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Background-—Reduced oxygen delivery in congenital heart disease causes delayed brain maturation and white matter
abnormalities in utero. No treatment currently exists. Tetrahydrobiopterin (BH4) is a cofactor for neuronal nitric oxide synthase.
BH4 availability is reduced upon NOS activation, such as during hypoxic conditions, and leads to toxin production. We hypothesize
that BH4 levels are depleted in the hypoxic brain and that BH4 replacement therapy mitigates the toxic effects of hypoxia on white
matter.

Methods and Results-—Transgenic mice were used to visualize oligodendrocytes. Hypoxia was introduced during a period of white
matter development equivalent to the human third trimester. BH4 was administered during hypoxia. BH4 levels were depleted in
the hypoxic brain by direct quantification (n=7–12). The proliferation (n=3–6), apoptosis (n=3–6), and developmental stage (n=5–8)
of oligodendrocytes were determined immunohistologically. Total oligodendrocytes increased after hypoxia, consistent with
hypoxia-induced proliferation seen previously; however, mature oligodendrocytes were less prevalent in hypoxia, and there was
accumulation of immature oligodendrocytes. BH4 treatment improved the mature oligodendrocyte number such that it did not
differ from normoxia, and accumulation of immature oligodendrocytes was not observed. These results persisted beyond the initial
period of hypoxia (n=3–4). Apoptosis increased with hypoxia but decreased with BH4 treatment to normoxic levels. White matter
myelin levels decreased following hypoxia by western blot. BH4 treatment normalized myelination (n=6–10). Hypoxia worsened
sensory-motor coordination on balance beam tasks, and BH4 therapy normalized performance (n=5–9).

Conclusions-—Suboptimal BH4 levels influence hypoxic white matter abnormalities. Repurposing BH4 for use during fetal brain
development may limit white matter dysmaturation in congenital heart disease. ( J Am Heart Assoc. 2019;8:e012711. DOI: 10.
1161/JAHA.119.012711.)
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C ongenital heart disease (CHD) affects �1% of births in
the United States, amounting to 40 000 babies born

with CHD each year.1,2 Children with CHD are at a markedly
increased risk for neurodevelopmental pathologies and

behavioral problems.3–6 Up to one half of infants with
complex CHD have evidence of white matter abnormali-
ties.7–11 The most common neurologic deficits seen in infants
after CHD repair are motor deficits,4,12 suggestive of diffuse
white matter pathology.13 Additionally, behavioral problems
include attention deficit hyperactivity disorder, executive
dysfunction, impairment of working memory, and verbal
dysfunction,3,14,15 which are also associated with white
matter abnormalities.16–22

Fetal blood flow normally directs the most oxygenated
blood preferentially to the developing brain,23 but the fetus
with complex CHD (eg, single-ventricle lesions or dextro-
transposition of the great arteries) is subject to alterations
in blood flow and oxygen delivery to the brain while in
utero.23–26 The resulting desaturated or reduced blood flow to
the brain causes impaired macroscopic brain growth, periven-
tricular leukomalacia, parenchymal metabolic derangements,
and delayed microscopic brain development.23–25,27
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Furthermore, preoperative brain immaturity places the
neonate at increased risk for neurologic injury during surgical
repair of their CHD.8,10 Thus, to improve the neurologic
outcomes of children with CHD, we must turn our attention to
the neurodevelopment of the fetus with CHD and protection
against onset of hypoxic brain abnormalities during fetal
life.28,29

Our research focuses on an important molecular cascade
involved with hypoxic-ischemic injury. The first event in brain
hypoxia is failure of the transporter that removes glutamate
from the synaptic gap.30,31 This causes an accumulation of
glutamate and excessive N-methyl-D-aspartate (NMDA) recep-
tor activation, which in turn causes calcium flooding, leading
to increased activation of neuronal nitric oxide synthase
(nNOS).32,33 Tetrahydrobiopterin (BH4) is an important cofac-
tor for nNOS, and in its absence, production of toxic
peroxynitrite, termed NOS uncoupling, is favored34 (Fig-
ure 1A). Peroxynitrite causes primary DNA damage and
increases the production of reactive oxygen species,
activating the apoptosis-necrosis continuum.32,33 Increased
nNOS activation has also been linked to white matter
demyelination.35

Injury mediated by glutamate receptors is especially
important in the developing brain because these receptors
are functionally upregulated during the perinatal period, when
they play a role in neuronal plasticity.36 The most prominent
cell in white matter is the oligodendrocyte, which is

responsible for myelination of white matter in the brain and
spinal cord. Glutamate receptor–mediated injury has been
especially well observed in oligodendrocytes.37,38

In short, hypoxia leads to excessive stimulation of NMDA
receptors and activation of nNOS, which produces peroxyni-
trite in the absence of BH4. These are crucial events in the
development of hypoxic-ischemic brain pathology.39,40 In
addressing this glutamate receptor–mediated mechanism of
hypoxic injury, it is not feasible to block the action of either
NMDA receptors or nNOS, as they have important physiologic
roles in the developing brain.41,42 However, preventing the
depletion of BH4, and thus decreasing the production of
molecular toxins, has the potential to limit fetal brain
abnormalities.

We performed this study in an animal model of chronic
hypoxia to simulate hypoxic conditions in the prenatal brain,
as would be found in cyanotic CHD. We hypothesize that BH4
levels are depleted in the hypoxic brain and that this depletion
plays a critical role in developing hypoxic white matter
derangements during brain development of the fetus with

Figure 1. A, Nitric oxide synthase (NOS) catalysis under fully
coupled NOS and NOS uncoupling. B, Antibody markers used to
immunostain distinct developmental stages of oligodendrocyte
lineage cells. C, Study design and equivalent time period for white
matter development between the mouse and human. BH4
indicates tetrahydrobiopterin; FiO2, fractional inspired oxygen
concentration; MBP, myelin basic protein; NO, nitric oxide; OL,
oligodendrocyte.

Clinical Perspective

What Is New?

• To our knowledge, this is the first study to demonstrate that
treatment with tetrahydrobiopterin (BH4) mitigates the
deleterious effects of chronic hypoxia on developing white
matter.

• Treatment with BH4 normalized the number of mature and
immature oligodendrocytes, amount of myelin production,
prevalence of apoptotic cells, and sensory-motor coordina-
tion such that BH4-treated animals did not differ from
normoxic controls.

What Are the Clinical Implications?

• Repurposing BH4 for maternal administration during fetal
brain development has the potential to reduce white matter
dysmaturation seen in cyanotic congenital heart disease.

• Because BH4 is already approved by the Food and Drug
Administration and shown to be safe during pregnancy,
there is significant translational potential for BH4 to become
a new neuroprotective therapy for fetuses with cyanotic
congenital heart disease.
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CHD. Further, we hypothesize that treating with BH4 will
mitigate the toxic effects of hypoxia on the developing white
matter.

Materials and Methods
The data that support the findings of this study and further
details regarding analytic methods and study materials can be
made available to other researchers upon reasonable request
to the corresponding author.

Animals
CNP-EGFP mouse pups43 were used to allow for direct
visualization of oligodendrocytes. CNP (20,3-cyclic nucleotide
30phosphodiesterase) is expressed by oligodendrocytes at all
stages of cell maturation (Figure 1B). In transgenic mice,
human EGFP (enhanced green fluorescent protein) is overex-
pressed in the oligodendrocyte lineage under the CNP
promoter. The CNP-EGFP strain was generated as described
previously and backcrossed to a C57BL/6 genetic back-
ground >9 generations.44 Only mice that expressed green
fluorescent protein during screening on postnatal day 2 with
ultraviolet goggles were used. We performed all experiments
in compliance with the NIH Guide for the Care and Use of
Laboratory Animals. The study was approved by the Animal
Care and Use Committee of the Children’s National Health
System.

Hypoxia Experiment and BH4 Treatment
The maturation state of white matter from postnatal day 3
(P3) to P11 in the mouse is the equivalent time period to
the third trimester of pregnancy in humans (Figure 1C).45,46

The hypoxic rearing therefore began on (P3) and continued
until P11 in a hypoxic chamber system (BioSpherix,
Redfield, NY) to reproduce the hypoxic state of the CHD
fetus (Figure 1C).46–48 A recent clinical magnetic resonance
imaging study has identified that during the third trimester
there is a progressive and significant decline in gestational
age–adjusted white matter volume in CHD fetuses relative
to normal controls.49 During the experiment, the oxygen
concentration was maintained, monitored, and recorded
continuously with sensors placed inside the chamber to
achieve a level of 10.5 � 0.5% (Pro:Ox Model 360,
BioSpherix) (Figure 1C).45 Nitrogen gas was used to
displace the oxygen and maintain hypoxic conditions
(hypoxia). The temperature and humidity were monitored,
and each of these parameters inside the chamber was
similar to the normoxic condition (normoxia). Age-matched
mice reared in normal oxygen levels were used to simulate
normoxia. BH4 (Kuvan; BioMarin Inc, San Rafael, CA) at

50 mg/kg/day was administered orally over this same time
period in our treatment group (Figure 1C), thus modeling
initiation of therapy at the beginning of the third trimester
—a common time for CHD diagnosis (hypoxia with BH4).
Mice were randomly allocated to the 3 treatment groups,
with no difference in sex distribution among the groups.

Liquid Chromatography Coupled to Electrospray
Tandem Mass Spectrometry
Fresh frozen whole brain and whole heart samples at P11
(n=7–12) were thawed in ice at room temperature,
homogenized in methanol and buffer containing 0.2 mol/L
trichloroacetic acid, 1 mmol/L ethylenediaminetetraacetic
acid, 6.5 mmol/L dithierythritol, and 50 mmol/L ascorbic
acid, then vortexed and kept on ice for 10 minutes. After
centrifugation at 1741g for 20 minutes at 4°C, the
supernatants were resolved on an Acquity BEH C18
1.7 lm, 2.19100 mm column online with a triple quadru-
pole mass spectrometer (Xevo-TQ-S; Waters Corporation,
Milford, MA) operating in the multiple reaction monitoring
mode. The instrument parameters were optimized to gain
maximum specificity and sensitivity of ionization for the
parent (m/z 242.213; BH4) and daughter ions (m/z
166.08). Signal intensities from all multiple reaction mon-
itoring Q1/Q3 ion pairs for the analyte were ranked to
ensure selection of the most intense precursor and
fragment ion pair for multiple reaction monitoring–based
quantitation. Multiple reaction monitoring data were pro-
cessed using Target Lynx 4.1. The relative quantification
values of analytes were determined by calculating the ratio
of peak areas of transitions of samples normalized to the
peak area of the internal standard.

Immunohistochemistry
At the conclusion of each experiment, mice were deeply
anesthetized and perfused transcardially with 20 mL of
0.1 mol/L phosphate buffer saline, followed by 4%
paraformaldehyde. Brains were removed, postfixed in 4%
paraformaldehyde for 24 hours at 4°C, and cryoprotected
for at least 48 hours in phosphate buffer saline containing
30% sucrose. All brains were stored at �80°C until further
processing. For assessment of white matter oligodendro-
cytes, 20-lm sections were incubated for 1 hour at room
temperature with blocking solution (10% normal goat serum,
1% bovine serum albumin, and 0.3% Tween 20 in phosphate
buffered saline, pH 7.4) and then incubated at 4°C
overnight with primary antibody and carrier solution (1%
normal goat serum, 1% bovine serum albumin, and 0.3%
Tween 20 in phosphate-buffered saline, pH 7.4). Sections
were washed with phosphate-buffered saline and then
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incubated for 1 hour at room temperature with secondary
antibody and carrier solution. We identified mature oligo-
dendrocytes using the CC1 antibody, which binds quaking
protein 7, an RNA-binding protein highly upregulated in
myelinating oligodendrocytes (Figure 1B), as we performed
previously50 (n=5–8 at P11; n=3–4 at P30). Antibodies to
cleaved caspase-3 were used to identify apoptosis in each
developmental stage of white matter oligodendrocytes
(n=3–6). For cellular analysis, mouse white matter was
subdivided into the following 3 regions: (1) corpus callosum;
(2) cingulum; and (3) external capsule. To determine cell
density, the antibody-positive cells were quantified using a
stereological counting system (Stereo Investigator; MBF
Bioscience, Williston, VT). The system provides systematic
random sampling to obtain unbiased estimates of cell
number.51

Western Blot
MBP (myelin basic protein) expression level by western
blotting indicates degree of myelination (Figure 1B). For
western blot analysis, tissues were precisely dissected from
coronal sections among tested groups (n=6–10). Tissues were
homogenized in lysis buffer with proteinase inhibitors. Protein
extracts were boiled for 5 minutes before loading onto 4% to
20% gradient gels. Gels were electrotransferred to a 0.2-lm
nitrocellulose membrane. Blots were blocked and then
incubated with an antibody against MBP. Band intensity was
measured using the ImageJ program (National Institutes of
Health).

Inclined-Beam Testing
The inclined-beam test was used to assess sensory–motor
integration and the overall function of the subcortical white
matter.44 Animals were kept on a regular 12-hour light/dark
cycle. Food and water were made available ad libitum. Mice
were acclimated to the behavioral testing room for 1 hour
before commencement of testing. An 80-cm-long and 1-cm-
wide wooden beam was placed at a 30-degree angle. A dark
box with bedding was at the end of the incline and served as a
target for the mouse to reach. A blinded experimenter
assessed performance by documenting the number of hind-
leg foot slips and the time to traverse the beam. The beam
was cleaned with 30% ethanol (v/v) between each mouse.
Males and females were used for this experiment (n=5–9).

Statistical Analysis
The Kolmogorov–Smirnov goodness-of-fit test assessed
whether the continuous variables follow a normal (Gaus-
sian-shaped) distribution. A 2-tailed, unpaired Student t test

was performed for single comparisons. For multiple com-
parisons, a 1-way or 2-way ANOVA was applied with the
F-test to determine group difference and Bonferroni post
hoc comparisons to protect against type 1 errors (false-
positive results). Statistical analysis was performed using
Prism software (GraphPad Software, Inc, La Jolla, CA). All
data are expressed as mean�SEM. All P values were 2-
tailed using an a-level of 0.05 as the criterion for statistical
significance.

Results

Chronic Hypoxia Depletes BH4 Levels in the
Developing Brain
In previous studies, BH4 was indirectly quantified by high-
performance liquid chromatography.52,53 However, recent
studies have shown direct measurement with liquid chro-
matography–tandem mass spectrometry to be a more accu-
rate method.54 To test our hypothesis that BH4 levels are
depleted in the hypoxic brain, we quantified BH4 levels in the
brain and heart using the direct tissue detection method
(Figure 2A). Our direct quantification found that brain BH4
levels were significantly lower in hypoxia compared with
normoxia (�38.4%; P=0.02; Figure 2B). We also tested heart
tissue levels of BH4 to see if there were any potential targets
of therapy there as well; however, there was no difference in
heart BH4 levels between hypoxia and normoxia (Figure 2C).
These results indicate BH4 to be a relevant substance in
hypoxic events in the developing brain, thus establishing a
potential phramacologic target for improving outcomes in
chronic hypoxia through replacement therapy.

BH4 Treatment Does Not Interfere With
Expansion of Oligodendrocyte Pool Caused by
Hypoxia
Because hypoxia caused by complex CHD affects white
matter, we examined the effects of hypoxia and BH4
treatment on the development of oligodendrocytes in our
animal model. When we analyzed the number of CNP+ entire
oligodendrocyte lineages (Figure 1B) in 3 white matter tracts
at P11, the number significantly varied according to treatment
group but not by white matter region (Figure 3A through 3D).
Consistent with hypoxia-induced oligodendrocyte proliferation
seen previously,47 our results demonstrated that CNP+

oligodendrocyte number increased with hypoxia as compared
with normoxia (Figure 3A, 3B, and 3D). Treatment with BH4
did not limit this hypoxia-induced proliferation; CNP+ cell
number was also increased for hypoxia with BH4 as compared
with normoxia (Figure 3A, 3C, and 3D) such that there was no
difference between hypoxia and hypoxia with BH4 (Figure 3B
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through 3D). This indicates that BH4 treatment does not
interfere with the aforementioned hypoxia-induced expansion
of the oligodendrocyte pool in developing white matter.

Increases in Apoptosis During Hypoxia Are
Mitigated By BH4, but BH4 Treatment Does Not
Change Apoptosis Within Oligodendrocyte
Lineages
Reduction of brain BH4 levels from nNOS activation during
hypoxia causes increased production of toxic peroxynitrite,
which triggers cell apoptosis. Next, we assessed the effects
of hypoxia and BH4 treatment on caspase-3 activation in
the developing white matter. Number of cleaved (active)
caspase-3+ cells varied by treatment group but not by white
matter region (Figure 4A through 4D). Consistent with
previous findings in this model,44,47 caspase-3+ cell number
increased with hypoxia as compared with normoxia

(Figure 4A, 4B, and 4D). Treatment with BH4 significantly
decreased apoptosis, as hypoxia with BH4 had fewer
caspase-3+ cells than hypoxia (Figure 4B through 4D).
Remarkably, there was no difference in caspase-3+ cell
number between normoxia and hypoxia with BH4 (p=0.841),
indicating that BH4 treatment normalized caspase activation
during white matter development. When percentage of
oligodendrocytes expressing cleaved caspase-3 (ie, apop-
totic oligodendrocytes) were assessed, there were signifi-
cant differences among the 3 treatment groups (Figure 4E).
Consistent with aforementioned findings, chronic hypoxia
caused significant increases in oligodendrocyte apoptosis as
compared with normoxia (Figure 4E). Treatment with BH4
significantly decreased apoptotic cell population in the
white matter (Figure 4D); however, we found no differences
in apoptotic oligodendrocyte numbers between hypoxia and
hypoxia with BH4 at a dose of 50 mg/kg per day
(Figure 4E).

Figure 2. Chronic hypoxia depletes BH4 levels in the developing brain. A, Direct quantification of BH4
using liquid chromatography coupled to electrospray tandem mass spectrometry. B and C, BH4 levels are
significantly lower following hypoxia in the brain (B); however, there is no difference in heart BH4 levels
between normoxia and hypoxia (C). Data are shown as mean�SEM (n=7–12 each). BH4 indicates
tetrahydrobiopterin; Hx, hypoxia; Nx, normoxia.
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Treatment With BH4 Under Hypoxic Conditions
Improves Hypoxia-Induced Arrested
Oligodendrocyte Maturation

Next, we examined the maturation of oligodendrocytes in the
same white matter tracts. Mature oligodendrocytes uniquely
display CC1, which we targeted as a cell marker for this
investigation (Figure 1B). Number of CC1+ oligodendrocytes
varied by treatment group but not by brain region (Figure 5A
through 5D). Although CNP+ entire oligodendrocyte lineages
increased with hypoxia (Figure 3D), the number of CC1+

mature oligodendrocytes significantly decreased with hypoxia
as compared with normoxia (Figure 5A, 5B, and 5D). When we
assessed CNP+CC1� immature oligodendrocyte numbers,
expansion of the cell population was observed with hypoxia
(Figure 5E), indicating arrested oligodendrocyte maturation
attributable to chronic hypoxic conditions. These findings are
consistent with preoligodendrocyte accumulation after peri-
natal ischemia-reperfusion injury in other rodent models.55

Remarkably, hypoxia-induced reduction of mature
oligodendrocyte population was not seen under treatment
with BH4 as hypoxia with BH4 showed more CC1+ cells
than did hypoxia (Figure 5B through 5D), and there was no
difference between normoxia and hypoxia with BH4 in
number of mature oligodendrocytes (Figure 5A, 5C, and
5D). Consistently, we observed no accumulation
of CNP+CC1� immature oligodendrocyte numbers after
BH4 treatment during hypoxia (Figure 5E), demonstrating
that BH4 replacement therapy under hypoxic condi-
tions improves hypoxia-induced arrested oligodendrocyte
maturation.

Investigation of oligodendrocyte maturity at P30 demon-
strated that the effects of hypoxia-induced arrested oligo-
dendrocyte maturation persisted beyond the initial period of
hypoxia. Hypoxia from P3 to P11 resulted in persistently
decreased numbers of CNP+CC1+ mature oligodendrocytes
at P30 when compared with both normoxia and hypoxia
with BH4 (Figure 6A through 6D). Again, there was no

A B C

D

Figure 3. BH4 treatment does not interfere with expansion of oligodendrocyte pool due to hypoxia. A
through C, CNP+ oligodendrocyte lineages in the corpus callosum among 3 groups including normoxia,
hypoxia, and hypoxia with BH4 treatment. D, CNP+ oligodendrocyte number increased following hypoxia as
compared with normoxia; treatment with BH4 does not affect hypoxia-induced oligodendrocyte
proliferation. *P<0.01 vs hypoxia and P<0.01 vs hypoxia+BH4 by ANOVA with Bonferroni comparisons.
Bar=50 lm. Data are shown as mean�SEM (n=3–6 each). BH4 indicates tetrahydrobiopterin; CNP, 20,3-
cyclic nucleotide 30phosphodiesterase; DAPI, 40,6-diamidino-2-phenylindole.
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difference in CNP+CC1+ mature oligodendrocyte quantity
between normoxia and hypoxia with BH4 (Figure 6A, 6C,
and 6D), demonstrating that the benefits of BH4 treatment
on hypoxia-induced arrested oligodendrocyte maturation
persisted beyond the initial period of hypoxia.

Treatment With BH4 Eliminates Delayed
Myelination Resulting From Chronic Hypoxia

We investigated the myelination performed by these
oligodendrocytes by looking at expression of MBP.

A B C

D

E

Figure 4. Increases in apoptosis during hypoxia are mitigated by BH4; however, BH4 treatment does not
change apoptosis within oligodendrocyte lineages. A through C, CNP+ caspase-3+ apoptotic oligodendro-
cytes in the corpus callosum among 3 groups. D, Caspase-3+ cell number increases following hypoxia.
Treatment with BH4 reduces the number compared with hypoxia. There is no difference in caspase-3+ cell
number between normoxia and hypoxia with BH4. E, There is no difference in apoptotic oligodendrocyte
numbers between hypoxia and hypoxia with BH4. *P<0.05 vs normoxia, †P<0.01 vs normoxia and P<0.05
vs hypoxia+BH4 by ANOVA with Bonferroni comparisons. Bar=50 lm. Data are shown as mean�SEM
(n=3–6 each). BH4 indicates tetrahydrobiopterin; CNP, 20,3-cyclic nucleotide 30phosphodiesterase; DAPI,
40,6-diamidino-2-phenylindole.
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Consistent with previous observations,44,47 MBP expression
decreased with hypoxia as compared with normoxia
(Figure 7A, 7B, 7D, and 7E). Treatment with BH4 eliminated
the delayed myelination such that hypoxia with BH4 had

increased MBP expression compared with hypoxia (Fig-
ure 7B through 7E). There was no difference in MBP
expression between normoxia and hypoxia with BH4
(Figure 7A and 7C through 7E), thus suggesting that

A B C

D

E

Figure 5. Treatment with BH4 under hypoxic conditions improves hypoxia-induced arrested oligodendrocyte
maturation. A through C, CC1+ mature oligodendrocytes in corpus callosum among 3 groups. D, Mature
oligodendrocyte number decreases with hypoxia; on the other hand, the reduction is not observed under
treatment with BH4. E, There are no accumulations of CNP+CC1� immature oligodendrocytes after BH4
treatment during hypoxia. *P<0.05 vs hypoxia+BH4, †P<0.01 vs hypoxia+BH4, and P<0.05 vs normoxia by
ANOVA with Bonferroni comparisons. Bar=50 lm. Data are shown asmean�SEM (n=5–8 each). BH4 indicates
tetrahydrobiopterin; CNP, 20,3-cyclic nucleotide 30phosphodiesterase; DAPI, 40,6-diamidino-2-phenylindole.
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treatment with BH4 allows white matter oligodendrocytes
not only to mature but also to myelinate under a chronic
hypoxic condition.

Treatment Improves Long-Term Sensory-Motor
Coordination Following Hypoxia in P30 Mice
Finally, we investigated sensory-motor coordination of P30
mice following hypoxic conditions, as fine and gross motor
deficits are the most common neurologic deficits seen in
children with CHD.4,56 Using a 1-cm-wide inclined-beam
walking task, sensory-motor coordination was impaired in
hypoxia, as evidenced both by increased number of foot slips
and longer traverse time (Figure 8A and 8B). Treatment with
BH4 restored sensory-motor coordination such that number
of foot slips and traverse time was no different between
normoxia and hypoxia with BH4, thus suggesting that BH4
allows for normalization of motor abnormalities seen in
hypoxia. There was no difference in task performance by sex.

Discussion

Using a mouse model of prenatal hypoxic white matter
dysmaturation, our results support the hypothesis that BH4
levels are depleted in the developing brain under conditions of
chronic hypoxia. Our results also support our hypothesis that
treatment with BH4 under hypoxic conditions mitigates the
toxic effects of chronic hypoxia on the developing brain. BH4
treatment under hypoxic conditions prevents increases in
apoptosis of the developing white matter. Further, it does so
without interfering with hypoxia-induced expansion of the
oligodendrocyte pool. In oligodendrocyte lineages specifically,
BH4 does not change apoptosis; rather, the treatment
eliminates hypoxia-induced arrested oligodendrocyte matura-
tion. Importantly, the improvement in oligodendrocyte matu-
ration seen with BH4 treatment persists beyond the initial
period of hypoxia. The present study also determines that
BH4 replacement therapy eliminates delayed myelination
attributable to chronic hypoxia. Finally, BH4 treatment causes

A B C

D

Figure 6. Benefits of BH4 treatment on hypoxia-induced arrested oligodendrocyte maturation persist in
P30 mice. A through C, CC1+ mature oligodendrocytes in the corpus callosum among 3 groups.
Bar=50 lm. D, Mature oligodendrocyte number is still decreased at P30 with hypoxia; the reduction is not
observed under treatment with BH4. *P<0.05, †P<0.01, and ‡P<0.001 vs hypoxia by 2-way ANOVA with
Bonferroni comparisons. Data are shown as mean�SEM (n=3–4 each). BH4 indicates tetrahydrobiopterin;
CNP, 20,3-cyclic nucleotide 30phosphodiesterase; DAPI, 40,6-diamidino-2-phenylindole.
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measurable and persistent improvements in sensory-motor
coordination beyond the initial hypoxic period. All of these
findings support the potential development of a new prenatal
treatment to improve neurodevelopmental outcomes in the
CHD population.

Multiple mouse models have been developed to mimic the
complex cardiac structures of CHD.57 However, nearly all
genetic mouse models of complex CHD result in embryonic
lethality; therefore, the pathologic effects of CHD on white
matter maturation cannot be assessed in these models.28

Unlike in humans, white matter development in the mouse
brain begins postnatally.58,59 Our mice are exposed to hypoxia
during a period that corresponds to the human third trimester
specifically for white matter development.60 For the human
fetus with CHD, the third trimester is particularly important for
white matter development, as this is the period in which the
greatest progressive white matter volume decline is seen in
complex CHD.49 Our mouse model has demonstrated similar
phenotypes of white matter abnormalities as seen in human
neonates with CHD, such as microstructural alterations

determined by diffusion tensor imaging,7,44 indicating that
our mouse model uniquely replicates white matter pathology
attributable to in utero hypoxia in the human fetus with CHD.

As survival from CHD increases, especially for complex
disease such as transposition of the great arteries and single-
ventricle lesions, neurologic sequelae are increasingly recog-
nized. There are large personal, family, and societal costs of
neurologic abnormalities in this growing community of
patients. Neurologic insults in complex CHD start in utero,7,61

and altered white matter microstructure from the perinatal
period persists into adolescence.18,62,63 Alterations in fetal
cerebral oxygen delivery attributable to CHD lead to delayed
brain maturation at birth.64–67 Notably, immature white
matter is at increased risk for further brain injury during
cardiac surgery.8,10 There are no effective treatment options
currently available for neuroprotection of the fetus with CHD.
Our results suggest that suboptimal BH4 levels influence
hypoxic white matter derangements and that replacement
therapy with BH4 improves hypoxia-induced delayed white
matter maturation.

A B C

D E

Figure 7. Treatment with BH4 eliminates delayed myelination resulting from chronic hypoxia. A through
C, Myelin basic protein (MBP) expression in the corpus callosum among 3 groups. D, MBP expression level
decreases following hypoxia. Treatment with BH4 results in increased expression compared with hypoxia. E,
Western blot of white matter tissue in 3 groups. Actin size 42 kDa, MBP size 22 kDa. Bar=50 lm. Data are
shown as mean�SEM (n=6–10 each). Hx indicates hypoxia; MBP, myelin basic protein; Nx, normoxia.
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A synthetic form of BH4 (sapropterin dihydrochloride) is
already a Food and Drug Administration–approved treatment
for phenylketonuria.68 Extensive safety testing has revealed
this medication to be safe during pregnancy.69,70 Common
side effects that occurred in at least 4% of participants
included rhinorrhea and pharyngitis in both the adult and
pediatric population. Other reported side effects did not differ
from placebo. Anaphylaxis reactions have occurred, but there
have been no other serious adverse effects in adult and
pediatric populations.71–73 A study of 16 pregnancies carried
by women with phenylketonuria who were taking BH4 during
gestation69 revealed 13 full-term live births, 2 spontaneous
abortions, and 1 preterm birth at 35 weeks’ gestation.
Maternal phenylketonuria is a known risk factor for sponta-
neous abortion, but the incidence of spontaneous abortion
observed in the cohort was similar to the general population.
The only offspring adverse event reported as possibly related
to BH4 administration was hypophagia in the infant born
preterm, and this resolved at 9 days of age. In addition to
BH4’s extensive safety record, it crosses the placenta and
distributes throughout the fetus, including brain tissue.74,75

There have been significant improvements in white matter
integrity for human patients with phenylketonuria who were
treated early with BH4.76,77 As such, repurposing BH4 as a
neuroprotective treatment for fetuses with CHD by providing
it as a maternal medication following prenatal diagnosis is a
feasible goal. The average prenatal age of CHD diagnosis in
the United States is from the late second to early third
trimester in the human fetus.78 BH4 treatment in our animal
model was started on postnatal day 3, equivalent to the early
third trimester in humans (Figure 1C). Our current results
take a translational approach toward developing a new
maternal therapy aimed at reducing white matter immaturity

in the fetus with CHD and white matter injury after neonatal
cardiac surgery.

Limitations to our data include the inherent limitations of
using an animal model to simulate human disease. Our study
investigates the effects of hypoxia and BH4 treatment on the
white matter development that occurs during the murine
equivalent to the third trimester of human pregnancy. In mice,
this period of white matter development begins in the postnatal
period, and thus hypoxic rearing began on P3. There are
important differences between the prenatal and postnatal
environment, perhaps the most relevant being the increase in
oxygen tension at birth to normal levels. By letting the mice
develop normally until P3, it is possible that we are not
accounting for developmental abnormalities that would have
occurred before our selected developmental period. Another
limitation of our animal model is that we had to approximate
fractional inspired oxygen concentration to simulate the human
condition. Magnetic resonance imaging studies of human
fetuses with cyanotic CHD demonstrate a mean ascending
aortic saturation of 48%.26 Pulse oximetry in rodents breathing
10% fractional inspired oxygen concentration revealed arteri-
olar saturations between 55% and 70%,79 and direct blood
sampling of rodents breathing 12% fractional inspired oxygen
concentration revealed a mean arterial oxyhemoglobin satura-
tion of 53% with a partial pressure of oxygen of 41.5 mm Hg.80

It is possible that the hypoxia experienced by the animals had a
more severe effect than would be seen in human cyanotic CHD
because of the differences between the prenatal and postnatal
environments.

The etiology of poor neurodevelopmental outcomes in
children with CHD is likely multifactorial. Recent large
consortia studies have demonstrated striking overlap between
genes in probands with CHD and autism,81,82 suggesting a
common genetic etiology of CHD and brain anomalies.
Therefore, in situations in which genetic differences may
drive brain abnormalities, those brain abnormalities may be
less amenable to the proposed BH4 treatment. However, the
cellular and molecular mechanisms whereby genetic alter-
ations affect brain development in CHD are largely unex-
plored. Sophisticated genetic tools exist to allow
investigations into the effects of hypoxia and/or BH4
treatment on mouse models of genetically manipulated
brains. Thus, future studies with animal models will be
essential to determining how genetic alterations identified in
CHD patients affect the molecular and cellular programs
underlying brain development, and this will be of great
importance in establishing an optimal regimen for prenatal
BH4 treatment in the fetus with CHD.

A combination of genetics, chronic hypoxia, and abnor-
mal flow patterns could all contribute to the development of
brain abnormalities in cyanotic CHD.83 Our research
focuses specifically on alleviating the harmful effects of

Figure 8. BH4 treatment improves long-term sensory-motor
coordination following hypoxia in P30 mice. A and B, On the
inclined beam-walking task (1 cm width), number of foot slips (A)
and traverse time (B) increase with hypoxia, and this increase is
not observed with BH4 treatment. Data are shown as mean�SEM
(all groups n=5, except for Nx n=9). BH4 indicates tetrahydro-
biopterin; Hx, hypoxia; Nx, normoxia.
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hypoxia on brain development. It is our hope that by
reducing hypoxic brain injury in the cyanotic CHD popula-
tion, neurodevelopmental outcomes will overall improve. The
impact of this improvement is limited by the multifactorial
nature of brain pathology in this population, and we
emphasize the point that each possible etiology requires
thorough investigation. Although immature white matter is
more vulnerable to injury than mature white matter, it also
retains a greater plasticity and more effective endogenous
repair mechanisms, including remyelination and functional
recovery of white matter axons by oligodendrocyte progen-
itors.84,85 To attain successful white matter development in
children with CHD, it will be critical to understand how the
various factors contributing to brain pathology affect these
endogenous repair mechanisms and developmental cellular
processes.

The translation from bench science to clinical application is
currently one of society’s largest demands on the medical
research community.86,87 We recently established a chronic
hypoxia model in newborn piglets that models impaired
cortical development in human infants born with cyanotic
CHD.88 Our future studies using the large animal model,
together with a pharmacokinetic approach, will assist in
establishing an optimal regimen for maternal BH4 adminis-
tration. Ultimately, we plan to move forward with designing a
clinical trial for neuroprotection in the human population with
cyanotic CHD.

Acknowledgments
The authors acknowledge the Metabolomics Shared Resource in
Georgetown University (Washington, DC). We are thankful to Ms
Vidhi Kumar for assistance with immunohistochemical analysis.

Sources of Funding
This workwas partially supported by NIH grants R01HL104173,
R01HL128546, R01HL128546, R01NS045702, and by a grant
from the Children’s Heart Foundation, the Baier Cardiac
Research Fund, and the Foglia and Hills Families. The
Metabolomics Shared Resource was partially supported by
NIH/NCI/CCSG grant P30-CA051008. This publication was
also supported by Award Number 1U54HD090257-01 from the
NIH, District of Columbia Intellectual and Developmental
Disabilities Research Center Award (DC-IDDRC) program. Its
contents are solely the responsibility of the authors and do not
necessarily represent the official views of the DC-IDDRC or the
National Institutes of Health.

Disclosures
None.

References
1. Hoffman JIE, Kaplan S. The incidence of congenital heart disease. J Am Coll

Cardiol. 2002;39:1890–1900.

2. Reller MD, Strickland MJ, Riehle-Colarusso T, Mahle WT, Correa A. Prevalence
of congenital heart defects in metropolitan Atlanta, 1998-2005. J Pediatr.
2008;153:807–813.

3. Bellinger DC, Wypij D, Rivkin MJ, DeMaso DR, Robertson RL, Dunbar-
Masterson C, Rappaport LA, Wernovsky G, Jonas RA, Newburger JW.
Adolescents with d-transposition of the great arteries corrected with the
arterial switch procedure: neuropsychological assessment and structural brain
imaging. Circulation. 2011;124:1361–1369.

4. Newburger JW, Sleeper LA, Bellinger DC, Goldberg CS, Tabbutt S, Lu M,
Mussatto KA, Williams IA, Gustafson KE, Mital S, Pike N, Sood E, Mahle WT,
Cooper DS, Dunbar-Masterson C, Krawczeski CD, Lewis A, Menon SC,
Pemberton VL, Ravishankar C, Atz TW, Ohye RG, Gaynor JW; Investigators
PHN. Early developmental outcome in children with hypoplastic left heart
syndrome and related anomalies: the single ventricle reconstruction trial.
Circulation. 2012;125:2081–2091.

5. Kaltman JR, Andropoulos DB, Checchia PA, Gaynor JW, Hoffman TM, Laussen
PC, Ohye RG, Pearson GD, Pigula F, Tweddell J, Wernovsky G, Del Nido P;
Group PW. Report of the pediatric heart network and national heart, lung, and
blood institute working group on the perioperative management of congenital
heart disease. Circulation. 2010;121:2766–2772.

6. Tabbutt S, Gaynor JW, Newburger JW. Neurodevelopmental outcomes after
congenital heart surgery and strategies for improvement. Curr Opin Cardiol.
2012;27:82–91.

7. Miller SP, McQuillen PS, Hamrick S, Xu D, Glidden DV, Charlton N, Karl T,
Azakie A, Ferriero DM, Barkovich AJ, Vigneron DB. Abnormal brain develop-
ment in newborns with congenital heart disease. N Engl J Med.
2007;357:1928–1938.

8. Andropoulos DB, Hunter JV, Nelson DP, Stayer SA, Stark AR, McKenzie ED,
Heinle JS, Graves DE, Fraser CD Jr. Brain immaturity is associated with brain
injury before and after neonatal cardiac surgery with high-flow bypass and
cerebral oxygenation monitoring. J Thorac Cardiovasc Surg. 2010;139:543–556.

9. Galli KK, Zimmerman RA, Jarvik GP, Wernovsky G, Kuypers MK, Clancy RR,
Montenegro LM, Mahle WT, Newman MF, Saunders AM, Nicolson SC, Spray
TL, Gaynor JW. Periventricular leukomalacia is common after neonatal cardiac
surgery. J Thorac Cardiovasc Surg. 2004;127:692–704.

10. Beca J, Gunn JK, Coleman L, Hope A, Reed PW, Hunt RW, Finucane K, Brizard C,
Dance B, Shekerdemian LS. New white matter brain injury after infant heart
surgery is associated with diagnostic group and the use of circulatory arrest.
Circulation. 2013;127:971–979.

11. Guo T, Chau V, Peyvandi S, Latal B,McQuillen PS, KnirschW, Synnes A, Feldmann
M, Naef N, Chakravarty MM, De Petrillo A, Duerden EG, Barkovich AJ, Miller SP.
White matter injury in term neonates with congenital heart diseases: topology &
comparison with preterm newborns. NeuroImage. 2019;185:742–749.

12. Bellinger DC, Jonas RA, Rappaport LA, Wypij D, Wernovsky G, Kuban KC,
Barnes PD, Holmes GL, Hickey PR, Strand RD. Developmental and
neurologic status of children after heart surgery with hypothermic
circulatory arrest or low-flow cardiopulmonary bypass. N Engl J Med.
1995;332:549–555.

13. Volpe JJ. Hypoxic-ischemic encephalopathy: biochemical and physiological
aspects. In: Volpe JJ, ed. Neurology of the Newborn. Philadelphia, PA: Saunders
Elsevier; 2008:247–324.

14. Wernovsky G. Current insights regarding neurological and developmental
abnormalities in children and young adults with complex congenital cardiac
disease. Cardiol Young. 2006;16(suppl 1):92–104.

15. Bellinger DC, Wypij D, duPlessis AJ, Rappaport LA, Jonas RA, Wernovsky G,
Newburger JW. Neurodevelopmental status at eight years in children with
dextro-transposition of the great arteries: the Boston circulatory arrest trial. J
Thorac Cardiovasc Surg. 2003;126:1385–1396.

16. Gozzo Y, Vohr B, Lacadie C, Hampson M, Katz KH, Maller-Kesselman J,
Schneider KC, Peterson BS, Rajeevan N, Makuch RW, Constable RT, Ment LR.
Alterations in neural connectivity in preterm children at school age.
NeuroImage. 2009;48:458–463.

17. Myers EH, Hampson M, Vohr B, Lacadie C, Frost SJ, Pugh KR, Katz KH,
Schneider KC, Makuch RW, Constable RT, Ment LR. Functional connectivity to
a right hemisphere language center in prematurely born adolescents.
NeuroImage. 2010;51:1445–1452.

18. Lubsen J, Vohr B, Myers E, Hampson M, Lacadie C, Schneider KC, Katz KH,
Constable RT, Ment LR. Microstructural and functional connectivity in the
developing preterm brain. Semin Perinatol. 2011;35:34–43.

19. Marlow N. Neurocognitive outcome after very preterm birth. Arch Dis Child
Fetal Neonatal Ed. 2004;89:F224–F228.

DOI: 10.1161/JAHA.119.012711 Journal of the American Heart Association 12

BH4 Therapy for Neuroprotection in CHD Romanowicz et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



20. Mullen KM, Vohr BR, Katz KH, Schneider KC, Lacadie C, Hampson M,
Makuch RW, Reiss AL, Constable RT, Ment LR. Preterm birth results in
alterations in neural connectivity at age 16 years. NeuroImage. 2011;54:
2563–2570.

21. Luu TM, Ment L, Allan W, Schneider K, Vohr BR. Executive and memory
function in adolescents born very preterm. Pediatrics. 2011;127:e639–e646.

22. Luu TM, Vohr BR, Allan W, Schneider KC, Ment LR. Evidence for catch-up in
cognition and receptive vocabulary among adolescents born very preterm.
Pediatrics. 2011;128:313–322.

23. McQuillen PS, Goff DA, Licht DJ. Effects of congenital heart disease on brain
development. Prog Pediatr Cardiol. 2010;29:79–85.

24. Donofrio MT, Duplessis AJ, Limperopoulos C. Impact of congenital heart
disease on fetal brain development and injury. Curr Opin Pediatr.
2011;23:502–511.

25. Licht DJ, Shera DM, Clancy RR, Wernovsky G, Montenegro LM, Nicolson SC,
Zimmerman RA, Spray TL, Gaynor JW, Vossough A. Brain maturation is delayed
in infants with complex congenital heart defects. J Thorac Cardiovasc Surg.
2009;137:529–536; discussion 536–527.

26. Sun L, Macgowan CK, Sled JG, Yoo SJ, Manlhiot C, Porayette P, Grosse-
Wortmann L, Jaeggi E, McCrindle BW, Kingdom J, Hickey E, Miller S, Seed M.
Reduced fetal cerebral oxygen consumption is associated with smaller brain
size in fetuses with congenital heart disease. Circulation. 2015;131:1313–
1323.

27. Peyvandi S, Latal B, Miller SP, McQuillen PS. The neonatal brain in critical
congenital heart disease: insights and future directions. NeuroImage.
2019;185:776–782.

28. Morton PD, Ishibashi N, Jonas RA, Gallo V. Congenital cardiac anomalies and
white matter injury. Trends Neurosci. 2015;38:353–363.

29. Leonetti C, Back SA, Gallo V, Ishibashi N. Cortical dysmaturation in congenital
heart disease. Trends Neurosci. 2019;42:192–204.

30. Taylor DL, Edwards AD, Mehmet H. Oxidative metabolism, apoptosis and
perinatal brain injury. Brain Pathol. 1999;9:93–117.

31. Silverstein FS, Jensen FE. Neonatal seizures. Ann Neurol. 2007;62:112–120.

32. Blomgren K, Hagberg H. Free radicals, mitochondria, and hypoxia-ischemia in
the developing brain. Free Radic Biol Med. 2006;40:388–397.

33. Robertson CL, Scafidi S, McKenna MC, Fiskum G. Mitochondrial mechanisms
of cell death and neuroprotection in pediatric ischemic and traumatic brain
injury. Exp Neurol. 2009;218:371–380.

34. Berka V, Wang LH, Tsai AL. Oxygen-induced radical intermediates in the nNOS
oxygenase domain regulated by l-arginine, tetrahydrobiopterin, and thiol.
Biochemistry. 2008;47:405–420.

35. Linares D, Taconis M, Mana P, Correcha M, Fordham S, Staykova M,
Willenborg DO. Neuronal nitric oxide synthase plays a key role in CNS
demyelination. J Neurosci. 2006;26:12672–12681.

36. McDonald JW, Johnston MV. Physiological and pathophysiological roles of
excitatory amino acids during central nervous system development. Brain Res
Brain Res Rev. 1990;15:41–70.

37. Follett PL, Deng W, Dai W, Talos DM, Massillon LJ, Rosenberg PA, Volpe JJ,
Jensen FE. Glutamate receptor-mediated oligodendrocyte toxicity in periven-
tricular leukomalacia: a protective role for topiramate. J Neurosci.
2004;24:4412–4420.

38. Manning SM, Talos DM, Zhou C, Selip DB, Park HK, Park CJ, Volpe JJ, Jensen FE.
NMDA receptor blockade with memantine attenuates white matter injury in a rat
model of periventricular leukomalacia. J Neurosci. 2008;28:6670–6678.

39. Johnston MV, Fatemi A, Wilson MA, Northington F. Treatment advances in
neonatal neuroprotection and neurointensive care. Lancet Neurol.
2011;10:372–382.

40. Ferriero DM. Neonatal brain injury. N Engl J Med. 2004;351:1985–1995.

41. Hunt DL, Castillo PE. Synaptic plasticity of NMDA receptors: mechanisms and
functional implications. Curr Opin Neurobiol. 2012;22:496–508.

42. Steinert JR, Chernova T, Forsythe ID. Nitric oxide signaling in brain function,
dysfunction, and dementia. Neuroscientist. 2010;16:435–452.

43. Yuan X, Chittajallu R, Belachew S, Anderson S, McBain CJ, Gallo V. Expression
of the green fluorescent protein in the oligodendrocyte lineage: a transgenic
mouse for developmental and physiological studies. J Neurosci Res.
2002;70:529–545.

44. Scafidi J, Hammond TR, Scafidi S, Ritter J, Jablonska B, Roncal M, Szigeti-Buck
K, Coman D, Huang Y, McCarter RJ Jr, Hyder F, Horvath TL, Gallo V. Intranasal
epidermal growth factor treatment rescues neonatal brain injury. Nature.
2014;506:230–234.

45. Scafidi J, Gallo V. New concepts in perinatal hypoxia ischemia encephalopathy.
Curr Neurol Neurosci Rep. 2008;8:130–138.

46. Raymond M, Li P, Mangin JM, Huntsman M, Gallo V. Chronic perinatal hypoxia
reduces glutamate-aspartate transporter function in astrocytes through the
Janus kinase/signal transducer and activator of transcription pathway. J
Neurosci. 2011;31:17864–17871.

47. Jablonska B, Scafidi J, Aguirre A, Vaccarino F, Nguyen V, Borok E, Horvath TL,
Rowitch DH, Gallo V. Oligodendrocyte regeneration after neonatal hypoxia
requires FoxO1-mediated p27(Kip1) expression. J Neurosci. 2012;32:14775–
14793.

48. Niimi Y, Levison SW. Pediatric brain repair from endogenous neural stem cells
of the subventricular zone. Pediatr Res. 2018;83:385–396.

49. Clouchoux C, du Plessis AJ, Bouyssi-Kobar M, Tworetzky W, McElhinney DB,
Brown DW, Gholipour A, Kudelski D, Warfield SK, McCarter RJ, Robertson RL Jr,
Evans AC, Newburger JW, Limperopoulos C. Delayed cortical development in
fetuses with complex congenital heart disease. Cereb Cortex. 2013;23:2932–
2943.

50. Agematsu K, Korotcova L, Scafidi J, Gallo V, Jonas RA, Ishibashi N. Effects of
preoperative hypoxia on white matter injury associated with cardiopulmonary
bypass in a rodent hypoxic and brain slice model. Pediatr Res. 2014;75:618–
625.

51. Korotcova L, Kumar S, Agematsu K, Morton PD, Jonas RA, Ishibashi N.
Prolonged white matter inflammation after cardiopulmonary bypass and
circulatory arrest in a juvenile porcine model. Ann Thorac Surg.
2015;100:1030–1037.

52. Moens AL, Takimoto E, Tocchetti CG, Chakir K, Bedja D, Cormaci G, Ketner EA,
Majmudar M, Gabrielson K, Halushka MK, Mitchell JB, Biswal S, Channon KM,
Wolin MS, Alp NJ, Paolocci N, Champion HC, Kass DA. Reversal of cardiac
hypertrophy and fibrosis from pressure overload by tetrahydrobiopterin:
efficacy of recoupling nitric oxide synthase as a therapeutic strategy.
Circulation. 2008;117:2626–2636.

53. V�asquez-Vivar J, Whitsett J, Derrick M, Ji X, Yu L, Tan S. Tetrahydrobiopterin in
the prevention of hypertonia in hypoxic fetal brain. Ann Neurol. 2009;66:323–
331.

54. Kim HR, Kim TH, Hong SH, Kim HG. Direct detection of tetrahydrobiopterin
(BH4) and dopamine in rat brain using liquid chromatography coupled
electrospray tandem mass spectrometry. Biochem Biophys Res Commun.
2012;419:632–637.

55. Segovia KN, McClure M, Moravec M, Luo NL, Wan Y, Gong X, Riddle A, Craig
A, Struve J, Sherman LS, Back SA. Arrested oligodendrocyte lineage
maturation in chronic perinatal white matter injury. Ann Neurol. 2008;63:
520–530.

56. Goldberg CS, Lu M, Sleeper LA, Mahle WT, Gaynor JW, Williams IA, Mussatto
KA, Ohye RG, Graham EM, Frank DU, Jacobs JP, Krawczeski C, Lambert L,
Lewis A, Pemberton VL, Sananes R, Sood E, Wechsler SB, Bellinger DC,
Newburger JW; Pediatric Heart Network Investigators. Factors associated with
neurodevelopment for children with single ventricle lesions. J Pediatr.
2014;165(3):490–496.e498

57. Liu X, Yagi H, Saeed S, Bais AS, Gabriel GC, Chen Z, Peterson KA, Li Y,
Schwartz MC, Reynolds WT, Saydmohammed M, Gibbs B, Wu Y, Devine W,
Chatterjee B, Klena NT, Kostka D, de Mesy Bentley KL, Ganapathiraju MK,
Dexheimer P, Leatherbury L, Khalifa O, Bhagat A, Zahid M, Pu W, Watkins S,
Grossfeld P, Murray SA, Porter GA Jr, Tsang M, Martin LJ, Benson DW, Aronow
BJ, Lo CW. The complex genetics of hypoplastic left heart syndrome. Nat
Genet. 2017;49:1152–1159.

58. Sturrock RR. Myelination of the mouse corpus callosum. Neuropathol Appl
Neurobiol. 1980;6:415–420.

59. Craig A, Ling Luo N, Beardsley DJ, Wingate-Pearse N, Walker DW, Hohimer AR,
Back SA. Quantitative analysis of perinatal rodent oligodendrocyte lineage
progression and its correlation with human. Exp Neurol. 2003;181:231–240.

60. Salmaso N, Jablonska B, Scafidi J, Vaccarino FM, Gallo V. Neurobiology of
premature brain injury. Nat Neurosci. 2014;17:341–346.

61. McQuillen PS, Miller SP. Congenital heart disease and brain development. Ann
N Y Acad Sci. 2010;1184:68–86.

62. Rivkin MJ, Watson CG, Scoppettuolo LA, Wypij D, Vajapeyam S, Bellinger DC,
DeMaso DR, Robertson RL Jr, Newburger JW. Adolescents with D-transposition
of the great arteries repaired in early infancy demonstrate reduced white
matter microstructure associated with clinical risk factors. J Thorac Cardiovasc
Surg. 2013;146:543–549.e541.

63. Rollins CK, Watson CG, Asaro LA, Wypij D, Vajapeyam S, Bellinger DC, DeMaso
DR, Robertson RL Jr, Newburger JW, Rivkin MJ. White matter microstructure
and cognition in adolescents with congenital heart disease. J Pediatr.
2014;165:936–944.e1-2.

64. Jain V, Buckley EM, Licht DJ, Lynch JM, Schwab PJ, Naim MY, Lavin NA,
Nicolson SC, Montenegro LM, Yodh AG, Wehrli FW. Cerebral oxygen
metabolism in neonates with congenital heart disease quantified by MRI and
optics. J Cereb Blood Flow Metab. 2014;34:380–388.

DOI: 10.1161/JAHA.119.012711 Journal of the American Heart Association 13

BH4 Therapy for Neuroprotection in CHD Romanowicz et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



65. Nagaraj UD, Evangelou IE, Donofrio MT, Vezina LG, McCarter R, du Plessis AJ,
Limperopoulos C. Impaired global and regional cerebral perfusion in newborns
with complex congenital heart disease. J Pediatr. 2015;167:1018–1024.

66. Lim JM, Kingdom T, Saini B, Chau V, Post M, Blaser S, Macgowan C, Miller SP,
Seed M. Cerebral oxygen delivery is reduced in newborns with congenital
heart disease. J Thorac Cardiovasc Surg. 2016;152:1095–1103.

67. Marelli A, Miller SP, Marino BS, Jefferson AL, Newburger JW. Brain in
congenital heart disease across the lifespan: the cumulative burden of injury.
Circulation. 2016;133:1951–1962.

68. United States Food and Drug Administration. FDA labelling information. 2014.
Available at: https://www.accessdata.fda.gov/drugsatfda_docs/nda/2007/
022181TOC.cfm. Accessed March 19, 2019.

69. Grange DK, Hillman RE, Burton BK, Yano S, Vockley J, Fong CT, Hunt J, Mahoney
JJ, Cohen-Pfeffer JL; Registry PDOaSP, sub-registry MPOPPM. Sapropterin
dihydrochloride use in pregnant women with phenylketonuria: an interim report
of the PKU MOMS sub-registry. Mol Genet Metab. 2014;112:9–16.

70. Feillet F, Muntau AC, Debray FG, Lotz-Havla AS, Puchwein-Schwepcke A,
Fofou-Caillierez MB, van Spronsen F, Trefz FF. Use of sapropterin dihydrochlo-
ride in maternal phenylketonuria. A European experience of eight cases. J
Inherit Metab Dis. 2014;37:753–762.

71. Trefz FK, Burton BK, Longo N, Casanova MM, Gruskin DJ, Dorenbaum A, Kakkis
ED, Crombez EA, Grange DK, Harmatz P, LipsonMH,Milanowski A, Randolph LM,
Vockley J, Whitley CB, Wolff JA, Bebchuk J, Christ-Schmidt H, Hennermann JB;
Sapropterin Study Group. Efficacy of sapropterin dihydrochloride in increasing
phenylalanine tolerance in children with phenylketonuria: a phase III, random-
ized, double-blind, placebo-controlled study. J Pediatr. 2009;154:700–707.

72. Burton BK, Nowacka M, Hennermann JB, Lipson M, Grange DK, Chakrapani A,
Trefz F, Dorenbaum A, Imperiale M, Kim SS, Fernhoff PM. Safety of extended
treatment with sapropterin dihydrochloride in patients with phenylketonuria:
results of a phase 3b study. Mol Genet Metab. 2011;103:315–322.

73. Muntau AC, Burlina A, Eyskens F, Freisinger P, De Laet C, Leuzzi V, Rutsch F, Sivri
HS, Vijay S, Bal MO, Gramer G, Pazd�ırkov�a R, Cleary M, Lotz-Havla AS, Munafo A,
Mould DR, Moreau-Stucker F, Rogoff D. Efficacy, safety and population pharma-
cokinetics of sapropterin in PKU patients <4 years: results from the SPARK open-
label, multicentre, randomized phase IIIb trial. Orphanet J Rare Dis. 2017;12:47.

74. Hoshiga M, Hatakeyama K, Watanabe M, Shimada M, Kagamiyama H.
Autoradiographic distribution of [14c]tetrahydrobiopterin and its developmen-
tal change in mice. J Pharmacol Exp Ther. 1993;267:971–978.

75. Imamura T, Shintaku H, Nakajima T, Sawada Y, Isshiki G, Oura T. Experimental
research on a new treatment for maternal phenylketonuria (PKU). Adv Exp Med
Biol. 1993;338:277–280.

76. White DA, Antenor-Dorsey JA, Grange DK, Hershey T, Rutlin J, Shimony JS,
McKinstry RC, Christ SE. White matter integrity and executive abilities
following treatment with tetrahydrobiopterin (BH4) in individuals with
phenylketonuria. Mol Genet Metab. 2013;110:213–217.

77. Peng H, Peck D, White DA, Christ SE. Tract-based evaluation of white matter
damage in individuals with early-treated phenylketonuria. J Inherit Metab Dis.
2014;37:237–243.

78. Atz AM, Travison TG, Williams IA, Pearson GD, Laussen PC, Mahle WT, Cook
AL, Kirsh JA, Sklansky M, Khaikin S, Goldberg C, Frommelt M, Krawczeski C,
Puchalski MD, Jacobs JP, Baffa JM, Rychik J, Ohye RG. Prenatal diagnosis and
risk factors for preoperative death in neonates with single right ventricle and
systemic outflow obstruction: screening data from the Pediatric Heart
Network Single Ventricle Reconstruction Trial(*). J Thorac Cardiovasc Surg.
2010;140:1245–1250.

79. Morgan BJ, Adrian R, Bates ML, Dopp JM, Dempsey JA. Quantifying hypoxia-
induced chemoreceptor sensitivity in the awake rodent. J Appl Physiol.
1985;2014:816–824.

80. Julien-Dolbec C, Tropres I, Montigon O, Reutenauer H, Ziegler A, Decorps M,
Payen JF. Regional response of cerebral blood volume to graded hypoxic
hypoxia in rat brain. Br J Anaesth. 2002;89:287–293.

81. Homsy J, Zaidi S, Shen Y, Ware JS, Samocha KE, Karczewski KJ, DePalma SR,
McKean D, Wakimoto H, Gorham J, Jin SC, Deanfield J, Giardini A, Porter GA
Jr, Kim R, Bilguvar K, Lopez-Giraldez F, Tikhonova I, Mane S, Romano-
Adesman A, Qi H, Vardarajan B, Ma L, Daly M, Roberts AE, Russell MW, Mital
S, Newburger JW, Gaynor JW, Breitbart RE, Iossifov I, Ronemus M, Sanders SJ,
Kaltman JR, Seidman JG, Brueckner M, Gelb BD, Goldmuntz E, Lifton RP,
Seidman CE, Chung WK. De novo mutations in congenital heart disease with
neurodevelopmental and other congenital anomalies. Science.
2015;350:1262–1266.

82. Jin SC, Homsy J, Zaidi S, Lu Q, Morton S, DePalma SR, Zeng X, Qi H, Chang W,
Sierant MC, Hung WC, Haider S, Zhang J, Knight J, Bjornson RD, Castaldi C,
Tikhonoa IR, Bilguvar K, Mane SM, Sanders SJ, Mital S, Russell MW, Gaynor
JW, Deanfield J, Giardini A, Porter GA Jr, Srivastava D, Lo CW, Shen Y, Watkins
WS, Yandell M, Yost HJ, Tristani-Firouzi M, Newburger JW, Roberts AE, Kim R,
Zhao H, Kaltman JR, Goldmuntz E, Chung WK, Seidman JG, Gelb BD, Seidman
CE, Lifton RP, Brueckner M. Contribution of rare inherited and de novo
variants in 2,871 congenital heart disease probands. Nat Genet.
2017;49:1593–1601.

83. Morton PD, Ishibashi N, Jonas RA. Neurodevelopmental abnormalities and
congenital heart disease: insights into altered brain maturation. Circ Res.
2017;120:960–977.

84. Aguirre A, Dupree JL, Mangin JM, Gallo V. A functional role for EGFR signaling in
myelination and remyelination. Nat Neurosci. 2007;10:990–1002.

85. Etxeberria A, Mangin JM, Aguirre A, Gallo V. Adult-born SVZ progenitors
receive transient synapses during remyelination in corpus callosum. Nat
Neurosci. 2010;13:287–289.

86. Zerhouni EA. Translational and clinical science–time for a new vision. N Engl J
Med. 2005;353:1621–1623.

87. Contopoulos-Ioannidis DG, Alexiou GA, Gouvias TC, Medicine Ioannidis JP. Life
cycle of translational research for medical interventions. Science.
2008;321:1298–1299.

88. Morton PD, Korotcova L, Lewis BK, Bhuvanendran S, Ramachandra SD,
Zurakowski D, Zhang J, Mori S, Frank JA, Jonas RA, Gallo V, Ishibashi N.
Abnormal neurogenesis and cortical growth in congenital heart disease. Sci
Transl Med. 2017;9(374):eaah7029.

DOI: 10.1161/JAHA.119.012711 Journal of the American Heart Association 14

BH4 Therapy for Neuroprotection in CHD Romanowicz et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

https://www.accessdata.fda.gov/drugsatfda_docs/nda/2007/022181TOC.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2007/022181TOC.cfm

