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Abstract

GTP cyclohydrolase 1 (GTPCH1) is the rate-limiting enzyme in de novo synthesis of
tetrahydrobiopterin (BH4), an essential cofactor for endothelial nitric oxide synthase (eNOS)
dictating at least partly, the balance of nitric oxide (NO) and superoxide (O,"") produced by this
enzyme. The aim of this study was to determine the effect of acute inhibition of GTPCH1 on BH4,
eNOS function, and blood pressure in vivo. Exposure of bovine or mouse aortic endothelial cells
to GTPCH1 inhibitors (DAHP or NAS) or GTPCH1- siRNA significantly reduced BH4 and NO
levels, but increased superoxide (O,°7) levels. This increase was abolished by sepiapterin (BH4
precursor) or L-NAME (non-selective NOS inhibitor). Incubation of isolated murine aortas with
DAHP or NAS impaired acetylcholine-induced endothelium-dependent relaxation, but not
endothelium-independent relaxation. Aortas from GTPCH1 siRNA-injected mice, but not their
control-siRNA injected counterparts, also exhibited impaired endothelium-dependent relaxation.
BH4 reduction induced by GTPCH1 siRNA injection was associated with increased aortic levels
of O,"7, 3-nitrotyrosine, and adhesion molecules (ICAM1 and VCAML) as well as a significantly
elevated systolic, diastolic, and mean blood pressure in C57BL6 mice. GTPCH1 siRNA was
unable to elicit these effects in eNOS™~ mice. Sepiapterin supplementation, which had no effect
on high blood pressure in eNOS™~ mice, partially reversed GTPCH1 siRNA-induced elevation of
blood pressure in wild type mice. In conclusion, GTPCH1 via BH4 maintains normal blood
pressure and endothelial function in vivo by preserving NO synthesis by eNOS.
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Introduction

Nitric oxide (NO) produced by endothelial nitric oxide synthase (eNOS) is essential for
cardiovascular homeostasis owing to its anti-inflammatory, anti-thrombotic, anti-
proliferative, and antioxidant effects.1:2 A critical determinant of eNOS activity is the
availability of tetrahydrobiopterin (BH4).3 Recent studies* indicate that eNOS must be
fully saturated with BH4 to completely couple NADPH oxidation to NO production. Under
conditions of limited BH4, eNOS functions in an “uncoupled” state in which NAD(P)H-
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derived electrons are added to molecular oxygen, rather than L-arginine, leading to the
production of superoxide (O»"") and H,0,.5 In this uncoupled state, eNOS exacerbates
oxidative stress initiated by other reactive oxygen species (ROS)-generating enzymes (e.g.,
NADPH oxidase). eNOS uncoupling has been implicated in a number of vascular diseases,
such as hypertension,’ atherosclerosis,8 and diabetes,* and is often accompanied by a
reduction in BH4 levels. BH4 supplementation in vessel rings from animals with
atherosclerosis, diabetes, or hypertension reduces endothelial dysfunction.9-11 In addition,
BH4 administration augments NO-mediated vasodilatation in diabetic patients!2 and
smokers.13 These findings support the hypothesis that intracellular BH4 concentrations
dictate, at least in part, the balance of NO and O,"~ produced by eNOS in diseased blood
vessels. Although the concept that BH4 deficiency uncouples eNOS is well established, how
cardiovascular risk factors results in BH4 deficiency remains poorly defined.

Intracellular BH4 levels are regulated through de novo synthesis of BH4 from GTP
cyclohydrolase 1 (GTPCH1), a homodecameric protein consisting of 25-kDa subunits in
mammalian cells.1* This enzyme catalyzes the rearrangement of GTP to dihydroneopterin
triphosphate, a species subsequently converted to BH4 through the sequential action of 6-
pyruvoyltetrahydrobiopterin synthase and sepiapterin reductase.1® GTPCH1 is the rate-
limiting enzyme in most tissues, making it the major determinant of intracellular BH4
content. Although several studies have investigated neuronal regulation of the BH4-
dependent enzyme tyrosine hydroxylase by GTPCH, the role of GTPCH1 in maintaining
eNOS function has not yet been investigated in vivo. Several in vitro studies have shown
that GTPCH1 gene transfer reverses BH4 deficiency, increases NO synthesis, and restores
eNOS function in both endothelial cells and vessels isolated from diabetic rats'6 and rats
with low-renin hypertension.1” However, these studies did not establish a cause-effect
relationship between GTPCH1 and eNOS uncoupling in vivo because the amount of BH4
generated from GTPCH1 overexpression system are several folds higher than those in
physiological conditions, which might increase eNOS function or NO bioactivity by
scavenging superoxide anions (O»°7). In addition, the role of GTPCHL in the regulation of
blood pressure and vascular tone were poorly characterized. The current study was
undertaken to investigate the effect of acute GTPCH1 inhibition on BH4 deficiency, eNOS
function and blood pressure in vivo. Our results demonstrate that acute inhibition of
GTPCHL1 causes high blood pressure via BH4 deficiency/eNOS uncoupling.

Methods and Materials

A full description of materials, animals, and methods used, including cell culture, blood
pressure measurement, measurement of BH4, superoxide anions, and nitric oxide (NO),
organ chamber, western blot, reverse transcription—polymerase chain reaction (RT-PCR) and
immunohistochemistry, can be found in the online-only Data Supplement. Please see http://
hyper.ahajournals.org.

Blood pressure measurement

To measure the blood pressure in mice, a PE-10 catheter was inserted into the right carotid
artery. Blood pressure was monitored with a pressure transducer and recorded with a
software in computer after anaesthesia.

Measurement of BH4, superoxide anions, and NO

The levels of BH4 and total biopterins were determined by HPLC. O,"~ production in
cultured cells or mice aortas was detected by using dihydroethidium (DHE) fluorescence/
HPLC assay. NO release in cultured cells was detected by using the DAF fluorescent probe.
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Organ chamber

Mice aorta rings were mounted in organ bath in Kreb’s solution. Contractile response was
evoked by U46619. At the plateau of contraction, accumulative ACh or SNP was added into
the organ bath to induce the endothelium dependent or independent relaxation.

Statistical analysis

Results

Data are reported as mean+SEM. All data were analyzed using a one- or two-way ANOVA,
followed by Bonferroni’s post test analysis. £<0.05 was considered significant.

The authors had full access to and take full responsibility for the integrity of the data. All
authors have read and agree to the manuscript as written.

GTPCHL1 inhibition reduces total biopterin and BH4 levels in endothelial cells

We first determined if pharmacological inhibition of GTPCHL1 alters the levels of both total
biopterins and BH4 in BAECs. Treatment of BAECs with the chemical inhibitors DAHP (10
mM) or NAS (1 mM) for 24 h did not alter cell viability (data not shown). However, both
treatments, applied alone or in combination, reduced both total biopterins (BH4 + BH2 +
other biopterins) and BH4 levels, compared to the control treatment (Figure 1A). In
addition, neither DAHP nor NAS altered the ratios of BH2 to BH4 (data not shown), a
common index for oxidative BH4 reductin.1® Overall, our results suggest that GTPCH1
inhibition by DAHP or NAS caused BH4 deficiency mainly by inhibiting de novo synthesis
of biopterins (BH4 plus BH2).

Pharmacological inhibition of GTPCH1 uncouples eNOS in endothelial cells

Recent studies'922 in transgenic mice and endothelial cells have shown that an imbalance
between intracellular eNOS levels and BH4 availability leads to uncoupling of eNOS,
resulting in greater O,"~ production and diminished NO release. As shown in Figure S1,
exposure of BAECs to DAHP (10 mM) for 24 h increased O, production by 52.36%, as
detected by DHE fluorescence. DAHP (5 and 10 mM) simultaneously induced 26.70% and
39.58% decreases in NO release. Treatment of BAECs with the non-selective eNOS
inhibitor, L-NAME, did not alter baseline O,°~ levels but reduced DAHP-induced O,"
release by 61.87%, showing that DAHP-induced O,"~ production was eNOS-dependent
(Figure 1B).

Uncoupling of eNOS by GTPCH1 inhibition is reversed by sepiapterin in endothelial cells

To determine whether the reduced NO release observed in DAHP-treated BAECs was due to
BH4 deficiency, we treated BAECs with sepiapterin, a compound that can be converted to
BH4 through a GTPCH-independent salvage pathway. Sepiapterin (10 M) almost restored
NO release in DAHP-treated BAECs, but did not alter NO release in the absence of DAHP
(Figure 1C). Similarly, sepiapterin abolished DAHP-triggered O,°~ production, but had no
effect on O, levels in non DAHP-treated BAECs (Figure 1B).

Gene silencing of GTPCH1 uncouples eNOS in endothelial cells

To exclude non-specific effects of DAHP and NAS, we tested the effect of GTPCH1 small
interference RNA (siRNA) on O,*~ and NO production. As no specific sSiRNA for bovine
GTPCHL1 exists, MAECs were used in these experiments. As shown in Figure 2A,
transfection of GTPCH1 siRNA, but not control siRNA, reduced GTPCHL protein levels by
68.73%. Levels of eNOS were not affected by GTPCH1 siRNA. Analysis of O™
production in these cells revealed that control siRNA did not alter O, levels. In contrast,
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GTPCHL1 siRNA increased O,°~ levels by 25.40%, with this increase being completely
blocked by either L-NAME or Tempol (1 mM), a SOD mimetic (Figure 2B). GTPCH1
siRNA-induced O,°~ production was accompanied by 42.23% reduction in NO release
(Figure 2C), compared with control siRNA. In addition, L-NAME inhibited the NO release
from control siRNA transfection MAECs, but not in GTPCH1 siRNA-transfection MAECs
(Figure 2C).

GTPCH1 inhibition or gene silencing results in an impairment of endothelium-dependent
relaxation in isolated aortas that is sepiapterin-reversible

The effect of NAS and DAHP on endothelium-dependent and endothelium-independent
vasorelaxation was determined in isolated aortas. Aortas were incubated with DAHP (10
mM) or NAS (1 mM) for 24 h in EBM at 37°C prior to the vasomotor reactivity assays. As
shown in Figure S2A, Ach-induced relaxation (endothelium-dependent vasorelaxation) was
lower in DAHP-treated aortas (42.12+9.25%) than in vehicle-treated aortas (86.96+8.04%,
£<0.05). NAS, like DAHP, suppressed Ach-induced endothelium-dependent relaxation
(54.53+11.07 vs. 86.96+8.04%, A<0.05, Figure S2B). In contrast, SNP-induced relaxation
(endothelium-independent vasorelaxation) was not altered by the presence of DAHP or NAS
(Figures S2C and S2D).

Inclusion of sepiapterin in the chamber fluid did not affect endothelium-dependent
relaxation (data not shown). However, sepiapterin partially restored relaxation in the
presence of DAHP, as evidenced by an Emax of 67.23+6.33% in sepiapterin+DAHP-treated
aortas and 42.12+9.21% in DAHP-treated aortas (P<0.05, Figure S2A). Sepiapterin had a
similar effect in NAS-treated aortas (Emax: 65.96+6.70% vs 54.53+£11.07%, ~<0.05, Figure
S2B).

Next, the effects of chemical GTPCH1 inhibition on endothelium-dependent relaxation were
confirmed using in vivo GTPCH1 gene silencing. Retro-orbital injection of GTPCH1 siRNA
decreased aortic levels of GTPCH1 protein by 80%, while control siRNA had no effect
(Figure 3A). Neither GTPCH1 siRNA nor control siRNA altered aortic expression of eNOS.
The gene silence of GTPCHL in vivo by GTPCH1 siRNA injection was further confirmed in
RT-PCR detection of GTPCH mRNA. As shown in Figure 3A, GTPCH1 siRNA specially
decreased GTPCH1 mRNA level, compared to control siRNA. Analysis of total biopterin
and BH4 levels revealed that GTPCH1 knockdown reduced total biopterin levels in the aorta
to 32.07% of the levels in the control siRNA group (/<0.05, Figure 3B). Aortic BH4 was
also reduced by GTPCH1 knockdown, with levels in this group being 60.06% of the levels
in the control-siRNA group (#<0.05, Figure 3B).

Vasoreactivity assays of aortas from siRNA-injected mice revealed that Ach-induced
relaxation was lower in aortas from GTPCH1 siRNA-injected mice (Emax: 58.01+7.38%)
than in those from control siRNA-injected animals (Emax: 71.92+2.47%, £<0.05, Figure
3C). Relaxation in aortas from GTPCH1 siRNA-injected mice was improved by the
presence of sepiapterin (Emax: 75.16+£9.80%, ~<0.05), while vasorelaxation in the control
SiRNA group was unaffected by this treatment (Figure 3C). SNP-induced relaxation was
identical in aortas from both groups (data not shown).

In vivo GTPCHL1 gene silencing generates aortic oxidative stress via eNOS-uncoupling

GTPCHL1 siRNA increased aortic O~ levels by 30.26%, as compared with aortic Oy~
levels in the control siRNA-treated group (Figure 4A). Accordingly, GTPCH1 siRNA, but
not control siRNA, increased immunohistochemical staining for 3-nitrotyrosine (by 200%),
a footprint for reactive nitrogen species such as ONOO™ (a potent oxidant formed by O,*~
and NO).23 Staining for ICAM1 and VCAMZ1 were also increased (by 267% and 176%) by
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GTPCH siRNA, with control siRNA having no affect on the expressions of these proteins
(Figure 4B). These results were further confirmed in western blot analysis (Figure S3).

Next, the contribution of eNOS uncoupling in vascular oxidant stress and inflammation was
investigated using eNOS-null mice. In contrast to aorta from wild type mice, eNOS-null
aorta did not exhibit increased levels of O,*~ or 3-nitrotyrosine in response to GTPCH1
SiRNA (Figure 4A and 4B). The expression of both ICAM-1 and VCAM-1 was slightly
higher in eNOS-null mice than in wild type mice. However, GTPCH1 siRNA did not alter
levels of either protein in eNOS-null animals (Figure 4B).

In vivo GTPCH1 gene silencing elevates systemic blood pressure in an eNOS-dependent
and sepiapterin-reversible manner

NO is known to regulate vascular tone, and eNOS depletion results in spontaneous
hypertension.24-27 Thus, we analyzed the effect of in vivo GTPCH1 gene silencing on
systemic blood pressure. As shown in Figure 5, mean blood pressure (BP) was greater in
GTPCH1 siRNA-treated wild type mice (136.81+2.45 mmHg) than those in the control
SiRNA-treated counterparts (114.28+4.48 mmHg, £<0.05). Systolic pressure and diastolic
pressure also showed significant differences between control siRNA-treated and GTPCH1
siRNA-treated WT mice. The mean, systolic, and diastolic blood pressure were significantly
elevated in eNOS-null mice compared to those in C57BL6 wild type animals (Figure 5),
similar to Huang et af's results.24 As expected, administration of neither GTPCH1 siRNA
nor control siRNA altered the mean, systolic, and diastolic blood pressure in in eNOS-null
mice.

Administration of sepiapterin had no effects on the mean, systolic, and diastolic BP in
control siRNA- or GTPCH1 siRNA-treated eNOS-null mice (Figure 5). Similar results were
obtained in untreated or control siRNA-treated wild type mice (data not shown). However,
in wild type animals receiving GTPCH1 siRNA, sepiapterin reduced the mean, systolic, and
diastolic BP by 15.46% (/<0.05, Figure 5).

Discussion

The major finding of the present study is that GTPCHL likely plays an essential role in
maintaining normal blood pressure. In wild type mice, eNOS uncoupling induced by
GTPCHL1 inhibition significantly elevated systemic blood pressure. Sepiapterin partially
reversed this effect in these animals, but did not alter blood pressure in eNOS-null mice.
These findings indicate that the blood pressure-lowering effect of sepiapterin is eNOS-
dependent and that sepiapterin has no direct effect on blood pressure. Because conduit
arteries like aorta do not regulate total peripheral resistance, the hypertensive phenotype of
mice administered GTPCH1 siRNA and the blood pressure lowering effect of sepiapterin in
these animals may be attributable to changes in resistance artery structure and function.
Indeed, initial studies of the vascular phenotype in the hyperphenylalaninemic mouse mutant
(hph-1), which displays a 90% GTPCH1 deficiency, of hph-1 mouse have demonstrated that
BH4 deficiency causes pulmonary hypertension, even under normoxic conditions, and
greatly increases susceptibility to hypoxia-induced pulmonary hypertension. In contrast,
augmentation of endothelial BH4 synthesis through targeted transgenic overexpression of
GTP-cyclohydrolase | (GTPCH1) prevents hypoxia-induced pulmonary hypertension.28
Similarly, restoration of endothelial BH4 in hph-1 mice by crossing these animals with
GTPCHL1 transgenic mice rescues pulmonary hypertension induced by systemic BH4
deficiency.28 In this study, lung BH4 availability dose-dependently controlled pulmonary
vascular tone, right ventricular hypertrophy, and vascular structural remodeling under both
normoxic and hypoxic conditions. We have found that GTPCH inhibition has dual effects
(i.e., increased oxidative stress and decreased NO release) that lead to high blood pressure in
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vivo. This finding is in line with a recent study in humans showing that the common
GTPCHL variant, C+243T, predicted NO excretion, with the most extreme diastolic and
systolic blood pressure values occurring in females independently of catecholamine
secretion.2? In contrast, genetic variation in eNOS (Glu298Asp) does not influence the renal
NO excretion (P>0.1).39 Our results are consistent with these reports, as they suggest that
GTPCHL1 is the rate-limiting enzyme determining in vivo NO biosynthesis and
consequently, vascular tone. Thus, GTPCH1 might play essential role in maintaining
endothelial function through regulation of eNOS function.

Perspectives

It has been observed in animal models of cardiovascular diseases including hypertension and
diabetes that the endothelial nitric oxide synthase (eNOS), crucial in maintaining
endothelium homeostasis, has been transformed from a protective enzyme to a contributor of
oxidative stress, known as eNOS uncoupling. It is generally agreed that lack of
tetrahydrobiopeterin (BH4), the essential co-factor of eNOS, plays a causal role in the
development of eNOS uncoupling. However, how BH4 shortage is developed is poorly
understood. In this publication, we have discovered that selective inhibition of GTP-
cyclohydrolase, a rate-limiting enzyme in BH4 de novo synthesis, causes hypertension and
vascular inflammation. The clinical implications of the present study is supported by a
recent study?? shows a common GTPCH1 variant C+243T in the 3”-untranslated region (3'-
UTRs) predicts NO excretion with the most extreme BP values of diastolic and systolic BP
in females though not catecholamine secretion. Our results support human data that
GTPCHL1 is a key player in maintaining eNOS function and systolic blood pressure. The
finding that GTPCHL1 inhibition increases systemic blood pressure through eNOS
uncoupling may have broad applications for cardiovascular diseases, since endothelial
GTPCHL1 protein levels, GTPCH-1 activity, and BH4 levels are reduced in a number of
vascular diseases including atherosclerosis31-32 and diabetes.16:33-35 GTPCH1 inhibition
might be a common mechanism for vascular endothelial dysfunction in vascular diseases
including hypertension, diabetes, and atherosclerosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Pharmacological inhibition of GTPCH1 decreases NO release and increases eNOS-derived
O,°~ in cultured bovine aortic endothelial cells (BAECS). (A) Total biopterins and BH4
levels following a 24 h exposure to DAHP and/or NAS. N=5 */<0.05 control vs. NAS/
DHAP or both; (B) Effect of L-NAME or sepiapterin on induction of O,*~ production by
DAHP or NAS (24 h exposure). N=5, *£<0.05 NAS or DAHP vs. control; #£<0.05 DAHP
treated vs. DAHP plus L-NAME or sepiapterin. (C) NO production following treatment with
DAHP or DAHP+sepiapterin. Data are expressed as mean+SEM. N=5, */<0.05 DAHP vs.
control; #<0.05 DAHP treated vs. DAHP plus sepiapterin.
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Control
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Page 10

GTPCHZ1-specific siRNA decreases NO release and increases eNOS-derived O,°~ in isolated
mouse aortic endothelial cells (MAECSs). (A) Western blot analysis of GTPCH1 and eNOS
in control and siRNA-transfected cells. The blot is representative of three blots from three
independent experiments. N=3 */<0.05 GTPCH1 siRNA vs. control or control sSiRNA, NS
indicates ~>0.05. (B) Effect of GTPCH1 siRNA on O, production. A subset of siRNA-
transfected MAECs were treated with the eNOS inhibitor, L-NAME, or Tempol, a SOD
mimetic. MAECs were incubated with 1 mM L-NAME or 1 mM Tempol for 24 h after the

SiRNA transfection. N=3 */<0.05 GTPCH1 siRNA vs. control or control SiRNA;

n=5#P<0.05 GTPCH1 siRNA vs. GTPCH1-siRNA plus L-NAME or plus Tempol; (C) NO
release in siRNA transfected MAECs incubated with L-NAME or without L-NAME. Data

are expressed as mean=SEM. N=3, */<0.05 vs. control siRNA, NS indicates ~>0.05.
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In vivo GTPCH1 knockdown decreases both BH4 and total biopterins. (A) Western blot and
RT-PCR analysis of GTPCH1 or eNOS in aorta from control SiRNA- and GTPCH1 siRNA-
injected mice. N=5, */<0.05 GTPCH1 siRNA vs. control siRNA or control, NS indicates
P>0.05. (B) Total biopterins and BH4 levels in aortas from siRNA-transfected mice. N=5,
*P<0.05 GTPCH1 siRNA vs. control siRNA or control; (C) Endothelium—dependent
relaxation in isolated aortas from control and GTPCH1 siRNA-injected mice. In a subset of
experiments, aortas were incubated with sepiapterin for 1 h. Data are expressed as mean
+SEM. N=5, *P<0.05 GTPCH1 siRNA vs. control siRNA or control; n=5 #/<0.05 GTPCH1

siRNA vs. GTPCH1 treated with sepiapterin.
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Figure4.

In vivo GTPCH1 knockdown induces eNOS-dependent increases in superoxide anions,
ICAM-1, VCAM-1 and 3-nitrotyrosine (3-NT). (A) Aortic O,"~ production in WT and
eNOS™~ mice injected with GTPCH1 siRNA or control siRNA. N=5 */<0.05, control
SiIRNA vs. GTPCH1-siRNA, NS indicates 2>0.05. (B) Immunocytochemical staining of 3-
NT, VCAM1, and ICAM1 in wild type and eNOS™~ mice treated with control siRNA or
GTPCHZ1-specific siRNA. N=5 *P<0.05, control siRNA vs. GTPCH1-siRNA, NS indicates
P>0.05.
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Figureb.

In vivo GTPCH1 knockdown elevates arterial blood pressure in an eNOS-dependent
manner. Mean blood pressure (BP), systolic blood pressure, and diastolic blood pressure in
control or GTPCH1 siRNA-injected wild type (WT) or eNOS™~ mice supplementation with
or without sepiapterin (10 mg/kg/day for 7 days, 1.P). The blood pressure was measured by a
carotid catheter method. Data are expressed as mean+SEM (n=4 or 5). */<0.05 GTPCH1
SiRNA vs. control siRNA, #£<0.05 GTPCH1 siRNA vs. GTPCH1 siRNA treated with
sepiapterin.
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