 

prevalence of obesity in American children is on the rise_and presents a major 

public health concern (2). Unfavorable· cardiovascular risk profiles are already 

present in children with low levels of cardiovascular fitness (CVF) and high levels 

of percent body fat (%BF) and visceral adipose tissue (VAT) (3-7). In addition, 

adolescent obesity is strongly associated With adult obesity 'and may lead to type 

2 diabetes, hypertension, or stroke (2). Left ventricular mass (LVM) and relative 

· wall thickness (RWT), m~asures of LV structure, and midwall fractional 

shortening (MFS), a measure of LV function, have be.en shown to be 

independent predictors of ~ardiovascular morbidity (8,9). Liao and colleagues 

found that increased levels of LVM divided by height to the 2. ih power 

. (LVM/Ht2·
7

) was associated with increased risk of mortality in adults with or 

without coronary artery disease (10). In addition, subnormal MFS in normal 

adults was related to high total peripheral resistance, high heart rate, and lower 

serum HDL levels (11 ). Our group and others have previously shown that total 

body adiposity in children is correlated with an unfavorable left ventricular (LV) 
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structure and function (12,13). However, little is known about the relation of VAT 

to LV structure and function. 

Previous studies in adults have shown that LV structure and function 

improve with weight reduction via diet and/or physical training (PT) (14,15). 

Other weight-reducing interventions such as gastric surgery have_ resulted in 

favorable improvements in LVM and RWT. A recent 13-week training study in 

non-obese children found favorable improvements in LV structure (16); 

limitations of this study are that the subjects were not randomly assigned to 

groups and no between-groups analyses were performed. In obese adolescents, 

a weight- and %BF-reducing die~ interven~ion did not elicit any changes in LV 

structure and function (17). We have previously shown that PT has a favorable 

influence on %BF and VAT in children (18). To our knowledge, no randomized, 

controlled studies have examined influences of PT on LV structure and function 

in obese adolescents. 

Therefore, this study had several aims. First, we examined. baseline 

relations of CVF, %BF, and VAT, to various measures of LV structure and 

function. We hypothesized that unfavorable levels of LVM/Ht2·
7

, RWT, and MFS 

would be associated with high %BF and VAT, and low CVF. We then tested the 

effects of 8 months of PT on LV structure and function. We hypothesized that 

LSE + PT, especially high-intensity PT, would elicit greater _improvements in LV 

structure and function than LSE alone. Lastly, we explored the degree to which 
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individual differences in L V changes could be explained by individual variation in 

changes of CVF, %BF, and VAT as well as PT-process variables such as PT 

attendance, HR, and EE during PT. 

Methods 

Subjects and design. Obese 13- to 16-year-old youths were_ recruited via flyers 

sent to parents of children who attenqed area schools. Youths and parents 

signed informed consents in accordance with procedures of our Human 

Assurance Committee. To be included, a child needed to have a triceps skinfold 

greater than the 85th percentile for gender, ethnicity, and age (19); not be 

involved in any other weight control or exercise program; and not have any 

physical activity restrictions. 

Youths underwent baseline testing and were randomly assigned, within 

gender and ethnicity, to one of three experimental groups. One group engaged in 

biweekiy lifestyle education (LSE) classes alone, the second group engaged in 

LSE + moderate-intensity PT, while the third group engaged in LSE + high

intensity PT. Full testing sessions were again conducted after 8 months of the 

experimental period. 

Measurement of L V structure and function. All LV measurements were 

conducted as described previously (20). In brief, LVM was ·calculated with a 

formula that has been validated for children with ·normal hearts (21 ): LVM (g) = 
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0.80 [1.04 x [(IVSD + LVIDD + LVPWD)3
- (LVEDD)3

] + 0.06], where IVSD· = 

intraventricular sepfal dimension, LVIDD = LV internal dimension during diastole, 

and L VPWD = LV posterior wal_l dimension. RWT was calculated as follows: 

RWT = (IVSD + LVPWD) / LVIDD. MFS was calculated following the method 

described by de Sim.one et al. (9) as follows: MFS = [(LVIDD + LVPWD/2 + 

IVSD/2)- (LVIDS + HS/2)] / (LVIDD + LVPWD/2 + IVSD/2), where LVIDS = LV 

internal diameter_in systole and HS/2 = assumed LV inner-shell myocardial 

thickness at end systole, taking into account the epicardial migration of midwall 

during systole in a spherical model. 

Measurement of body composition and CV~. Details of the body 

composition, CVF, and VAT r17_easurements are given elsewhere (20). Briefly, 

body weight (in shorts and t-shirt) and height (without shoes) were measured -

with an electronic scale and stadiometer. Total body composition was measured 

with dual-energy x-ray_ absorptiometry (Hologic QDR-1000, y\Jaltt,am, MA, 

. software version 6.0) and VAT was determined with a 1.5-Tesla magnetic 

resonance imaging (MRI) system. 

A multistage treadmill test was u~ed to measure CVF. The treadmill test 

began at 2.5 mph and 0% grade for 2 minutes, speed increased to 3 mph for the 

next work rate, and then the grade was increased 2% every 2 minutes from then 

on, until the youth declined to continue despite encouragement. Our primary 

index of CVF was submaximal in nature; the VO2_ at a HR of 170 beats per 



minute (VOr170); the rationale for this index of fitness is provided elsewhere 

(20). 
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Lifestyle edUCtjltion. The 1-hour LSE sessions were offered to each youth once 

every 2 weeks _for the 8-month intervention; youths were paid $5 for each LSE 

class attended. The LSE included: principles of learning and behavior 

modification, information about nutrition and PT, discussions of various aspects 

of the food consumption process, psychosocial factors related to obesity, and 

problem solvi'ng/coping skills. A licensed clinical psychologist who specializes in 

the treatment of eating disorders and obesity and who has experience in 

providing LSE to children, adolescents, and adults taught the LSE sessions. 

Physical training~ Tt)e PT was offered 5 days per week, except during the 

weeks when that group was sche~u.led for LSE on 1 day. Transportatiqn was 

provided for each subject to attend the PT session at our facility. EE was held 

constant at 1045 kJ (250 kcal)/session regardless of group assignment. Subjects 

randomized to the moderate-intensity PT group and high-intensity PT group 

exercised at HRs corresponding to 55%-60% and 75%-80% of peak VO2, 

respectively. The number of minutes of exercise needed to expend 1045 kJ was 

established for each subject. Thus the moderate-intensity group exercised for an 

average of 43 minutes while the high-intensity group exercised for about 29 

minutes. 
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Details of the exercise sessions and the estimation of EE have been 

described elsewhere (20). Activities included exercise on machines (i.e. 

treadmills, bicycles, rowers, and stair-steppers), aerobics, basketball, badminton, 

kickball, and aerobic slide. As an incentive, each teenager was awarded points 

for maintenance of target HRs that were redeemed for prizes. To encourage 

attendance, each teenager was paid $1 for each PT class attended. 

Statistical analyses. The dependent variables were checked for normality prior 

to the analyses, and appropriate transformations applied when necessary. Our 

subjects were not sampled to be representative of their particular gender

ethnicity subgroups; therefore, we did not draw any inferences concerning 

gender or ethnicity differences. However, we did adjust for gender and ethnicity 
' ' ' 

in the analyses that evaluated the effects of LSE and PT. For analyses that 

involved ethnicity (i.e.-, black/"Yhi~~), the one Hispanic subj_ect was omitted, but 

this subject was included in other analyses (i.e., correlations). 

Pairwise associations among baseline measures were evaluated using the 

Pearson correlation coefficient. The significance level was set at 0.05. 

The hypotheses dealing with the effects· of PT wer_e tested with an 

analysis of variance on the baseline to 8-month change scores. Both 

effectiveness and efficacy analyses were conducted. The effectiveness analyses 

used all subject~ assigned to the experiment~!_ groups who returned for post

testing, regardless of their compliance with the prescribed regimens. The efficacy 
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analyses used only _subjects who met pre-set criteria for appropriate. exposure to 

the interventions; i.e., maintenance of heart rates within 10 beats per minute of 

those prescribed for low- or high-intensity PT and attendance in the PT sessions 

of greater than 40% (i.e., twice per week). In order to test the main hypothesis 
. ' 

that the PT would lead to favorable changes in LVM/Ht2·
7

, RWT, and MFS, 

youths who met the 40% attendance criterion we·re combined into one LSE + PT 

· group, and were compared to the LSE-alone group. 

, To explore .correlates of individual variability in response to the 

interventions, we first ·examined correlates of change for all the subjects in all 

groups for whom a baseline to post-intervention difference score was available. 

Then we analyzed the PT subjects alone in order to see if individual differences 

in the changes of L V structure. and function could be explained by PT-process 

variables such as PT-attendance, PT-HR and PT-EE. 

Results 

Baseline ~haracteristics and relationships. Characteristics for the 81 subjects 

prior to group assignment and intervention are presented in Table I. 
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Table I. Baseline· Characteristics: Mean (SD) 

Variable All Males Females Whites Blacks 

Subjects· 

Number 81 26 55 25 55 

Age (y) 14.9 (1.3) 14.2 (1.2) 15.2 (1.2) 15.0 (1.3) 14.9 (1.3) 

· Height (cm) 165 (7) 168 (8) 163 (6) 165 (8) 165 (7) 

Weight (kg) 94.8 (19.3) -98.3 (21.6) 93.2 (18.2) 91.2 (22.0) 96.4-( 18.2) 

CV Fitness 

-CVF (ml/kg/min) 19.6 (4.4) 22.2 (4.8)*. 18.4 (3.6) _22.5 (4.7)f 18.4 (3.6) -

Body 

Com IJ.OSition 

%BF(%) 44.6 (6.7) 42.7 (8.4) · 45.4 (5.7) 43.9 (6.6) 44.8 (6.9) 

VAT (cm3
) 301 (126) 323 (123) 290"(127) 371 (137)t 268 (108) 

L V structure & 

function 

LVM (g) 118 (28) . 131 (31) 112 (24) 121 (32) 117 (26) 

L VM/Ht2·
7 (g/m2

·
7

) 30.5 (6.9) 32.0 (7.6) 29.7 (6.5) 30.9 (7.4) 30.3 (6.7) 

RWT (cm). 0.31 (0.0_5) 0.32 (0.05) 0.31 (0.05) 0.31 (0.06) 0.31 (0.05) 

MFS(%) 20.9 (2.1) 21.0 (2.2) 20.8 (2.0) 20.4 (1.9) 21.0 (2.1) 

CVF = oxygen consumption at heart rate of 170 beats per minute, %BF = percent 

body fat, VAT = visceral adipose tissue volume, LVM = left ventricular mass, 

LVM/Ht2·
7 = left ventricular mass/height2·

7
, RWT = relative wall thickness, MFS = 

midwall fractional-shortening; *p < 0.05 for males compared to females, tp < 

- 0.05 for whites compared to blacks. 
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There were no significant differences among the randomly assigned 

.experimental groups, and there were no significant ethnicity or gender 

interactions with· respect to the thre_e main outcome variables (L VM/Ht2·
7

, RWT, 

. and MFS). 

Table II shows the baseline intercorrelations among variables. 

Table II. Baseline lntercorrelations for All Subjects (n = 81) 

%BF VAT LVM/Ht2· 7 RWT MFS 

CVF -0.62* -0.17 0.10 -0.05 0.04 

%BF 0.33* -0.13 0.05- -0.05 

VAT 0.21 0.30* -0.29* 

·LVM/Ht2·
7 0.21 -0.03 

RWT -0.58* .· 

CVF = oxygen consumption at heart rat~ of·170.beats per minute, %BE= percent 

body fat, VAT = visceral adipose tissue, LVM/Ht2·
7 = left ventricular 

mass/height2·
7

, RWT = relative wall thickness, M.FS = midwall fractional-. 

shortening; *p < 0.05. 

Because all subjects were selected to be obese and inactive at baseline, the 

magnitude of correlations between %BF, CVF and the LV variables was probably 

limited. Neither %BF nor CVF were significantly correlated with the LV variables. 

VAT was not highly correlated with CVF and %BF, but was significantly 
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associated with unfavorable levels of RWT and MFS, suggesting that it provides 

somewhat independent information about whether this aspect of adiposity affects 

pathophysiologic processes underlying CVD. In addition, RWT and MFS were 

inversely correlated (p< 0.001), indicating the association between LV structure 

and function. 

Effects of the interventions: physical training. The average attendance of the 
. . 

LSE + moderate-intensity PT and LSE + high-intensity PT groups was very 

similar (51% and 56%, respectively). For the moderate-intensity gtoup, the 

prescribed and attained HRs were similar ( 137 and 138 beats per minute, 

respectively). However, the high-intensity PT group achieved a mean HR that 

was lower (154 beats per minute) than the prescribed mean HR (167 beats per 

minute). Although the high-intensity group's HR was significantly higher, PT-EE 

was not significantly different between the two groups ( 1049 and 991 kJ/session 

for the ·moderate- and high-intensity groups, respectively; p > 0~05) because the 
) 

high-intensity group exercised for a shorter amount of time. 

Effects of the interventions: effectiveness analyses. A_s presented more 

completely elsewhere (20), the LSE + high-intensity PT group significantly 

improved CVF more than the LSE-alone group (p = 0.009), with the moderate

intensity PT group being intermediate between, and not significantly different 

from, the other two groups. However, the effectiveness analyses of %BF and 

VAT showed no significant differences among the.three groups (data not shown). 
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We obtained an echocardiogram for 56 out of 61 subjects who returned for 

post-testing. The range of increases for LVM over 8 months in all groups were · 

between 7.2 and 14.0 grams. The 3"".group analyses found no significant group 

differences in changes for the LV variables (data· not shown). Thus, we 

proceede~ to conduct efficacy analyses using only subjects who met criteria for 

exposure to PT. 

Effects of the interventions: efficacy analyses. We initially set two criteria for 

adequate exposure to the specific doses of PT: attei:,dance .> 40%' and HR within 

10 beats per minute of the prescribed HR zones. However, because of the 

difficulty we had in keeping subjects in their target zones, the number of subjects 

remaining in the PT groups who met both of these criteria fell to 9 and 8, 

compromising our ability to test the intensity hypothesis. For t_he L V variables, 

the F-ratios for comparisons of the 3 groups did not achieve significance (data 

DOt s~own). Therefore, this study provid~d no experimental evidence that the 

two PT intensities produced ·different degrees of change for LVM/Ht2·
7

, RWT, or 

MFS. 

To test the study hypothesis that PT would lead to favorable changes in 

L V variables in obese adolescents, one LSE + PT group was formed of all youths 

who attended PT at least 2 days per week; this group was then compared to the 

LSE-alone group. The baseline and 8-month values and changes for the main 

outcome variables from those who attended > 40% are shown in Table 111. 
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Table Ill. Comparisons Between LSE Alone and LSE + PT: Mean (SEM). 

Variable LSE Alone (n = 15) LS E + PT ( n = 20) 

.Baseline Month 8 Baseline . Month 8 

CVF 20.1 (1.1) -19.8 (1.0) 19.1 (0.9) 21.8 (1.0)* 

%BF(%) 45.5 (1.6) 45.3 (1.7) 44.8 (1.4) 43.0 (1.5)* 

VAT (cm3
) 296 (29) 286 (29) 302 (28) 254 (21 )* 

LVM (g) 129.3 (6.8) 143.3 (9.1) 117.5 (7.4) 131.0 (5.7) 

LVM/Ht2·
7 32.9 (2.0) 34.9 (1.9) 30.1 (2.0) 32.7 (1.6) 

IVSD (cm) 0.786 (0.017) . 0.797 (0.025) 0.748 (0.025) 0.777 (0.028) 

LVPWD (cm) 0.775 (0.023) 0.806 (0.030) 0.749 (0.023) 0.802 (0.019) 

LVIDD (cm) 4.93 (0.12) 5.11 (0.10) 4.78 (0.11) 4.93 (0.12) 

RWT (cm) 0.32 (0.01) 0.32 (0.01) 0.32 (0.01) 0.33 (0.01) 

MFS(%) 21.2 (0.6) 20.9 (0.5) 20.8 (0.4) 20.6 (0.5) 

CVF = oxygen consumption at heart rate of 170 beats per minute, %BF = ·pe_rcent 

body fat, VAT = visceral adipose tissue, L VM · = left ventricular mass, LVM/Ht2·
7 = 

LV mass/height2·
7

, IVSD = intraventricular septa! thickness (diastole), LVPWD = 

LV posterior wall thickness (diastole), LVIDD = LV internal diameter (diastole), . 

RWT = relative wall thickness, MFS = midwall fractional-shortening, LSE = 

lifestyle education, PT = physical training; *p < 0.05 compared to LSE alone. 

Details of the CVF and body com_position results are provided elsew_here (20). In 

brief, the LSE + PT group showed more favorable changes over the 8-month 

intervention than the LSE-alone group. However, no significant group 

differences were found for any of the L V variables. 
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Correlates of change. Table IV shows the correlations among change scores; 

these were calculated to determine whether individual differences in changes in 

fitness and adiposity, regardless of group membership, would explain individual 

variability in response to the interventions. 

Table IV. Correlations of Change Scores for All Subjects Who Returned for 

Post-testing (n = 56); Correlations for PT-Process Variables Are Shown for 

· Those Who Engaged in PT (n = 40) 

~CVF 

~%BF 

~VAT 

~ 

L/Ht2.1 

~RWT 

~MFS 

PT-Att 

PT-HR 

~%BF ~VAT 

-0.52* -0.33* 

0.35* 

~ 

L/Ht2.1 

0.09 

-0.12 

-0.09 

~RWT ~MFS PT-Att PT-HR · PT-EE 

0.10 -0.14 0.32* 0.42* 0.37* 

-0.15 0.25 -0.21 -0.28 -0.23 

-0.13 0.04· -0.04 -0.03 -0.24 

0.05 -0.09 0.12 0.24 0.12 

-0.68* 0.27 -0.02 0.23 

-0.12 0~03 -0.13 

0.06 0.18 

0.26 

~CVF = change in oxygen consumption at heart rate of 170 beats per minute, 

~%BF= change in percent body fat, ~VAT= cha~ge in visceral adipose tissue,~ 
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L/Ht2·
7 = change in left ventricular mass/height2·

7
, ~RWT = change in relative wall 

thickness, ~MFS = change in midwall fractional-shortening, PT-Att = attendance 

at physical training sessions, PT-HR = average heart rate taken from all physical 

training sessions, PT-EE = average energy expenditure during, physical traini_ng 

sessions; *p < 0.05. 

However, individual changes in CVF, %BF or VAT d.id not correlate with 

individual changes in LV structure and function. In the analysis that included only 

the subjects who engaged in PT (n = 40), the bivariate correlations between 

change in LVM/Ht2·
7

, RWT, and MFS were not significantly correlated with any of 

the three PT-process variables (PT-attendance, PT-HR, and PT-EE). 

It is noteworthy that individual changes in RWT and MFS were highly 

correlated, providing further support for the idea that these indices of LV structure 

and function are associated. 

Discus.sion 

This study showed that a PT program that was sufficient to improve CVF 

and to reduce general and visceral adiposity in obese adolescents did not elicit 

favorable changes in adiposity-related LV structure or function; thus, the main 

hypothesis of the study was not supported. This result is consistent with those of 

other studies that failed to find that exercise or weight loss enhanced LV 
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structure or function (17,22). However, a study of obese adults who lost large 

amounts of weight after gastroplasty did show improved LVM and RWT (14). 

Thus, the relatively modest reductions in adiposity that we produced may have 

been insufficient to have beneficial effects on LV structure and function. 

Furthermore, we were unable to show that individual variability in L V changes 

were explained by individual variability in changes of fitness and adiposity. 

Interventions that last longer and/or elicit greater reductions in adiposity 

may be ne
1
eded to improve LV structure and function in obese youth~. Future 

studies involving more obese youths (> 95th percentile for triceps skinfold) and 

better attendance rates may result in favorable improvements in LV measures. 

With re.spect to our attendance rates, we reported the overall percentage which 

included children who dropped out midway through the 8-month program. 

Therefore, it is difficult ~o analyze our attendance rates and to categorize them 

(i.e., "low.") as.there are insufficient studies for comparison. Obert and 

colleagues found LV changes in non-obese youths using > 80% heart rate 

maximum exercise .intensity (16). A higher exercise intensity and/or greater EE 

per exercise session, such as that seen in Obert's study, may result in favorable 

changes. Exercise sessions in our current studies are being performed at the 

schools of the children, rather than. at our institute, in order to improve 

attendance. Other indic~s of LV function (i.e., diastolic function) which seem to 
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provide information about early aspects of cardiac pathophysiology, may be more 

sensitive to changes in fitness and adiposity early in life. 

At baseline, we did not find any significant correlations between %BF and 

LV variables as reported previously (12,23), most likely because all youths were 

in the obese category. Nonetheless,' we did find that visceral adiposity was 

associated with unfavorable LV structure and function, suggesting another 

pathway through which this fat depot has deleterious effects ori CV health, 

starting in youth. In adults, previous studies reported that VAT was correlated 

with LVM and LVIDD (24,25); 

Cardiovascular involvement (i.e., hypertension, increased LVM, cardiac 

malfunction) can be identified in early stages of obesity. Possible rationales may 

include volume overload or humoral activation. Obesity may activate the renin

angiotensin-system (RAS); a local RAS has been identified within adipose tissue 

(26-28). Cooper et al. (29) found that the angiotensin-converting enzyme and 

angiotensinogen were increased in obese subjects, implying an increased 

production of angiotensin II (Ang II). It has been recognized that Ang II elicits 

vasoconstrictive and trophic effects in the cardiovascular system (30). Therefore, 

increased levels of Ang 11 may be a potential pathway leading to obesity-related 

cardiovascular complications. Als,o, insulin resistance and leptin levels have 

been suggested as alternate pathways contributing to obesity-related cardiac 

malfunction. Leptin, produced by adipocytes, increases cardiac _contraction via 
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nitric oxide production, and may contribute to obesity-related cardiac dysfunction 

(31 ). 

Conclusions. VATwas associated with unfavorable LV structure and function. 

However, despite producing favorable changes in fitness and general and 

visceral adiposity, we did not provide evidence that an 8-month LSE + PT 

program produced favorable changes in L V structure and function compared to 

LSE alone. Thus, interventions that are more intensive, last longer than 8 

months and/or produce greater changes in general and visceral adiposity may be 

necessary before significant favorable effects on obesity-associated LV variables 

can be seen in obese youths. 
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