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Abstract
Novel pharmacological strategies are urgently needed to prevent or reduce radiation-induced
tissue injury. Microvascular injury is a prominent feature of both early and delayed radiation
injury. Radiation-induced endothelial dysfunction is believed to play a key role in the
pathogenesis of post-irradiation tissue injury. Hence, strategies that could prevent or improve
endothelial malfunction are expected to ameliorate the severity of radiation injury. This review
focuses on the therapeutic potential of the nitric oxide synthase (NOS) cofactor 5,6,7,8-
tetrahydrobiopterin (BH4) as an agent to reduce radiation toxicity. BH4 is an essential cofactor for
all NOS enzymes and a critical determinant of NOS function. Inadequate availability of BH4 leads
to uncoupling of the NOS enzyme. In an uncoupled state, NOS produces the highly oxidative
radicals superoxide and peroxynitrite at the cost of NO. Under conditions of oxidative stress, such
as after radiation exposure, BH4 availability might be reduced due to the rapid oxidation of BH4
to 7,8-dihydrobiopterin (7,8-BH2). As a result, free radical–induced BH4 insufficiency may
increase the oxidative burden and hamper NO-dependent endothelial function. Given the growing
evidence that BH4 depletion and subsequent endothelial NOS uncoupling play a major role in the
pathogenesis of endothelial dysfunction in various diseases, there is substantial reason to believe
that improving post-irradiation BH4 availability, by either supplementation with it or modulation
of its metabolism, might be a novel strategy to reduce radiation-induced endothelial dysfunction
and subsequent tissue injury.
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INTRODUCTION
Novel pharmacological therapies are urgently needed to prevent or reduce radiation-induced
injury and mortality. Radiation-induced tissue injury may occur after radiation exposure in
both clinical and non-clinical settings. In patients treated with radiotherapy, normal tissue
radiation toxicity remains a crucial dose-limiting factor and the most important cause of
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acute and chronic treatment-related side effects. In non-clinical settings, for example, in
emergency situations such as a radiological/nuclear accident or attack, radiation-induced
tissue injury may cause substantial mortality.

To date, pharmacological strategies to prevent or reduce radiation injury are scarce, if
existent at all. Many different compounds, such as various free radical scavengers, antioxi-
dants, cytokines, thiols, and steroids, have been tested as radioprotective agents [1, 2]. Only
the thiol-containing compound amifostine has been proven to be an effective and applicable
radioprotectant in humans. Unfortunately, the use of amifostine is hampered by a narrow
therapeutic window and severe side effects, including grade 3 nausea, vomiting, and
hypotension [3]. For this reason, amifostine has only been approved for clinical use in
certain cancer patients undergoing radiotherapy. Because of its toxicity profile, amifostine
should not be used as a radioprophylactic agent in non-clinical situations.

In order to make significant progress in the development of novel pharmacological agents
that can ameliorate radiation injury, it is essential to increase our understanding of the
molecular and cellular basis of radiation toxicity and to identify novel therapeutic targets.

Microvascular injury is a prominent feature of both acute and chronic radiation injury. An
increasing body of evidence shows that microvascular endothelial dysfunction may play a
crucial role in the development of radiation toxicity in various organ systems [4–12]. Hence,
strategies that could prevent or improve post-irradiation endothelial malfunction are
expected to ameliorate the severity of radiation injury.

Radiation-exposure induces different functional and morphological changes to the
endothelium, including apoptosis, increased endothelial permeability, and loss of thrombo-
resistance. Changes in endothelial nitric oxide synthase(eNOS) function are believed to play
an important role inradiation-induced endothelial dysfunction. Radiation exposure impairs
the expression of eNOS as well as endothelial NO production.

The focus of this review is the possible therapeutic potential of the NOS cofactor 5,6,7,8-
tetrahydrobiopterin (BH4) to prevent and treat radiation-induced injury. The highly redox-
sensitive BH4 is a critical determinant of eNOS function. To be functional, BH4 should be
in its fully reduced form. Oxidation of BH4 to 7,8-dihydropbiopterin (7,8-BH2) reduces its
activity as an eNOS cofactor. Decreased availability of BH4 and consequential changes in
NOS enzyme function have been shown to play an important role in the pathogenesis of
various pathological conditions characterized by endothelial dysfunction and increased
oxidative stress, such as diabetes, hypertension, hypercholesterolemia, and cardiac ischemia
[13–19]. Radiation-induced oxidative stress may decrease endothelial BH4 levels because of
the rapid oxidation of BH4 to 7,8-BH2, and thereby induce eNOS dysfunction and
subsequent endothelial malfunction.

EFFECTS OF RADIATION EXPOSURE ON NO-DEPENDENT ENDOTHELIAL
FUNCTION

Endothelial NO is believed to be a key regulator of endothelial function, and impaired NO
production by eNOS is considered to be a main cause of endothelial dysfunction [20 –23].

Many studies have been conducted to determine the effects of radiation exposure on eNOS-
dependent vascular function. One of the most prominent functions of endothelial NO is the
regulation of vascular tonus. NO produced by eNOS plays a crucial role in the induction of
vascular relaxation. Hence, end othelium-dependent vascular relaxation responses are
considered to be a reliable measure of post-irradiation eNOS function. Endothelium-
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dependent relaxation is determined by measuring vascular relaxation after incubation with
substances that induce vasodilatation by stimulating endothelial NO production, such as
acetylcholine.

Using both animal models and tissues collected from patients who had received
radiotherapy, several groups of investigators have shown impaired endothelium-dependent
vascular relaxation responses after radiation exposure [24–30].

The animal studies investigated the effects of various radiation doses (e.g., low and high
doses) and radiation schedules (e.g., single and fractionated doses) on the occurrence of
endothelial dysfunction. After high-dose irradiation with a single dose of 10 to 45 Gy,
impaired relaxation of the rabbit entral ear artery was measured at different time points after
radiation exposure [24, 25, 27]. The effect was dose-dependent and most pronounced after
irradiation with 45 Gy. After low-dose irradiation, the effects were less clear. Using a rat
total-body irradiation model and a total radiation dose of 1 Gy, Suvorava et al. [31]
measured impaired aortic relaxation only after chronic exposure, i.e., irradiation with a low
dose rate and an overall exposure time of 41 days. After acute exposure to 1 Gy, they found
no effect on endothelium-dependent vasodilatation.

Hatoum et al. [28] investigated the effects of fractionated radiation on NO-dependent
endothelial function. They assessed intestinal submucosal microvascular function in rats
irradiated with nine fractions of 2.5 Gy to a total dose of 22.5 Gy. Endothelium-dependent
relaxation was impaired from the third fraction onward. Their observations that
microvascular reactive oxygen species (ROS) production was increased from dose 3 onward
and that superoxide dismutase (SOD) mimetics partially reversed the radiation-induced
decrease in endothelium-dependent relaxation and gut microxvascular NO levels suggest
that radiation-induced ROS production contributes to impaired eNOS function and
consequent endothelial malfunction after radiation exposure.

Sugihara et al. [26] examined radiation-induced endothelium-dependent dysfunction in
human subjects treated with radiotherapy. Using tissue specimens of patients who had
received either no radiotherapy or preoperative radiotherapy at doses ranging from 40 Gy to
65 Gy in 2.5-Gy fractions, they found impaired NO-dependent endothelial relaxation in
human subjects treated with radiation. Remarkably, vascular relaxation was impaired
without significant morphological damage of the endothelium.

The exact mechanism by which radiation exposure impairs eNOS activity and endothelial
cell function has not yet been elucidated. Post-irradiation impaired eNOS function might be
related to diminished eNOS expression. Several authors have observed decreases in eNOS
mRNA and protein levels after radiation exposure [25, 27]. However, other factors might
also be important. Radiation-induced free radical production may decrease the availability of
the eNOS cofactor BH4 because of the rapid oxidation of BH4 to 7,8-BH2 under conditions
of oxidative stress. Diminished BH4 availability may induce eNOS uncoupling and thereby
limit NO production and increase O2

− production (Fig.1). Hence, radiation-induced eNOS
uncoupling due to decreased BH4 availability may also be an important cause of post-
irradiation eNOS dysfunction. Preliminary data from our laboratory have confirmed that
radiation exposure decreases the availability of BH4 in the early post-irradiation phase.1

1Berbée M, Fu Q, Werner ER, Kumar KS, Hauer-Jensen M. The effect of total body irradiation on the availability of the NOS
cofactor tetrahydrobiopterin. Presented at the 55th annual meeting of the Radiation Research Society, Savannah, GA; October 4–7,
2009.
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BH4 AND NOS ENZYME FUNCTION
The NOS cofactor BH4 is required for adequate activity of various enzymes. For a long
time, aromatic amino acid hydroxylases (i.e., phenylalanine, tyrosine, tryptophan
hydroxylase, and glyceryl-ether monooxygenase) were believed to be the only BH4-
dependent enzymes. Soon after the discovery of the NOS enzymes, however, BH4 was
identified as a critical cofactor for the NOS enzymes, as well.

Since the recognition of BH4 as a NOS cofactor in 1989 [32], significant progress has been
made in understanding its role in the control of NOS activity. BH4 is essential for the
catalytic activity of all three NOS isoforms: the constitutively expressed neuronal (nNOS)
and endothelial (eNOS) isoforms and the inducible (iNOS) isoform. The role of BH4 in
NOS enzymatic function has been the focus of several recent reviews [33–35].

NOS catalyzes the conversion of L-arginine into L-citrulline and NO [36]. The reaction
consumes 2 moles of oxygen and 1.5 moles of NAD PH per mole of L-citrulline formed. The
NOS dimer comprises two identical monomers. Each monomer consists of a C-terminal
reductase domain and an N-terminal oxygenase domain. The C-terminal contains binding
sites for flavin mononucleotide and flavin adenine dinucleotide, as well as for NADPH. The
oxygenase domain has binding sites for heme, BH4, and L-arginine. NO biosynthesis occurs
in two discrete steps. First, L-arginine is hydroxylated to N-hydroxy-L-arginine (NHA).
During this conversion step, one molecule of oxygen and two electrons are consumed.
Second, NHA is further oxidized to L-citrulline and NO. This step requires one more
molecule of oxygen and one more electron. The conversion of both L-arginine to NHA and
NHA to L-citrulline requires the presence of adequate amounts of BH4.

BH4 was shown to regulate NOS function on multiple levels. BH4 increases enzymatic
NOS activity by shifting the heme iron from a low to a high spin state [37, 38]. It
substantially increases the affinity of NOS for its substrate, L-arginine [39]. Furthermore,
BH4 stabilizes the NOS dimeric structure, which is essential for NOS synthetic activity [40].
It has also been proven to play a crucial role in electron transfer by donating a single
electron to the heme group [41]. Lastly, BH4 may modulate NOS output by directly
scavenging NOS-derived reactive nitrogen species and ROS [42, 43].

Inadequate availability of BH4 can lead to a form of NOS dysfunction referred to as “NOS
uncoupling.” In an uncoupled reaction, NADPH oxidation and oxygen reduction are
uncoupled from L-arginine hydroxylation and NO formation, resulting in the production of
superoxide anions (Fig.2).

BH4 BIOSYNTHESIS
The unconjugated pterin analog BH4 is synthesized by two different pathways: a de novo
pathway and a salvage pathway [44]. The first pathway produces BH4 from the precursor
guanidine triphosphate (GTP); the second pathway regenerates BH4 from its oxidized forms
(Fig. 3).

De Novo Pathway of BH4 Synthesis
In the first and rate-limiting step of de novo synthesis, GTP cyclohydrolase I (GTPCH)
catalyzes the formation of dihydroneopterin triphosphate from GTP in a zinc-, magnesium-,
and NADPH-dependent way. Subsequently, dihydroneopterin triphosphate is converted to 6-
pyruvoyl-tetrahydrobiopterin by the action of 6-pyruvoyl-tetrahydrobiopterin synthase. In
the last step of the de novo pathway, sepiapterin reductase catalyzes the conversion of 6-
pyruvoyltetrahydrobiopterin into BH4. The rate of BH4 synthesis by the de novo pathway
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depends of the activity of its rate-limiting enzyme GTPCH. GTPCH activity can be
regulated at multiple levels. Transcriptional and post-translational changes, as well as
protein-protein interactions, are known to affect the activity of GTPCH.

The GTPCH gene contains a cAMP response element that plays a predominant role in the
regulation of GTPCH transcription. In vitro studies using hepatocytes, inflammatory cells,
and endothelial cells showed increased GTPCH expression and BH4 synthesis after
stimulation with different cytokines, insulin, hydrogen peroxide, and lipopolysaccharide
(LPS) [44]. LPS treatment has also been shown to increase GTPCH mRNA levels in rat
tissue [45]. More research is needed to determine which factors are most important in the
regulation of GTPCH transcription in vivo under physiological conditions.

Post-translational regulation of GTPCH activity appears to occur by protein
phosphorylation. Phosphorylation of GTPCH by protein kinase CK2 (casein kinase II)
increases GTPCH activity without increasing GTPCH protein levels [46, 47]. Widder et al.
[46] showed that laminar shear stress increased endothelial BH4 levels by stimulating
phosphorylation of GTPCH serine 81.

Protein–protein interaction is another important regulatory mechanism controlling the
activity of GTPCH. Interaction between GTPCH and the GTPCH regulatory feedback
protein (GFRP) can either stimulate or inhibit GTPCH activity [48–50]. The binding of
GFRP to GTPCH enables end-product feedback inhibition by BH4. Conversely,
phenylalanine can stimulate GTPCH enzymatic activity via GFRP. The latter process may
be most important in hepatocytes.

Salvage Pathway of BH4 Synthesis
The salvage pathway generates BH4 from its oxidized forms via the enzymes sepiapterin
reductase and dihydrofolate reductase. Dihydrofolate reductase, which is also involved in
folate metabolism, regenerates BH4 from inactive 7,8-BH2. The importance of the salvage
pathway in regulating endothelial BH4 availability both in vitro and in vivo has been
demonstrated by Cai's group [51, 52]. They showed that decreased expression of
dihydrofolate reductase resulted in decreased endothelial BH4 levels. In contrast,
stimulating dihydrofolate reductase improved BH4 availability and NO production, thus
ameliorating the production of superoxide.

The salvage pathway is essential for the conversion of the BH4 precursor sepiapterin to
BH4. Although it is not considered a physiological metabolite in mammals, sepiapterin can
be used as an exogenous source to increase BH4 levels in mammals. Sepiapterin is reduced
by sepiapterin reductase to 7,8-BH2, which is then converted to BH4 by dihydrofolate
reductase.

POSSIBLE STRATEGIES TO INCREASE POST-IRRADIATION BH4
AVAILABILITY

In view of the possible importance of BH4-dependent eNOS uncoupling in the development
of post-irradiation endothelial dysfunction, restoring BH4 supplies or preventing BH4
deficiency could be a novel and interesting approach to ameliorate radiation injury. BH4
levels can be raised either directly by administering BH4 or its precursor sepiapterin or
indirectly by influencing the key regulators of BH4 metabolism.

To date, several agents are known to affect the regulatory proteins of BH4 metabolism or to
improve BH4 stability. Remarkably, some of these agents have already been reported to
have radioprotective properties [53, 54].
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BH4/Sepiapterin
The most obvious way to increase BH4 availability is supplementation of BH4 itself. BH4
supplementation has been shown to ameliorate eNOS uncoupling and restore endothelial
function in animal models of hypertension, diabetes, hypercholesterolemia, and organ
transplantation [16, 55–57]. Studies have shown that administration of BH4 has beneficial
effects in patients with hypercholesterolemia, diabetes, and hypertension, as well as after
ischemia–reperfusion [17, 18, 58–61].

When used in human subjects, BH4 is generally administered orally. The small intestines are
the principal site of absorption after oral administration of BH4. Peak plasma levels are
reached 1–4 hours after oral administration, and the elimination half-life of BH4 is in the
range of 3–5 hours [62].

It is believed that most of exogenous BH4 does not reach intracellular compartments as BH4
itself [63,64]. Exogenous BH4 is first oxidized to 7,8-BH2, and it is this oxidized form that
is taken up by tissues. After reaching the intracellular compartment, 7,8-BH2 is then reduced
back to BH4. The pharmacological efficacy of exogenous BH4 may depend on the activity
of the salvage pathway.

A different way to increase BH4 levels by the salvage pathway is administration of the BH4
precursor sepiapterin. Sepiapterin treatment has been shown to reduce endothelial
dysfunction ex vivo in human and porcine atherosclerotic coronary arteries [65]. Moreover,
it has improved endothelial dysfunction in vivo in animal models of diabetes and cardiac
ischemia [14, 66].

It should be noted that several authors have raised concerns about the use of high doses of
sepiapterin. At high concentrations, sepiapterin may compete with BH4 for eNOS binding,
thereby inducing eNOS uncoupling [67, 68].

To date, no studies have been published investigating the effect BH4 or sepiapterin
administration on radiation injury. Preliminary data from our laboratory show that treatment
with BH4 may decrease post-irradiation vascular oxidative stress. Further research is needed
to determine whether treatment with BH4 or sepiapterin can ameliorate radiation injury.

Statins
3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, the so-called
statins, can increase endothelial BH4 levels by stimulation of de novo BH4 synthesis [69,
70]. Using endothelial cell cultures, Hattori et al. [69, 70] showed that statin treatment
increased the transcription of GTPCH, the rate-limiting enzyme in de novo BH4 synthesis.
Moreover, they found that statin treatment augmented intracellular BH4 levels and NO
formation, indicating that statin-induced upregulation of GTPCH prevented the occurrence
of eNOS uncoupling by increasing BH4 availability in vitro. Later on, Wenzel et al. [69, 70]
demonstrated that the regulation of BH4 levels may also be an important aspect of the
mechanism by which statins reduce endothelial dysfunction in vivo. Statin-treated diabetic
rats showed increased expression of GTPCH together with increased vascular BH4 levels
and decreased vascular oxidative stress.

Statins have been known to confer radioprotection and reduce radiation injury for several
years now. Early preclinical studies showed that statins ameliorated the development of lung
injury and intestinal radiation toxicity after localized irradiation of the thorax and gut,
respectively [53, 54, 71, 72]. Lovastatin was shown to reduce postirradiation pulmonary
macrophage and lymphocyte populations, as well as collagen deposition. Both pravastatin
and simvastatin have been shown to ameliorate the development of delayed intestinal
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radiation injury. Delayed radiation enteropathy is characterized by progressive intestinal
wall fibrosis and vascular sclerosis. Haydont et al. [54, 72] showed that pravastatin given
before and just after irradiation ameliorated post-irradiation fibrosis and delayed radiation-
induced enteropathy in rats. Wang et al. [53] reported further evidence for beneficial effects
of statins on radiation-induced intestinal injury. They showed that simvastatin prevented the
development of late radiation enteropathy after localized, fractionated intestinal radiation in
rats. They hypothesized that statins might exert an effect on radiation injury by improving
endothelial dysfunction and vascular thromboresistance through upregulation of endothelial
thrombomodulin. All statins strongly upregulate thrombomodulin gene expression and
protein levels [73]. Radiation exposure induces a decrease in thrombomodulin expression
[74], and deficient levels of thrombomodulin are known to cause excessive activation of
cellular thrombin receptors by thrombin and insufficient activation of protein C, a plasma
protein with anticoagulant, anti-inflammatory, and cytoprotective properties.

Overall, the modulating effects of statins on radiation injury appear to be mediated by their
anti-inflammatory, antifibrotic, and vasculoprotective properties. A more recent study by
Holler et al. [75] confirmed that statin treatment reduced radiation injury by ameliorating
NO-dependent vascular dysfunction. Pravastatin was shown to reduce skin lesions and
vascular functional activation after dorsal radiation in mice. Most interestingly, these effects
were shown to be eNOS-dependent. Pravastatin did not have an effect in eNOS-deficient
mice.

Further research is needed to investigate whether the radioprotective properties of statins
indeed depend on improving BH4 availability and preventing eNOS uncoupling.

Ascorbic Acid
Ascorbic acid is known to increase endothelial BH4 levels and NO synthesis. In contrast to
the original understanding of its action, ascorbic acid appears, not to stabilize BH4 by
preventing its oxidation, but to facilitate the reduction of the intermediate BH3• radical back
to BH4 [76, 77]. Mice studies have shown that long-term treatment with ascorbic acid
improves vascular endothelial function by protecting BH4 and restorating eNOS enzymatic
activity [78].

Several studies have been performed to evaluate the effect of ascorbic acid, given alone or in
combination with other antioxidants, on various forms of radiation injury [79–81]. Overall,
the results of these studies conflict, and the usefulness of ascorbic acid as a radioprotector or
mitigator remains unclear.

Folates
Folic acid and its active metabolite 5-methyltetrahydrofolate (5-MTHF) have been shown to
ameliorate endothelial dysfunction in patients suffering from diabetes mellitus,
hypercholesterolemia, and hyperhomocysteinemia [82–84]. These effects appear not to
derive from folic acid–dependent remethylation of homocysteine to methionine, but rather
on improvement of eNOS function. Folic acid and 5-MTHF improve eNOS function in a
BH4-dependent way [85]. They have been shown to reverse eNOS uncoupling by (1) direct
interaction with eNOS, (2) enhancement of BH4–eNOS binding, (3) chemical stabilization
of BH4, and (4) increased regeneration of BH4 from inactive 7,8-BH2. The latter effect
appears to derive from folate-dependent upregulation of dihydrofolate reductase [51, 86].

Further research is needed to determine the effects of folate supplementation on radiation-
induced injury.
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Angiotensin II Type I Receptor Blockers
Angiotensin II type I receptor (AT1R) blockers (ARBs) have been known for more than 10
years to confer radioprotection [87]. Animal experiments have shown that the AT1R
antagonist L-158809 can ameliorate radiation-induced injury to the kidney and lungs.
L-158809 prevents and/or reduces radiation-induced nephropathy, when started both before
or after radiation exposure [88, 89]. In the lung, L-158809 ameliorates radiation-induced
pneumonitis and lung fibrosis [90, 91]. More recently, ARBs have been shown to ameliorate
whole-brain irradiation–induced cognitive impairment [92].

Little is known about the mechanisms by which ARBs protect against radiation injury, but
recent evidence suggests a role for BH4 in this activity [93]. ARBs have been shown to
protect against diabetic nephropathy by increasing GTPCH protein levels and the
availability of BH4, thereby preventing eNOS uncoupling.

Further research is needed to determine whether ARBs indeed confer radioprotection by
increasing BH4 availability.

Gamma-Tocotrienol
The vitamin E analog γ-tocotrienol is a potent protector against radiation injury. In studies in
mice, a single dose of 400mg/kg γ-tocotrienol greatly reduced radiation-induced injury and
subsequent mortality [94, 95]. Gamma-tocotrienol also reduced vascular and intestinal
radiation injury and improved hematopoietic recovery after exposure of mice to total-body
irradiation. Gamma-tocotrienol exerts its radio-prophylactic effect not only by virtue of its
antioxidant properties but also by its inhibition of HMG-CoA reductase. In contrast to
statins, which directly inhibit the activity of HMG-CoA reductase, γ-tocotrienol reduced
HMG-CoA reductase activity by enhancing proteasomal degradation of the enzyme [96, 97].

Gamma-tocotrienol prevents radiation-induced vascular peroxynitrite production in a HMG-
CoA reductase–dependent manner. As mentioned before, inhibition of HMG-CoA reductase
has been shown to increase BH4 availability by stimulating de novo BH4 synthesis. Hence,
it seems plausible that γ-tocotrienol reduces post-irradiation vascular oxidative stress by
stimulating BH4 production and thereby preventing eNOS uncoupling.

More research is needed to elucidate whether and how γ-tocotrienol affects BH4 metabolism
and to determine the exact importance of BH4 in radioprotection by γ-tocotrienol.

CONCLUSIONS
Novel strategies are urgently needed to ameliorate both early and delayed radiation injury.

Decreased availability of the redox-sensitive NOS cofactor BH4 is known to play an
important role in the pathogenesis of different conditions characterized by increased
oxidative stress. Adequate availability of BH4 is crucial to preventing NOS-dependent O2

−

production or socalled NOS uncoupling.

Radiation-induced oxidative stress may decrease endothelial BH4 levels and thereby
prolong or even amplify post-irradiation oxidative stress. Post-irradiation decreased BH4
availability may play an important role in the pathogenesis of radiation-induced endothelial
dysfunction and subsequent tissue injury.

Further research is needed to determine the exact role of decreased BH4 availability and
NOS uncoupling in the pathogenesis of radiation injury. Nevertheless, it is reasonable to
believe that enhancing the availability of BH4 either by supplementing it or by modulating
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its metabolism could be a novel approach to reduce radiation-induced oxidative stress and
subsequent tissue injury. Further research is also needed to determine the therapeutic
potential for reducing radiation injury with BH4, its precursor sepiapterin, and various drugs
known to modulate BH4 metabolism, such as statins, folates, ascorbic acid, angiotensin II
type I receptor antagonists, and γ-tocotrienol, as well as to determine whether these agents
exert their effect by increasing BH4 availability.
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Fig. (1).
Model of radiation-induced endothelial dysfunction. Radiation-induced oxidative stress may
decrease the availability of the eNOS cofactor BH4 due to rapid oxidation of BH4 to 7,8-
BH2. Diminished BH4 availability may induce eNOS uncoupling and thereby limit NO
production and increase O2

− production. Endothelial NOS–dependent O2
− may reduce BH4

levels even further.
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Fig. (2).
Schematic representation of NOS function under coupled and uncoupled conditions. Under
coupled conditions, NOS enzymes mainly produce L-citrulline and NO. Suboptimal
concentrations of BH4 may cause NOS uncoupling. Under such conditions, O2

− is produced
at the cost of NO.

Berbée et al. Page 16

Curr Drug Targets. Author manuscript; available in PMC 2012 March 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. (3).
BH4 synthesis. BH4 is synthesized from GTP by a de novo pathway. The conversion of
GTP to 7,8-dihydroneopterin triphosphate by GTPCH is the rate-limiting step of this
pathway. The salvage pathway generates BH4 from its oxidized forms. The salvage pathway
is also necessary to convert exogenous sepiapterin into BH4. GTPCH: GTP cyclohydrolase
I; PTPS: 6-pyruvoyl-tetrahydropterin synthase; SR: sepiapterin reductase; DHFR:
dihydrofolate reductase.
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