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Abstract
The exogenous administration of tetrahydrobiopterin (BH4), an essential cofactor of nitric oxide
synthase (NOS), has been shown to reduce left ventricular hypertrophy, fibrosis, and cardiac
dysfunction in mice with pre-established heart disease induced by pressure-overload. In this
setting, BH4 re-coupled endothelial NOS (eNOS), with subsequent reduction of NOS-dependent
oxidative stress and reversal of maladaptive remodeling. However, recent studies suggest the
effective BH4 dosing may be narrower than previously thought, potentially due to its oxidation
upon oral consumption. Accordingly, we assessed the dose response of daily oral synthetic
sapropterin dihydrochloride (6-R-L-erythro-5,6,7,8-tetrahydrobiopterin, 6R-BH4) on pre-
established pressure-overload cardiac disease. Mice (n=64) were administered 0-400 mg/kg/d BH4
by ingesting small pre-made pellets (consumed over 15-30 min). In a dose range of 36-200 mg/kg/
d, 6R-BH4 suppressed cardiac chamber remodeling, hypertrophy, fibrosis, and oxidative stress
with pressure-overload. However, at both lower and higher doses, BH4 had less or no ameliorative
effects. The effective doses correlated with a higher myocardial BH4/BH2 ratio. However, BH2
rose linearly with dose, and at the 400 mg/kg/d, this lowered the BH4/BH2 ratio back towards
control. These results expose a potential limitation for the clinical use of BH4, as variability of
cellular redox and perhaps heart disease could produce a variable therapeutic window among
individuals.
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Introduction
Tetrahydrobiopterin (BH4) is an endogenously synthesized essential co-factor for aromatic
amino acid hydroxylases, glyceryl-ether mono-oxygenase, and all three isoforms of nitric
oxide synthase (NOS) [1]. It was first discovered as an obligate cofactor of phenylalanine
hydroxylase (PAH) and is clinically used to treat phenylketonuria (PKU) which results from
loss-of-function mutations in this enzyme[2, 3]. BH4 was subsequently discovered to be an
essential cofactor for all three nitric oxide synthases (NOS) [4], where it plays a key role in
cardiovascular, neural, and other cell regulation [5] .

BH4 facilitates electron transfer in the NOS enzyme from NADPH in its reductase domain
to heme in its oxidase domain, and it is required for the conversion of arginine to citrulline
to generate nitric oxide (NO). Decreased BH4 bioavailability leads to conformational
changes in the NOS homodimer, leading to the phenomenon known as NOS-uncoupling,
where less NO is generated and instead the enzyme produces superoxide [6]. Studies in the
heart and vasculature have shown BH4 deficiency or its oxidation to BH2 increases NOS-
derived reactive oxygen species (ROS) generation. This contributes to the pathophysiology
of systemic and pulmonary hypertension [7, 8], diabetes [9-11], hypercholesterolemia [12],
atherosclerosis [13], aging [14], acute cardiac transplant rejection [15], and cardiac
hypertrophy/remodeling [16]. Studies enhancing BH4 levels either by exogenous
administration [17-21] or by genetic uregulation of its rate-limiting synthetic enzyme, GTP
cyclohydrolase (GCH-1) [22, 23], have shown improvement in each of these disease
conditions. Importantly, benefit has been observed when BH4 is provided after disease is
established, as in hearts with pre-existing ventricular hypertrophy, fibrosis, and dilation [20],
or diastolic dysfunction and hypertrophy[24]. Intriguingly, these effects were not duplicated
by administering a less targeted anti-oxidant (tempol), despite its ability to reduce overall
myocardial superoxide levels, nor did they appear in hearts treated with BH4 at an earlier
stage of hypertrophy when NOS uncoupling was not yet present. These results support the
conclusion that the efficacy of exogenous BH4 stems from its selective targeting of
uncoupled NOS.

Upon oral administration, BH4 is largely oxidized to BH2, and then must be re-reduced
once taken up by a cell [25]. However, only BH4 is a functional NOS cofactor, and recent in
vitro data suggests that relative increases in BH2 can compete with BH4 to impair NOS
coupling [26, 27]. This poses potential limitations to oral dosing as one might hypothesize
that higher doses of BH4 might tip the balance favoring BH2, offsetting physiologic benefits
present at lower doses. To date, no study has examined such dose-response characteristics in
vivo. Here, we present results from an oral dose-response experiment in which mice were
subjected to sustained pressure-overload to establish pathophysiological remodeling and
activation of oxidative stress, and then subsequently treated with daily BH4 at varying
doses. We reveal a bi-model dose response that supports the importance of BH4/BH2 ratio
in vivo to treatment efficacy.
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Methods
Experimental Model

Mice (C57Bl/6) were first subjected to trans-aortic constriction (TAC) as described [28] and
allowed to develop LV hypertrophy and dysfunction over a period of 5 weeks. Only mice
with at least a 30% decline in ejection fraction were then entered into the treatment/placebo
arm of the study. Sixty-four mice (aged 8-9 weeks) met this criteria and were randomized to
receive placebo, or 12, 36, 200 or 400mg/kg/d of BH4 (sapropterin dihydrochloride (6-R-L-
erythro-5,6,7,8-tetrahydrobiopterin, 6R-BH4, BioMarin Pharmaceutical Inc., Novato, CA)
for 5 additional weeks. Pressure-overload was sustained during this period as well. Drug was
pre-mixed into 4mm diameter pellets (Rodent Treats, Bio-serv, Frenchtown, NJ) flavored to
be attractive to mice. Individual animals were placed in shoe-box sized plastic containers
each containing a small dish with the pellets (drug or placebo), and mice ate them fairly
quickly (15-30 minutes) once acclimated to the procedure. This provided accurate daily oral
dosing without requiring gavage. Mice were studied by serial echocardiography, and the
study terminated at week 10, when hearts were harvested for biochemical and histological
analysis. The protocol was approved by the Animal Care and Use Committee at the Johns
Hopkins University.

Cardiac Function and Geometry
In vivo cardiac function and morphometry was assessed in conscious mice as previously
described[16], and assessed at pre-TAC baseline, after 5 weeks of TAC (prior to initiating
any treatment) and at terminal study (10 weeks TAC + 5wks treatment). Function was
assessed by echocardiography (Acuson Sequoia C256, 13-MHz transducer, Siemens
Medical Systems, Malvern, PA) measured in conscious animals from which left ventricular
end-diastolic and end systolic dimension, wall thickness (mean of septal and posterior wall
measurements) and fractional shortening were determined. LV mass (cylindrical model) and
ejection fraction were also calculated as described[16].

Histology
Myocardium was fixed in 10% formalin and stained with hematoxylin and eosin and
Masson trichrome to assess interstitial fibrosis. Fibrosis was scored on a qualitative scale (0
to 3) assigned by pathologist blinded as to source of the tissue [20].

Analysis of myocardial superoxide
Myocardial superoxide generation was assessed using dihydroethidine (DHE) fluorescent
microtopography and lucigenin-enhanced chemiluminescence. Fresh-frozen LV tissue was
sliced (8μm thickness), mounted onto glass slides and incubated with 2μM DHE (Invitrogen,
Carlsbad, CA) for 1 hour at 37°C. Fluorescent imaging was performed by confocal
microscopy done as previously described [16]. Lucigenin analysis was performed using
snap-frozen myocardial samples as described, with 5μM lucigenin and NADPH (100μM)
added to the homogenate, and chemiluminescence measured by scintillation counter
(LS6000IC, Beckman Instruments, Fullerton, CA) at 37°C. Data are reported as counts/min/
mg of tissue after background subtraction [20].

Myocardial BH4/BH2 Analysis
BH4 and BH2 were analyzed by HPLC assay [23, 29] in myocardium obtained from a
separate group of mice treated with varying doses of BH4 but without prior surgery.
Comparison at one dose (200 mg/kg/day) was made to another group of mice that had been
subjected to TAC and treated with the same BH4 dose for 5 weeks. Fresh frozen myocardial
samples (20-30 mg) were homogenized for 30 seconds in 400μL of ice cold re-suspension
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buffer (50mM phosphate buffered saline, pH 7.4; 1mM dithioerythritol; 1 mM EDTA) using
a pre-cooled Polytron® probe (PT2100 Kinematika®, Switzerland). After two sequential
centrifugations at 13,000 rpm (15 minutes at 4°C), supernatants from both spins were
combined and mixed with 20μL of ice cold 10x precipitation buffer (1M phosphoric acid,
2M trichloroacetic acid, 1mM dithioerythritol). Samples were re-spun in the same manner,
and supernatant (150μL) transferred to a 96-well HPLC plate for analysis, which was
performed blinded as to tissue source.

Statistics
Serial echocardiography data were analyzed using a 2-way ANOVA with repeated
measures. Terminal study data were analyzed using a 1-way ANOVA. Statistical
significance was reported at the p<0.05 level.

Results
BH4 improves cardiac function in a dose dependent manner

Figure 1A shows example M-mode echocardiograms for the study, and summary data are
displayed in panel B. After 5-wks of TAC, hearts had reduced fractional shortening, with a
mean ejection fraction of 46.9±1.7% compared to 86.7±0.6% at baseline (p<0.001), and left
ventricular dilation (end-diastolic dimension: 4.0±0.1 vs. 3.3±0.1 mm, p<0.0001; end-
systolic dimension 3.0±0.1 vs. 1.2 ±0.04 mm, p<0.001). In mice that subsequently received
6R-BH4 during weeks 5-10, chamber size diminished and fractional shortening increased
despite persistent pressure-overload; however, this response was dose dependent in a bi-
modal manner. The peak effective dose was 36 mg/kg/d, which reversed pre-existing
maladaptive remodeling and improved ejection fraction (67.2±8.9%, p<0.001 compared to
5-wk pre-treatment). However, both the lowest tested dose (≤ 12 mg/kg/d) and highest dose
(400 mg/kg/d) conferred minimal to no significant benefit on cardiac function or reverse
remodeling.

Dose dependent effects of BH4 on myocardial hypertrophy and fibrosis
Left ventricular mass more than doubled after 5-wks TAC (heart/body weight ratio:
11.9±0.8 vs. baseline: 5.2± 0.2 mg/g, p<0.0001, Figure 2A). This was accompanied by
increased myocyte size (short axis dimension: 42.6±0.7 vs. baseline: 23.6±0.5 μm,
p<0.0001) and fibrosis (2.4±0.25 vs. baseline 0.2±0.2 (qualitative score units, p=0.0001,
Figure 2B and C). As with LV function, the optimal BH4 dose that suppressed hypertrophy
and fibrosis was 36 mg/kg/d (myocyte dimension 31.2±0.5 μm, p< 0.001, fibrosis score
1.17±0.4 AU, p=0.03), whereas the lowest dose only slightly reduced myocyte size and had
no impact on fibrosis. At 400 mg/kg/d, chamber and myocyte hypertrophy declined, but
there was no significant reduction in fibrosis.

Interaction between BH4 and ROS
Effective doses of BH4 resulted in a marked decline in myocardial superoxide formation,
detected by lucigenin assay (Figure 3). This was observed at the lower 36 mg/kg/d dose, but
intriguingly, not at either the lowest or highest doses (TAC 10wk: 76186 ±10987cpm, TAC
10wk + BH4 12mg/kg/d 91028±12998cpm, TAC 10wk+ BH4 36mg/kg/d 33403±3949cpm,
TAC 10wk+ BH4 400mg/kg/d 56353±7959cpm). The lack of anti-oxidant changes
paralleled the loss of anti-fibrotic effects or functional improvement at these doses.

Myocardial BH4/BH2 ratio correlates with dose efficacy
A potential mechanism for the loss of BH4 efficacy at higher doses was an accumulation of
the oxidized form, BH2, that might not be effectively re-converted to BH4. To test this, we
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examined BH4/BH2 ratio in mice administered BH4 for 5 days. We observed a linear dose
response in BH2 levels with increasing BH4, whereas BH4 levels peaked at a lower dose
and then declined (Figure 4). As a result, BH4/BH2 ratio first rose but then fell again
towards baseline (i.e. no treatment) at the highest dose tested. We further compared the
results obtained in these mice, that were not subjected to TAC or administered BH4 for a
longer period to animals in which the treatment protocol followed the primary TAC study.
This was done for the 200 mg/kg/d dose, and the results were comparable (BH4: 46.6±7.6 –
5 days, no TAC; 40.5±7.8 – 5 weeks+TAC, p=0.6; BH4/BH2 ratio: 3.2±0.2 versus 3.6±0.25,
p=0.3).

Discussion
The current results provide important new insights into the pharmacology and therapeutic
efficacy of BH4 for the treatment of hypertrophic heart disease. As in our prior study [20],
we observed a reduction of LV hypertrophy, fibrosis, and cardiac dysfunction by BH4
(using a synthetic formulation in this case), in hearts with pre-established disease induced by
pressure-overload (Figs 1 and 2). However, the dose response was bi-modal, first rising and
then declining at higher doses. This pertained to chamber remodeling, function, fibrosis, and
oxidative stress (Fig. 3), and when observed, benefits correlated with an enhanced ratio of
BH4/BH2 (Fig. 4). The latter first rose with increasing BH4 dose, but declined at the higher
dose. These results expose a potential limitation for the clinical use of BH4 in diseases
characterized by oxidative stress, as defining the oral dose that would optimally provide
BH4 rather than BH2 maybe difficult and vary from individual to individual.

In its reduced form, BH4 serves as a critical co-factor enabling NOS to generate NO.
However, its role is impeded if BH4 is oxidized to BH2. BH2 binds eNOS with an affinity
equal to that of BH4 in murine endothelial cells [27]. However, as BH2 cannot function as a
NOS cofactor, this competitive binding [30] effectively replacing eNOS-bound BH4 [27]
and enhances uncoupling [31]. Sugiyama et al. [26] compared effects of gene silencing of
GCH-1 (also known as GTPCH), the rate-limiting enzyme for BH4 biosynthesis, and
dihydrofolate reductase (DHFR), a key enzyme restoring BH4 from BH2, in studies
performed in isolated endothelial cells. Knockdown of DHFR but not GCH-1 increased
ROS, and the former but not latter reduced the relative BH4/BH2 ratio. Crabtree et al. [27]
observed similar behavior, and showed that in cells expressing eNOS but low biopterin
levels, DHFR inhibition/gene silencing reduced BH4/BH2 ratio further, exacerbating eNOS
uncoupling. Thus, the relative BH4/BH2 ratio and BH2 level, rather than BH4 levels per se,
appears to be central for perturbing NOS signaling. Plasma BH4/BH2 ratio also correlates
with depressed endothelial function in patients with more than two cardiovascular risk
factors[32]. The present data indicate that at higher doses of exogenous BH4 (and thus
BH2), the intrinsic capacity to maintain BH4/BH2 ratios may become compromised,
limiting net efficacy.

Despite the intriguing promise of BH4 treatment for cardiovascular and other disorders
involving NOS uncoupling and associated oxidative stress, clinical trials targeting these
diseases have so far been disappointing [33]. In particular, 6R-BH4 has been recently tested
in studies targeting hypertension, cardio-renal syndrome with proteineuria, sickle cell
disease, and pulmonary hypertension. None of these studies achieved their primary endpoint
to demonstrate clinical efficacy, and all were discontinued. The current findings may
provide an explanation. If the efficacy of exogenous BH4 to reverse NOS uncoupling
critically depends upon the BH2/BH4 balance, and this in turn varies with BH4 dose and
redox milieu in a particular situation, the dose-response window may be relatively narrow,
and identifying the optimal dose for a given patient difficult. Efforts aimed at reducing the
oxidation of BH4 to BH2 after oral consumption, perhaps by encapsulation to promote more

Moens et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



distal gut absorption, stimulating DHFR, or by enhancing a reducing environment, may be
important so as to maintain efficacy.

Our study has several limitations. First, while we previously reported that BH4 therapy
restores NOS3 coupling and NO generation, we did not examine this in the current dose-
response study, and thus cannot confirm that that re-appearance of ROS at a high BH4 dose
was indeed due to the re-emergence of NOS3 uncoupling. The study sponsor, Biomarin,
who provided 6R-BH4 in the pellets has suspended their cardiovascular research program in
this area, and could not provide material for these additional studies. While future studies
using this method would not be identical to what we employed, BH4 (or 6R-BH4) is
commercially available, and can be processed by Bio-serv to generate the rodent treats used
to administer drug. Alternative dosing options would be available for other animal models
(e.g. gavage or oral tablets for larger mammals).

In summary, we have demonstrated a bi-modal dose-response relation to exogenous BH4
treatment in mice with pre-established hypertrophy and cardiac dysfunction due to sustained
pressure-overload. Beneficial effects on hypertrophy, LV function, fibrosis, and oxidative
stress in the myocardium correlate with the ratio of BH4/BH2 achieved by the administered
dose. Inadequate conversion of BH2 to BH4 may pose a limitation to its therapeutic use, and
co-administration of agents that stimulate such conversion may be valuable to enhance its
therapeutic benefits in vivo.
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Highlights

• NOS generates oxidative stress in pressure-overload cardiac hypertrophy.

• This contributes to pathological hypertrophy, fibrosis, and cardiac dysfunction.

• Lower range doses of oral tetrahydrobiopterin (BH4) reverse these changes.

• Higher doses fail. BH4 is oxidized to BH2, fibrosis, and hypertrophy re-appear.

• Defining the therapeutic window for BH4 is key and depends on BH4/BH2
ratio.
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Figure 1.
Effects of exogenous BH4 on pressure overload induced myocardial dysfunction. A)
Example M-mode echocardiograms are shown (clockwise from top left) at baseline, after 5-
wks transaortic constriction (TAC) with placebo, and at 10 weeks TAC with placebo, 12, 36,
and 400 mg/kg/d 6R-BH4 treatment. B) Summary data for echocardiographic analysis
(mean ± SEM). Administration of BH4 at 36 and 200 mg/kg/d significantly suppressed
cardiac dilation and dysfunction. However responses with the lower and highest tested doses
were much less or ineffective. *: p<0.05 (versus 5wks); **: p<0.001 (versus 5wks); #:
p<0.05 (versus 10wks placebo); ##: p<0.001 (versus 10wks placebo). One-way ANOVA
with posthoc Tukey test on 4 groups.
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Figure 2.
Exogenous BH4 administration suppresses pre-established cardiac hypertrophy and fibrosis,
but the latter is less effective at low and higher doses. A) Summary data for left ventricular
mass (terminal study) normalized to body weight shows reduced hypertrophy with BH4
treatment at doses > 36 mg/kg/d, including the high dose. B) Example histologic sections
stained with H/E (upper panels) or Masson trichrome (lower panels) for assessing myocyte
dimension and interstitial fibrosis. C) Summary data for histologic analysis. Myocyte
hypertrophy was reduced at all BH4 doses, whereas fibrosis was only reduced at the 36 mg/
kg/d dose (200 mg/kg/d was not tested in this analysis). *: p<0.05 (versus 5wks); †: p<0.001
(versus 5wks); **: p<0.05 (versus 10wks placebo); #: p<0.001 (versus 10wks placebo).
One-way ANOVA with posthoc Bonferoni test on 4 groups.
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Figure 3.
Effect of BH4 administration on pressure-overload induced superoxide generation. BH4
administered at 36 mg/kg/d reduced lucigenin luminescence, but this effect was absent at
both lowest and highest doses of BH4. *: p <0.05 vs. sham; **: p<0.001 vs. sham;
#:p<0.001 vs. 10wks TAC placebo treatment.
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Figure 4.
Myocardial BH4 and BH2 levels after exogenous BH4 administration. BH2 increased in a
dose-dependent manner, but there as a biomodal response in BH4, with an initial rise but
later decline at the high dose. As a result, the BH4:BH2 ratio increased at lower but not the
high dose. P-values in each graph are for 1-way ANOVA. Post hoc testing: A) * p<0.0001
vs no drug; # p<0.005 vs 36 mg/kg/d; † p<0.05 vs 200 mg/kg/d; ‡ p<0.03 vs no drug. B) *
p<0.001 versus no drug; # p<0.02 versus 36 mg/kg/d. C) * p<0.02 versus no drug; †
p<0.005 versus 200 mg/kg/d.
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