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Abstract

Tetrahydrobiopterin (BH4) is an essential co-factor required for the activity of endothelial nitric
oxide synthase (eNOS). Suboptimal concentrations of BH4 in the endothelium reduce the
biosynthesis of nitric oxide (NO), thus contributing to the pathogenesis of vascular endothelial
dysfunction. Supplementation with exogenous BH4 or therapeutic approaches that increase
endogenous amounts of BH4 can reduce or reverse endothelial dysfunction by restoring production
of NO. Improvements in formulations of BH4 for oral delivery have stimulated clinical trials which
test the efficacy of BH4 in the treatment of systemic hypertension, peripheral arterial disease,
coronary artery disease, pulmonary arterial hypertension, and sickle cell disease. This review
discusses ongoing progress in the translation of knowledge, accumulated in pre-clinical studies, into
the clinical application of BH4 in the treatment of vascular diseases. This review also addresses the
emerging roles of BH4 in the regulation of endothelial function and their therapeutic implications.

Introduction

The role of tetrahydrobiopterin (BH4) in the control of nitric oxide synthase (NOS) activity
was recognized almost twenty years ago [1-4]. It is now well established that BH4 is an
essential co-factor required for enzymatic activity of all three NOS isoforms, endothelial
(eNOS), neuronal (nNOS) and inducible (iNOS). Availability of BH4 is regulated by several
mechanisms including de novo synthesis, biopterin recycling, and so called “salvage
pathway” (Figure 1). In the early 1990s biochemical studies demonstrated that the loss of BH4
may cause uncoupling of nNOS thereby increasing nNOS-derived production of superoxide
anion and hydrogen peroxide [5,6] (Figure 2). In 1995, our group reported that in coronary
arteries, reduced availability of BH4 in the endothelium causes increase in eNOS-derived
production of reactive oxygen species (ROS) including superoxide anion and hydrogen
peroxide [7]. Given the ability of superoxide anion to chemically inactivate nitric oxide (NO)
we hypothesized that uncoupled eNOS may represent an important mechanism underlying
pathogenesis of endothelial dysfunction.

In attempt to determine the mechanisms responsible for the loss of BH4 in diseased arteries,
the attention of many groups, including ours, was initially directed towards interaction between
BH4 and ROS. First, these studies confirmed the previously reported propensity of BH4 to
autooxidize when exposed to oxygen [8]. Second and more importantly, in 1999 it was
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discovered that BH4 can be oxidized by peroxynitrite, a potent oxidant, generated by the
reaction between superoxide anion and NO [9]. This observation established a chemical
antagonism between BH4 and peroxynitrite, thereby suggesting that conditions associated with
elevated production of peroxynitrite may induce the uncoupling of eNOS. As a corollary, the
ability of BH4 to inactivate peroxynitrite suggested that BH4 may be an important molecule
protecting endothelium form oxidative and nitrosative stress induced by peroxynitrite. In this
regard, it is important to note that peroxynitrite may alter protein structure and function by
reacting with various amino acids in the peptide chain. Cysteine oxidation and tyrosine nitration
affect more than 70 different proteins [10]. Theoretically, all of these interactions may be
modified by BH4 thereby expanding the influence of BH4 far beyond its role in the regulation
of NO production. However, there is no experimental evidence to support the notion that
oxidation of BH4 by endogenously generated peroxynitrite reduces intracellular concentration
of BH4.

With further progress in the understanding of biochemistry and pharmacology of BH4, it
became apparent that BH4 is major vasoprotective molecule. In vivo, this concept was strongly
supported by series of studies demonstrating the beneficial effect of genetic supplementation
of BH4 on endothelial dysfunction [11-14]. The more recent development of novel
pharmaceutical formulations of BH4 enabled investigators to administer BH4 orally, leading
to ongoing clinical trials designed to determine the therapeutic efficacy of BH4 in patents with
hypertension, peripheral arterial disease, coronary artery disease, and sickle cell disease. In
this review we will focus our discussion on the most recent developments in the vascular
pharmacology of BH4.

BH4 and Endothelial Dysfunction

Historically, the discovery of endothelium-derived relaxing factor (EDFR) and the subsequent
identification of the chemical nature of EDRF as NO were among the most important advances
in vascular pharmacology in 1980s. The ground- breaking impact of these discoveries was
recognized by the Nobel Prize awarded to Drs. Furchgott, Ignarro and Murad in 1998. The
recognition of the endothelium as a major source of vasodilator substances, including NO, had
a major impact on the understanding of the pathogenesis of vascular diseases. The concept of
endothelial dysfunction evolved as a result of studies on diseased arteries both in experimental
animals and in patients with vascular disease [15]. These studies established the loss of NO as
a central mechanism of endothelial dysfunction, thereby stimulating the development of novel
therapeutic approaches that sought to remedy impaired endothelial production of NO. In
addition, drugs currently employed in the treatment of cardiovascular diseases were
reevaluated so as to determine the extent to which improved endothelial biosynthesis of NO
accounted for their therapeutic effects. Indeed, an increasing focus in the field of cardiovascular
drug development is the search for agents that can preserve endothelial function.

Over the last decade numerous studies demonstrated that the chemical inactivation of BH4 by
oxidative stress causes uncoupling of eNOS and endothelial dysfunction; the role of BH4 in
eNOS uncoupling and the pathogenesis of endothelial dysfunction has been emphasized in
recent reviews [16,17]. During the last couple of years, studies utilizing genetically modified
mice provided convincing evidence that eNOS uncoupling alone (in the absence of vascular
disease) was sufficient to initiate and propagate BH4 oxidation in vivo [18]. In mice over-
expressing eNOS, a mismatch between eNOS protein levels and intracellular concentration of
BH4 resulted in uncoupling of over-expressed eNOS. This, in turn, led to increased formation
of eNOS-derived superoxide anion. Indeed, further pharmacological and genetic analysis
demonstrated that uncoupled eNOS was a major source of superoxide anion. This study
underscored the fact that even in the absence of vascular disease, up-regulation of eNOS may
adversely affect endothelial function if the concentrations of BH4 do not commensurately
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increase so as to attain levels required for optimal activity of eNOS. Consistent with this
concept, long-term transgenic over-expression of eNOS in ApoE-KO (apolipoprotein E
knockout) mouse model of atherosclerosis had a detrimental rather than a beneficial effect on
plaque formation [19]; and, most importantly, supplementation with BH4 abolished the
accelerated atherosclerosis detected in ApoE-KO mice over-expressing eNOS. These
observations were explained, and plausibly so, by BH4-induced eNOS re-coupling. They also
demonstrated that therapeutic approaches designed to elevate expression of eNOS protein may
not improve production of NO if the local environment in the vascular endothelium becomes
relatively deficient in BHA4. In fact, activity of uncoupled eNOS may contribute to oxidative
stress and exacerbate endothelial dysfunction. In accordance with this concept, numerous in
vivo studies in rodent models as well as in humans have consistently demonstrated the
beneficial effect of BH4 on endothelial dysfunction, thereby attesting to the vasoprotective
properties of BH4 (Table).

It is however also important to keep in mind that BH4 is a potent reducing agent, and that BH4
may act as an anti-oxidant. Analogues of BH4 that are antioxidant but are incapable of
supporting eNOS activity have been successfully employed to dissect the contribution of the
anti-oxidant capacity of BH4 to its overall beneficial effect on vascular function [20]. Although
the existing evidence suggests that re-coupling of eNOS and stimulation of NO production are
more important protective mechanisms, anti-oxidant properties of BH4 may also contribute to
preservation of endothelial function [21].

BH4 and Oxidative Stress

Oxidative stress is imposed when the generation of oxidants outstrips the rate at which they
can be metabolized or degraded, thereby leading to an increase in ambient concentrations of
these oxidizing species. As mentioned previously, BH4 is a potent reducing agent and therefore
a vulnerable molecular target for oxidation. More recent evidence suggests that besides
peroxynitrite, superoxide anions generated by can also oxidize Oxidative degradation of BH4
is complex and depends on a number of factors including pH [9]. At neutral pH, 7,8-
dihydropterin is the most abundant product of BH4 oxidation by peroxynitrite. Thus, a major
portion of BH4 is oxidized irreversibly to cofactor inactive molecule (7,8-dihydropterin),
thereby disabling intracellular regeneration of BH4 [9]. Only about one third of the BH4 that
is oxidized to 7,8-dihydrobiopterin (BH2) may be regenerated into BH4 by dihydrofolate
reductase. It should be emphasized that BH2 can compete and displace BH4 from eNOS,
thereby fostering the uncoupling of eNOS initially incurred by the oxidation of BH4 [22,23].
The potential importance of peroxynitrite as an oxidant responsible for the loss of BH4 is
underscored by the fact that the rate constants for the reactions of peroxynitrite with major
cellular antioxidants (specifically, ascorbate, cysteine and glutathione) are about 6-10 times
lower as compared to the rate constant for the reaction of peroxynitrite with BH4 [24]. This
makes BH4 highly susceptible to oxidative attack by peroxynitrite. However, it is important
to note that direct experimental evidence supporting the ability of endogenous peroxynitrite to
oxidize intracellular BH4 is still lacking. More recent finings suggest that BH4 may be oxidized
in the presence of superoxide anion generated by xanthine plus xanthine oxidase [25]. The
importance of this observation for the beneficial effects of BH4 is unclear and remains to be
determined [25].

We also wish to point out that the chemical antagonism between BH4 and peroxynitrite raises
another important question: namely, does the availability of BH4 reduce the risk for local injury
by peroxynitrite? Pro-inflammatory cytokines including, tumor necrosis factor-o, interferon-
v, and interleukin-1p, are powerful stimulators of BH4 biosynthesis. In human endothelium,

these cytokines increase the expression and activity of GTP cyclohydrolase I, the rate-limiting
enzyme in production of BH4 [26,27]. Given the fact that pro-inflammatory cytokines decrease
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expression of eNOS (but do not increase endothelial expression of iNOS [26]) the role of high
endothelial concentration of BH4 during inflammation remains poorly understood. One
possibility is that the elevation of BH4 may enhance antioxidant potential of the endothelium
in conditions associated with increased production of peroxynitrite [28]. Indeed, BH4 (together
with ascorbate) prevents peroxynitrite-induced tyrosine nitration of numerous proteins in cells
stimulated with pro-inflammatory cytokines [23]. It is therefore conceivable that under pro-
inflammatory conditions, BH4 may be an important anti-oxidant in general, and one that
safeguards against peroxynitrite-induced nitration of tyrosine residues, in particular. Since
peroxynitrite may affect the function of proteins involved in oxidative stress, energy
production, apoptosis, fatty acid metabolism, as well as structural proteins [29], it is likely that
the ambient levels of BH4 may thereby influence a wide range of biologic processes. This
hypothesis remains to be tested.

Several observations from our group, as yet unpublished, further support an important role for
BH4 as an anti-oxidant molecule in the endothelium. For example, we have obtained
immunohistochemical evidence that GTP cyclohydrolase I localizes in the caveolar membrane
microdomain along with caveolin-1 and eNOS. A strategic, cytoprotective benefit is likely
conferred by such localization as the high local concentrations of BH4 within caveolae may
safeguard the structural and functional integrity of caveolae under conditions of oxidative stress
[30]. Moreover, our prior studies demonstrated that endothelial progenitor cells (EPCs) have
a high antioxidant capacity [31], and our recent studies revealed that EPCs also have an
intrinsically high intracellular concentration of BH4 (He and Katusic, unpublished
observation), despite the fact that expression of eNOS is relatively low [32]. We suggest that
these generous amounts of BH4 in EPCs may serve to maintain eNOS in its coupled state in
EPCs, to guard against the oxidizing effect of peroxynitrite on eNOS and other targets, and to
sustain, in general, the high antioxidant profile of EPCs. An enriched antioxidant capability of
EPC:s likely confers a survival advantage to EPCs since the regenerative function of EPCs is
most needed in injured tissue, the latter commonly exhibiting a milieu of increased oxidative
stress. In this regard, the exact contribution of BH4 to the antioxidant capability and
regenerative function of EPCs merits further investigation.

BH4 and Therapy of Vascular Disease

Exogenous BH4

Over the last decade, numerous studies have examined the effect of BH4 supplementation on
endothelial dysfunction caused by a variety of vascular diseases. Initially, these studies
involved a limited number of patients in whom BH4 was administered acutely or on a short-
term basis. Quite remarkably, supplementation with BH4 improved endothelial dysfunction in
various conditions including hypercholesterolemia, diabetes, hypertension, coronary artery
disease, and heart failure; such administration of BH4 also improved endothelial function in
smokers and aged subjects (Table). The beneficial effect of BH4 appeared to be endothelium-
specific because the effects of endothelium-independent vasodilators (e.g. nitroglycerin) were
not affected by BH4 supplementation. The beneficial effects of BH4 arose from the activation
of eNOS or antioxidant effect of BH4 [21,33].

More recently, the effects of long-term oral administration of BH4 have been studied in patients
with hypercholesterolemia and hypertension. Twenty two hypercholesterolemic patients were
randomized to 4 weeks of oral BH4 treatment (400 mg twice daily) or placebo; age-matched
healthy volunteers served as controls [34]. BH4 levels in plasma were significantly increased
by oral supplementation. BH4 normalized the impairment in endothelium-dependent
relaxations to acetylcholine in hypercholesterolemic patients whereas it did not have any effect
on endothelial function in control subjects. Interestingly, the authors also demonstrated that
BHA4 significantly reduced plasma levels of 8-F, isoprostane, a marker of oxidative stress, and
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that BH4 prevented uncoupling of eNOS induced by low-density lipoprotein in cultured
endothelial cells. Notably, no adverse effects were observed in subjects administered BH4,
findings that indicate the safety of BH4, at least as utilized in this study. The authors concluded
that oxidative stress and endothelial dysfunction induced by hypercholesterolemia can be
normalized by chronic administration of BH4.

To determine whether chronic administration of BH4 may have an anti-hypertensive effect,
the effects of 5, 10, mg/kg of BH4 per day (administered orally for 8 weeks) or 200 mg or 400
mg of BH4 (administered orally for 4 weeks) on arterial blood pressure and endothelial
dysfunction were studied in patients with poorly controlled hypertension [35]. These
investigators observed a beneficial effect of BH4 on both arterial blood pressure and endothelial
dysfunction in patients treated with BH4 at doses of 5 or 10 mg/kg for 8 weeks, and at doses
of 400 mg for 4 weeks. These findings support the view that administration of BH4 may provide
a salutary effect on vascular function. However, as pointed out by the authors, the study lacked
a placebo control group, and BH4 was formulated such that vitamin C was present during
administration of BH4. Thus, it is possible that the beneficial effects may reflect a synergistic
effect of BH4 and vitamin C, or a vitamin C-mediated effect.

In contrast to these two studies demonstrating a beneficial effect of BH4, a phase 11 clinical
trial sponsored by pharmaceutical company BioMarin (United States) failed to observe an
ameliorative effect of oral administration of BH4 (5mg/kg, twice daily for 2 months) in patients
with poorly controlled hypertension. It is possible that the lack of efficacy observed with such
administration of BH4 may reflect aspects of the pharmacokinetic and pharmacodynamic
profiles of BH4 that are, currently, incompletely appreciated. For example, from a
pathophysiologic standpoint, the ultimate intent when BH4 is administered is the elevation of
intracellular levels of BH4 in the endothelium. However, only plasma levels of BH4 are
measured in patients treated with BH4. Whether elevation of BH4 in plasma faithfully reflects
increased intracellular concentration in the endothelium is unknown. In fact, in patients with
coronary artery atherosclerosis, high plasma levels of BH4 are associated with low BH4 levels
in endothelium [36]. This dissociation between plasma and vascular content of BH4 suggests
that, in humans, BH4 does not passively diffuse from circulating blood into the endothelium.
Indeed, it has been demonstrated that demonstrated that in many cell types, including
endothelial cells, BH4 is not freely diffusible [37]. In order for BH4 to be imported into the
endothelium, it has to undergo oxidation to BH2; imported BH2 is then regenerated back to
BH4 by dihydrofolate reductase (DHFR) [37]. Intact DHFR activity is thus an essential
requirement in enabling an increase in intracellular concentrations of BH4 following oral
supplementation with BH4. However, the extent to which DHFR activity is preserved in the
endothelium of diseased blood vessels is poorly understood, and the limited number of studies
that address this issue offer divergent findings. For example, under conditions of oxidative
stress, as induced by angiotensin 1l, DHFR activity is decreased in endothelium, an alteration
that favors the elevation of BH2 and the uncoupling of eNOS [38]. At variance with this
observation, it has been demonstrated that oxidative stress induced by diabetes may increase
vascular expression of DHFR, thus raising the possibility that elevation of DHFR may be an
adaptive response to oxidative stress [39]. Further investigation of the involvement of DHFR
in influencing BH4 metabolism and maintaining the “coupling” of eNOS is clearly needed not
only in the healthy vasculature but also in the diseased blood vessels. It is also increasingly
apparent that the intracellular concentration of BH4 is determined by a complex network of
mechanisms that influence the anabolism and catabolism of BH4, the recycling of BH4, and
mechanisms responsible for the transport of BH4 across the endothelial cell membrane. More
complete understanding of these mechanisms will facilitate the realization of the therapeutic
potential of BH4.
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As previously discussed, BH4 is easily oxidized, is thermo- and photo-labile, and has relatively
poor cell membrane permeability. Some of these limitations have been addressed by
development of sapropterin (BioMarin), a synthetic BH4; the FDA has recently approved the
oral administration of sapropterin for the treatment of phenylketonuria. Sapropterin is a
synthetic preparation of the dihydrochloride salt of the biologically active (6R)-5,6,7,8-
tetrahydro-L-biopterin (BH4). Of note, this compound is currently being tested in clinical trials
in patients with peripheral arterial disease, hypertension, coronary artery disease, pulmonary
arterial hypertension, and sickle cell disease. However, development of novel BH4 analogues
with oral bioavailability, better access into intracellular space, longer duration of action, and
greater potency may improve chances for successful therapeutic application. Now available is
a novel BH4 analogue (6-acetyl-7,7-dimethyl-5,6,7,8-tetrahydropterin; ADDP) [40] that is a
stable compound, soluble in water and in polar, hydrogen binding organic solvents; it is also
capable of crossing cell membranes and it supports NOS activity. Interestingly, studies on
purified nNOS demonstrated that ADDP requires conversion into 5,6,7,8-tetrahydropterin to
support enzymatic activity of nNOS. It was suggested that in vivo, this chemical conversion
of ADDP may occur in the presence of DHFR. Based on studies utilizing isolated rat aorta and
observations obtained in an experimental model of pulmonary hypertension, it was suggested
that ADDP causes vasodilatation by stimulating eNOS activity. These studies illustrate how
the discovery of novel BH4 analogues may significantly broaden and diversify the therapeutic
options available for patients with cardiovascular diseases.

The approval of BH4 by the FDA as a drug for the treatment of patients with phenylketonuria
is based on several clinical trials that demonstrate the safety of BH4. However, it is important
to keep in mind that BH4 is also co-factor for iINOS and nNOS. Activation of both of these
isoforms may be associated with detrimental effects resulting from markedly increased, local
concentration of NO. Marked induction of, and attendant cytotoxicity incurred by iNOS may
more likely occur in patients with severe infections, autoimmune disorders, and pathological
angiogenesis [41]. In addition, in some patients, the stimulatory effect of BH4 on biosynthesis
of catecholamines [42] may adversely affect cardiovascular function. Careful monitoring of
patients chronically treated with BH4 will provide important additional information regarding
possible unrecognized adverse effects.

Endogenous BH4

The deficiency of BH4 in vascular diseases appears to result mainly from its oxidation by
peroxynitrite [9]. Therefore, strategies that protect endogenous BH4 from the oxidative attack
by peroxynitrite may result in preservation of optimal endothelial concentration of the co-factor
required for activity of eNOS and biosynthesis of NO. In human studies, administration of folic
acid or 5-methyltetrahydrofolate (5-MTHF; the active and circulating form of folic acid)
received the most attention as agents with a potentially favorable effect on BH4 metabolism.
Although the mechanism of this effect remains incompletely understood [43], more recent
findings suggest that 5-MTHF is a potent scavenger of peroxynitrite [44]. Moreover, 5-MTHF
and folic acid [45] reduce superoxide anion and improves endothelium-dependent relaxations
in human arteries both ex vivo and in vivo. Most importantly, the administration of 5-MTHF
to patients with atherosclerosis and coronary artery disease leads to increased tissue content of
BH4 in arteries and veins, the reversal of the uncoupling of eNOS, and normalization of
production of NO [44,46]. Thus, the administration of folates provides an effective strategy to
prevent BH4 oxidation and subsequent uncoupling of eNOS. Although the beneficial effects
of folates are traditionally explained by their ability to reduce levels of homocysteine, these
recent findings indicate that preservation of vascular content of BH4 and effective coupling of
eNOS contribute to the vasoprotective effects of folates.
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In attempt to define the optimal dose of folates required for vascular protection, the effects of
folic acid administered as a low-dose (400 pg/d) or high-dose regimen (5 mg/d) were studied
in patients with coronary artery disease [46]. They demonstrated that the low dose folic acid
regimen (equivalent to dose that is present in fortified grain) is sufficient to improve vascular
function by increasing levels of BH4 in the vascular wall, whereas the high dose folic regimen
did not confer any additional benefit. Thus, it appears that folate supplementation is an efficient
strategy in the prevention of BH4 oxidation and eNOS uncoupling in the vasculature. Further
studies are needed to determine if genetic variants in methyltetrahydrofolate reductase may
detect those patients with impaired synthesis of 5-MTHF, and therefore may benefit from 5-
MTHF supplementation.

In addition to folates, studies on cultured human endothelial cells or experimental animals
suggest that other drugs may increase the availability of BH4: specifically, ascorbic acid [28,
47,48], statins [49-52], enalapril [53], captopril [54], telmisartan [39], eplerenone [53],
cilostazol [55], insulin [56], and erythropoietin [57] have all been shown to stimulate
biosynthesis of BH4 and/or protect BH4 from oxidation. That structurally diverse therapeutic
agents employed in cardiovascular diseases all converge on the common biochemical effect
of sustaining levels of BH4 bespeaks to a fundamentally important role of BH4 in maintaining
the health and function of the vasculature.

Currently, the endothelium is recognized as a major therapeutic target in the prevention and
treatment of vascular disease. From a pathophysiologic standpoint, an important focus in the
prevention and treatment of vascular disease is the restoration of normal biosynthesis of NO
and the reduction of excessive generation of superoxide anion and ROS. In this regard,
supplementation with BH4 and/or strategies that augment endogenous levels of BH4 have been
recently identified as novel approaches which exert salutary effects on endothelial dysfunction
induced by a variety of vascular diseases. This concept and its therapeutic implications are the
focus of considerable investigation, from which will likely emerge an increased spectrum of
therapeutic agents available for cardiovascular diseases. Emerging evidence derived from the
study of genetic polymorphisms in key enzymes involved in metabolism of BH4 suggests that
constitutive deficiency of BH4 may increase the risk for cardiovascular disease [58,59]. Studies
of gene polymorphisms may thus assist in identifying those patients who are at risk for
cardiovascular disease, and who would most likely benefit from supplementation with BH4 or
its analogues.

Box 1. Major steps in development of BH4 as therapeutic agent for cardiovascular
diseases

e Identification of enzymatic activity of endothelial nitric oxide synthase (eNOS) as
a source of nitric oxide (NO), a major vasodilator substance produced and released
from vascular endothelium.

¢ Recognition of tetrahydrobiopterin (BH4) as an essential co-factor required for
activity of eNOS.

e Discovery of eNOS uncoupling caused by suboptimal intracellular concentration
of BH4 resulting in increased formation of eNOS-derived superoxide anion and
endothelial dysfunction.

e Pre-clinical studies demonstrating ability of pharmacological and genetic
supplementation of BH4 to prevent eNOS-derived production of superoxide anion
and endothelial dysfunction in experimental models of cardiovascular diseases.
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e Establishment of the beneficial effect of intravenous BH4 supplementation on
endothelial dysfunction in humans.

e Synthesis of orally active dihydrochloride salt of BH4.

e Commencement of randomized placebo controlled clinical trials designed to
determine therapeutic efficacy of oral BH4 supplementation in treatment of
hypertension, peripheral arterial disease, coronary artery disease, pulmonary
hypertension, and sickle cell disease.
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Figure 1.

Biosynthesis of BH4. GTP cyclohydrolase | (GTP-CH) is the rate-limiting enzyme in the de
novo synthetic pathway of BH4. Pyruvoyl tetrahydroptrein synthase (PTPS) and sepiapterin
reductase (SR) are two additional enzymes required for the final production of BH4. BH4 can
also be synthesized from sepiapterin by the so-called “salvage pathway”. BH4 oxidized by
peroxynitrite to BH2 can be recycled back to BH4 by activity of dihydrofolate reductase
(DHFR). Neopterin is a stable side-product of BH4 that may serve as an indicator of elevated
GTPCH activity.
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Figure 2.

Schematic representation of endothelial nitric oxide synthase (eNOS) uncoupling. During
uncoupling, biosynthesis of nitric oxide (NO) is uncoupled from consumption of NADPH and
electron flow is directed towards formation of superoxide anion (O, ") and hydrogen peroxide
(H205). Subsequent reaction between superoxide anion and NO generates peroxynitrite anion
(ONOQ"). Suboptimal concentrations of BH4 ().
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Table

Effect of Administration of BH4 in vivo on Human Vascular Function

Condition Effect Reference
Hypercholesterolemia prevents endothelial dysfunction 60
Coronary artery disease prevents endothelial dysfunction 61
Chronic smokers prevents endothelial dysfunction 20
Long-term smokers prevents endothelial dysfunction 62
Coronary risk factors prevents endothelial dysfunction 63
Normo- or hypertension augments endothelium-dependent vasodilatation 64
Vasospastic angina prevents endothelial dysfunction 65
Chronic heart failure prevents endothelial dysfunction 66
Hypercholesterolemia prevents endothelial dysfunction 67
Glucose challenge prevents endothelial dysfunction 68
Type 2 diabetes increases insulin sensitivity but does not improve endothelial function 69
Endotoxin-induced endothelial dysfunction | prevents endothelial dysfunction 70
Aging improves flow-mediated dilatation 71
Aging prevents endothelial dysfunction 72
Erectile dysfunction prevents erectile dysfunction 73
Ischemia reperfusion prevents endothelial dysfunction 21
Atherosclerosis does not improve endothelial function 74
Hypercholesterolemia prevents endothelial dysfunction and decreases oxidative stress 34
Hypertension prevents endothelial dysfunction and decreases arterial blood pressure 35
Hypercholesterolemia improves dysfunction of coronary microcirculation 75
Type 2 diabetes prevents endothelial dysfunction 33
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