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ABSTRACT

The frequency and types of congenital heart disease in off-
spring from pregnancies in women with hyperphenylalaninemia
were examined in the international prospective Maternal Phe-
nylketonuria Collaborative Study. Relationships of congenital
heart disease in offspring to the basal blood phenylalanine level
in the mother, metabolic control through diet during pregnancy,
and phenylalanine hydroxylase mutations in mother and off-
spring were determined. The 416 offspring from 412 maternal
phenylketonuria pregnancies that produced live births and 100
offspring from the 99 control pregnancies were included in this
examination. Thirty-four of the 235 offspring (14%; 95% CI,
10.2 to 19.6%) from pregnancies in phenylketonuric women with
a basal phenylalanine level = 900 uM (15 mg/dL) [normal blood
phenylalanine < 120 uM (2 mg/dL)] and not in metabolic
control [phenylalanine level = 600 uM (10 mg/dL)] by the
eighth gestational week had congenital heart disease compared
with one control offspring (1%) with congenital heart disease.
One offspring among the 50 (2%) from mothers with non-
phenylketonuria mild hyperphenylalaninemia also had congeni-
tal heart disease. Coarctation of the aorta and hypoplastic left
heart syndrome were overrepresented compared with expected
percentages among those with congenital heart disease in the

Maternal PKU is one of the most teratogenic of pregnancy
complications (1). When these pregnancies are untreated,
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general population. A basal maternal phenylalanine level > 1800
M (30 mg/dL) significantly increased the risk for bearing a
child with congenital heart disease (» = 0.003). Phenylalanine
hydroxylase mutations in the mothers and offspring did not have
an independent relationship to congenital heart disease but were
related through the basal maternal phenylalanine levels. The data
in this study indicate that a basal maternal phenylalanine level of
900 uM may be a threshold for congenital heart disease, that
women with the most severe degree of phenylketonuria are at
highest risk for bearing such a child, and that prevention of the
congenital heart disease requires initiation of the low phenylal-
anine diet before conception or early in pregnancy with meta-
bolic control no later than the eighth gestational week. (Pediatr
Res 49: 636642, 2001)

Abbreviations:
PKU, phenylketonuria
CHD, congenital heart disease
PAH, phenylalanine hydroxylase
MPKUCS, Maternal Phenylketonuria Collaborative Study
APL, assigned blood phenylalanine level
MHP, mild hyperphenylalaninemia

>90% of the offspring suffer microcephaly and mental retar-
dation. The frequencies of intrauterine growth retardation and
CHD among offspring from these pregnancies are also much
higher than expected in the general population, the former
=40% and the latter =12% (2).

The problem of CHD is particularly interesting. Although its
frequency among offspring from untreated maternal PKU preg-
nancies is increased 15-fold above the general population
frequency of 0.8% (3), it is still far less frequent than micro-
cephaly and mental retardation among offspring from these
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pregnancies. Thus, cardiogenesis seems to be undisturbed in
85% or more of untreated maternal PKU pregnancies. Second,
there is evidence that some women with PKU may be at
particularly high risk for bearing children with CHD, but even
in these families only some of the offspring have had this
complication (4). Third, certain cardiac anomalies, especially
tetralogy of Fallot and coarctation of the aorta, have been
inordinately frequent among the types of CHD reported in
these offspring (4). Finally, the heart is the only major fetal
organ other than the brain affected by maternal PKU (5).

Although it seems clear that the occurrences of both brain
and cardiac complications in the fetus are related to the degree
of hyperphenylalaninemia in the pregnant woman, there being
no excess of CHD and lower frequencies of microcephaly and
mental retardation when the maternal blood phenylalanine
level is < 600 uM (2) (to convert the phenylalanine concen-
tration from uM to mg/dL, divide by 60), the absence of CHD
in the majority of untreated maternal PKU pregnancies sug-
gests that aberrant cardiogenesis requires more than only the
factor(s) that produces the brain effect. This additional require-
ment might be an unusually high phenylalanine level or an
interaction between the high phenylalanine level and a second
factor.

In considering agents that could interrelate with hyperphe-
nylalaninemia in producing CHD, the mutation(s) in the PAH
gene is a potential candidate. This gene encodes PAH, the liver
enzyme defective in PKU. More than 400 such mutations have
been identified (6). Most individuals with PKU are doubly
heterozygous, having two different mutant alleles at the PAH
locus (7), and only one of these two mutations can be inherited
by the fetus from a phenylketonuric parent. Although the PAH
genotype is highly correlated with the degree of hyperpheny-
lalaninemia (8, 9), some maternal PAH genotypes might confer
a particular risk of CHD. Similarly, the PAH mutation in the
offspring might influence the occurrence and type of CHD.

In the international MPKUCS, we have had an opportunity
to investigate these possibilities by comparing the degree of
maternal hyperphenylalaninemia and the PAH mutations in
enrolled women and their offspring with the occurrence and
types of CHD in these offspring.

METHODS

Subjects. The MPKUCS is a prospective study that began in
1984 to investigate the effectiveness of a phenylalanine-
restricted diet in reducing the teratogenic effects of maternal
PKU (10). Participants include the major PKU treatment cen-
ters in the United States and Canada, and several centers in
Germany (11). During the pregnancy study phase of the
MPKUCS, which ended in May 1995, all hyperphenylalanine-
mic women known or reported to the centers who were plan-
ning a pregnancy or were already pregnant were requested to
enroll in the study. Control pregnancies in normal women
known to the participating centers were also enrolled (12) The
study protocol has been described (11). Specific areas of the
protocol relevant to the results we are describing include
determination of the biochemical phenotype on the basis of a
basal phenylalanine level, or APL, selected as the highest of
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two or three plasma phenylalanine levels on an unrestricted
diet measured by amino acid analyzer or the fluorometric
method (13) when the subject was not pregnant, dietary treat-
ment with measurements of blood phenylalanine levels during
the maternal PKU pregnancies, PAH genotypes in the mother
and the PAH mutation in the offspring, fetal ultrasonography
during each trimester (14), and medical examination of the
offspring at birth, 6 mo, and annually thereafter through child-
hood. Informed consent was required, and the study was
approved by the institutional review boards of all participating
centers.

The study enrolled 572 pregnancies in women with PKU or
non-PKU MHP. Of these, 79 were terminated, 75 spontane-
ously aborted, three were ectopic pregnancies, three were
stillbirths, and 412 resulted in live births, producing 416
offspring (including four sets of twins). An additional 99
normal pregnancies were enrolled as controls, resulting in 100
live-born offspring. Treatment with a phenylalanine-restricted
diet was initiated before conception or as early as possible after
conception in women with blood phenylalanine levels > 600
uM (or, on occasion, > 360 uM). Metabolic control was
defined as a blood phenylalanine level = 600 uM.

PAH genotyping. The maternal PAH genotypes were deter-
mined in blood specimens obtained by venipuncture as de-
scribed (7, 15). For determination of the maternally transmitted
PAH mutations in the offspring, dried blood filter paper spec-
imens or postmortem specimens embedded in paraffin were
obtained and examined for PAH mutations. The Chelex-100
method was used for DNA extraction from the dried blood
specimens (16, 17), and the QlAamp Tissue Kit (Quigen Inc,
Santa Clarita, CA, U.S.A.) was used for extraction of DNA
from paraffin-embedded tissue. The relevant exonic regions of
the PAH gene were PCR-amplified from both maternal and
offspring DNA, and the amplification products were analyzed
by denaturing gradient gel electrophoresis. Identity of the
offspring mutation was based on the band pattern.

Statistical methods. Ninety-five percent binomial CIs were
calculated for percentages. The relationship of increasing ma-
ternal APL to the risk of having a child with CHD was
evaluated with a nonparametric test for trend (18). The rela-
tionship between PAH mutations and offspring with or without
CHD was evaluated with Fisher’s exact test.

RESULTS

Congenital heart disease. CHD was identified and con-
firmed by postnatal echocardiography or autopsy in 34 off-
spring from pregnancies in women with PKU and in one
offspring from a mother with MHP. These include 33 live-born
infants and two fetuses from pregnancies terminated in the
second trimester because of CHD considered inoperable and
incompatible with postnatal survival. The 33 phenylketonuric
mothers of these offspring had APL = 900 uM and did not
achieve metabolic control before the eighth gestational week.
The 34 affected offspring from these maternal PKU pregnan-
cies represent 14% (95% CI, 10.2 to 19.6%) of the 235
offspring from mothers in this category of maternal PKU. Only
one among thel00 offspring (1%) from the normal control
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Table 1. Cardiac defects and their percentages in offspring with congenital heart disease in the MPKUCS

Number and percentages
among offspring™

Percentages among all children
with congenital heart diseaset

Defect

% (95% CI) % (95% CI)

Coarctation of aorta

Tetralogy of Fallot

Patent ductus arteriosus]

Hypoplastic left heart syndrome
Ventricular septal defect

Aortic stenosis

Pulmonic stenosis

Atrial septal defect

Mitral insufficiency with cleft mitral valve
Mitral atresia

Bicuspid aortic valve with aortic insufficiency

_— = N W R Ny S

20 (8-37) 5 (5.0-5.8)
17 (7-34) 9 (8.7-9.6)
14 (5-30) 6 (52-6.0)
11 (3-27) 2 (1.7-2.1)
11 (3-27) 22 (21.0-22.3)
9 (2-23) 7 (6.5-7.3)
6 (1-19) 10 (9.3-10.3)
3 - 6 (5.4-6.2)
3 - 2 (1.7-22)
3 - 2 (1.722)
3 - <1(0.36-0.58)

* Number and percentage of offspring with the lesion among the 35 offspring with CHD in the MPKUCS.
+ From Fyler DC 1992 Trends. In: Fyler DC (ed) Nadas’ Pediatric Cardiology. Mosby-Year Book, St. Louis, pp 273-280. There were 15,331 infants included

in this compilation.

i Only those offspring with patent ductus arteriosus requiring surgical closure or considered medically significant are included.

pregnancies had CHD, and the frequency of CHD in the
general population is 0.8% (95% CI, 0.74 to 0.89%) (3). There
was no CHD among the 131 offspring from maternal PKU
pregnancies in which the maternal APL was < 900 uM or in
which metabolic control was achieved before the eighth ges-
tational week. The mother with MHP who bore a child with
CHD had an APL of 516 uM and received no treatment during
the pregnancy. Her offspring represents 2% of the 50 offspring
from mothers with untreated MHP.

The types of cardiac defects identified in the affected off-
spring are listed in Table 1. The most frequent was coarctation
of the aorta in seven offspring (20%), followed by tetralogy of
Fallot in six (17%). Other frequent defects included patent
ductus arteriosus (14%), hypoplastic left heart syndrome
(11%), and ventricular septal defect (11%). Both coarctation of
the aorta and hypoplastic left heart syndrome were overrepre-
sented in offspring with CHD compared with the percentages
of these defects among children with CHD in the general
population, with no overlapping of the 95% Cls. Tetralogy of
Fallot and patent ductus arteriosus each occurred approxi-
mately twice as frequently among the affected offspring as in
the general population of CHD but with Cls that overlapped
those of the general population. Conversely, the percentage of
ventricular septal defect in affected offspring was low com-
pared with the general population of CHD. The single control
offspring with CHD had a ventricular septal defect.

Maternal APL in occurrence and severity of CHD. Could
the degree of hyperphenylalaninemia in the mother correlate
with the risk of producing an offspring with CHD and the
severity of the lesion? Table 2 examines the frequency of
bearing a child with CHD in relation to the APL among
phenylketonuric mothers with APL = 900 uM and not in
metabolic control by the eighth gestational week. Among these
at-risk mothers, >50% of those bearing an offspring with CHD
had an APL > 1800 uM, representing 33% of the mothers in
this APL category (p = 0.003). Thus, mothers with an APL >
1800 uM were significantly overrepresented among those who
bore children with CHD. From these data (Table 2), it appears
that having an APL > 1800 uwM and not being in metabolic

control by the eighth gestational week confers a risk of 1:3 for
having a child with CHD. Even a lower APL of 1501-1800
uM confers a risk of almost 1:5 for CHD unless metabolic
control is attained by the eighth gestational week. However, the
severity of CHD was not related to the degree of maternal
APL. For instance, the range of APL in mothers bearing
children with very severe and inoperable lesions that resulted
in demise of the infant was 15182124 uM, whereas the range
among mothers bearing children with coarctation of the aorta
and patent ductus arteriosus was 2070-2604 uM.

PAH mutations. The maternal PAH genotype and offspring
PAH mutation could be determined in 23 families with CHD.
In an additional family, only one of the two mutant alleles in
the mother was characterized. These mothers harbored 21 PAH
mutations. Table 3 lists the frequencies of PAH mutations in
these women compared with frequencies in those with mater-
nal PKU who did not have children with CHD but who also
had an APL = 900 uM and were not in metabolic control by
the eighth gestational week. Only mutations occurring in more
than one mother are listed. The most frequent mutation,
R408W, was equally represented in affected and unaffected
families. Three mutations (I65T, P281L, and F39L) were
considerably but not significantly more frequent in mothers
who had children with CHD. Table 3 also lists the mutations
and their frequencies in offspring from both sets of mothers.
Only 165T was significantly more frequent in offspring with
CHD.

Table 2. Frequencies of at-risk mothers with treated maternal
PKU* who bore offspring with CHD, categorized by APL

APL (uM)
Mothers 900-1200  1201-1500  1501-1800  1801-3000
Total number 30 46 49 51
% with CHD 13% (4) 7% (3) 18% (9) 33% (17)+

offspring (n)

* APL = 900 uM and not in metabolic control by the eighth gestational
week.
+p = 0.003
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Table 3. Percentages of mothers with and without children with CHD and of affected offspring according to PAH gene mutations

Motherst Offspring

Offspring with Offspring without with CHD without CHD}

CHD (n = 24) CHD (n = 51) (n = 26) (n="172)
Mutation*® % (95% CI) p % (95% CI) P
R408W 46 (26—-67) 41 (28-56) 0.45 27 (12-48) 28 (18-40) 0.58
IVS12ntl 17 (5-37) 25 (14-40) 0.30 4(0.1-20) 11 (5-21) 0.26
165T 17 (5-37) 6 (1-16) 0.14 15 (4-35) 0 0.004
E280K 13 (3-32) 8(2-19) 0.40 8 (1-25) 3(0.3-10) 0.29
P281L 13 (3-32) 2(0.1-10) 0.09 8 (1-25) 1(0.04-7) 0.17
F39L 13 (3-32) 4(0.5-13) 0.18 4(0.1-20) 3(0.3-10) 0.61
R243X 8 (1-27) 2(0.1-10) 0.24 0 0 -
R158Q 4(0.1-21) 4(0.5-13) 0.69 4(0.1-20) 3(0.3-10) 0.61
Y414C 4(0.1-21) 8(2-19) 0.48 4(0.1-20) 6(2-14) 0.60

* Mutations occurring in only one maternal PAH allele are not listed. Because each mother harbors two mutant alleles, she may appear twice in the list of

maternal mutations.

+ Only mothers with APL = 900 uM and not in metabolic control by eighth gestational week are included.
1 In families with multiple unaffected offspring, one offspring was chosen at random (coin flip) to represent the family to avoid overrepresentation of certain

mutations in offspring.

In three families the mothers bearing offspring with CHD
have also had offspring without CHD. The complete genotypes
in these families are listed in Table 4. In one family the two
offspring with CHD inherited the 165T mutation. (The preg-
nancies resulting in these two offspring occurred before enroll-
ment in the MPKUCS began.) However, in the second family
two of the three offspring who do not have CHD carry the 165T
mutation. Moreover, in this family and in the third family,
R408W occurred in both affected and unaffected offspring. In
these three families, therefore, there was no relationship be-
tween CHD in the offspring and inheritance of a specific PAH
mutation, indicating that a relationship associated with 165T in
the offspring suggested by Table 3 is likely caused by chance.

As implied from Table 2, CHD is most likely when the
mother has a severe degree of PKU. Nevertheless, mothers
with less than classic PKU may still have pregnancies compli-
cated by CHD. Table 5 lists the PAH genotype and presumed
biochemical phenotype determined according to Guldberg et
al. (9), as well as the APL in the 23 mothers completely
genotyped who had an offspring with CHD. Most had a
genotype consistent with classic PKU, but eight could be
classified as having moderate PKU and two as having mild
PKU. However, four of the eight with a moderate PKU geno-
type and one of the two mothers classified as having only mild

Table 4. PAH mutations in families with and without offSpring
affected by CHD

Offspring mutation

Family Maternal genotype With CHD Without CHD
1 IVS12nt1/165T 165T IVS12ntl
165T

2 R408W/I65T R408W R408W
165T*
165T*

3 R408W/P281L R408W R408W
P281L

* These two offspring were from pregnancies that occurred before enroll-
ment in the MPKUCS began, thus they are not included in study data.

PKU had APLs that were in the range of the mothers with
classic PKU. This inconsistency of biochemical phenotype
when an individual harbors a mutation with residual PAH
activity, as do those with moderate and mild PKU, has been
well documented (8, 9). These data emphasize the priority of
the degree of hyperphenylalaninemia in the occurrence of CHD
in maternal PKU.

There was also no relationship between specific PAH mu-
tations and the type of CHD. Eight mutations were present in
mothers bearing children with coarctation of the aorta. Simi-
larly, six mutations were represented in mothers bearing chil-
dren with the hypoplastic left heart syndrome, six in mothers of
children with ventricular septal defect, five in mothers bearing
children with tetralogy of Fallot, and five in mothers having
children with patent ductus arteriosus. The mutations in the
offspring were similarly spread across the spectrum of PAH
mutations found in the study.

Fetal ultrasonography. Fetal ultrasonography was per-
formed in 30 of the 34 pregnancies that resulted in offspring
with CHD. The presence of a cardiac anomaly was identified at
19-22 wk gestation in seven of these pregnancies. In three
additional fetuses, the cardiac lesions were identified by ultra-
sonography at 34, 36, and 38 wk gestation, after what were
considered to be normal midtrimester examinations. Among
the remaining 20 offspring who were examined by fetal ultra-
sonography, the five with isolated patent ductus arteriosus
could not have been identified prenatally and the remaining 15
were also considered normal. Thus, most of the cardiac lesions
potentially identifiable by midtrimester ultrasonography were
not identified. The lesions identified were similar to those not
identified, including tetralogy of Fallot, coarctation of the
aorta, and hypoplastic left heart syndrome.

DISCUSSION

In this prospective study of maternal hyperphenylalanine-
mia, all but one instance of CHD occurred when the APL in the
mother was = 900 uM and the pregnancy was not in metabolic
control by the eighth week of gestation. Among all such treated
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Table 5. Maternal PAH genotypes when offspring has CHD

Biochemical phenotype

predicted on basis of APL

PAH mutation genotype PAH genotypef (uM)
1043dell 1bp R408W ClassicPKU 2600
R408W R243X ClassicPKU 2370
R408W P281L ClassicPKU 2120
P281L S16fsdelCT ClassicPKU 2080
R408W IVSi2nt-1 ClassicPKU 1950
R158Q* F299C ClassicPKU 1950
R408W R242Q ClassicPKU 1850
P281L R408W ClassicPKU 1840
R408W R408W ClassicPKU 1820
R408W R408W ClassicPKU 1800
S349p R252W ClassicPKU 1790
IVS12nt-1 R243X ClassicPKU 1700
E280K E280K ClassicPKU 1500
165T* IVS12nt-1 ModeratePKU 1880
165T* TVS8nt-1 ModeratePKU 1700
F39L* T81P ModeratePKU 1580
F39L* E280K ModeratePKU 1570
R261Q* IVS12nt-1 ModeratePKU 1480
165T* R408W ModeratePKU 1460
F39L* D84Y ModeratePKU 1420
165T* E280K ModeratePKU 1180
L48S* R408W MildPKU 1920
Y414C* R408W MildPKU 1015

* Mutations associated with residual PAH activity in vitro or apparent
residual activity in vivo (8, 9).
+ According to classification of Guldberg et al. (9).

maternal PKU pregnancies in the study, 14% of the offspring
had CHD. This percentage is essentially the same as the 12 to
15% frequency of CHD among offspring from untreated ma-
ternal PKU pregnancies with maternal blood phenylalanine
level = 1000 uM reported in an international survey (2) and
far exceeds the frequencies of 0.8% for CHD in general
populations (3, 19) and 1% among offspring from control
pregnancies in this study. The single offspring with CHD when
the maternal hyperphenylalaninemia was <900 uM in this
study (2%) may be compared with data from an international
survey that included two instances of CHD among 77 untreated
pregnancies (2.6%) with maternal hyperphenylalaninemia <
900 uM (2).

Only 10 of the 35 offspring with CHD were identified
prenatally by fetal ultrasonography. Thus, the careful fol-
low-up of offspring in the MPKUCS was a critical feature of
the study. This included annual examinations beyond the neo-
natal period, as almost 50% of children with CHD in the
general population are not identified by the neonatal examina-
tion (19). Twenty-three of the affected offspring not detected
prenatally in the MPKUCS were identified either on neonatal
examination or by 6 mo of age. One of the remaining two
offspring was not proven to have CHD until he was 4 y old,
despite having had a murmur noted since infancy. The other
offspring was considered to have normal cardiac examinations
until 8 y of age, when he was found to have a bicuspid aortic
valve and patent ductus arteriosis. This latter offspring is the
only affected offspring whose mother has MHP rather than
PKU.

It is still possible that CHD remains undetected in some
offspring within the MPKUCS as echocardiography was not
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routinely performed except for only those offspring with find-
ings considered by the attending physician to possibly indicate
CHD. CHD not producing detectable murmurs or producing
murmurs considered to be insignificant or CHD without func-
tional impairment might remain undetected. Moreover, our
definition of patent ductus arteriosus, i.e. requiring surgical
closure or considered medically significant, might have ex-
cluded some affected offspring. Thus, the frequency of CHD
found in the MPKUCS must be considered the minimal
prevalence.

A major reason for fetal ultrasonography in the MPKUCS
has been to detect congenital anomalies in time for the family
to make informed decisions about continuing the pregnancy
(1). This requires identification no later than midtrimester.
Although this was often accomplished in one center (14), most
infants with potentially identifiable CHD were either not iden-
tified by ultrasonography or not until the third trimester. This
difference may reflect a particular interest in fetal ultrasonog-
raphy for maternal PKU in a center as opposed to performance
at multiple centers. Accordingly, whenever possible ultra-
sonography in maternal PKU pregnancies should be performed
at a designated center with special interest and experience in
identification of congenital anomalies, particularly CHD. Per-
haps fetal echocardiography should also be part of prenatal
evaluation in maternal PKU pregnancies. Nevertheless, be-
cause CHD was not identified in all affected offspring either by
fetal ultrasonography or by physical examination during in-
fancy, it seems reasonable to suggest that an echocardiogram
be performed soon after birth on all maternal PKU offspring.

There is no doubt that maternal PKU increases the risk of
bearing a child with CHD. Our study suggests that this risk is
highest when the maternal APL is exceptionally high. More
than 50% of the mothers with levels of blood phenylalanine =
900 uM and not in metabolic control by the eighth gestational
week (at-risk pregnancies) who bore children with CHD had a
blood phenylalanine level = 1500 uM, and most of these had
alevel > 1800 uM. Thus, there seems to be a particularly high
risk of bearing a child with CHD if the maternal blood phe-
nylalanine level is > 1800 uM and metabolic control on diet
is delayed until after 8 wk gestation (p = 0.003).

Our study also indicates that there might be a maternal
hyperphenylalaninemia threshold of 900 uM for the terato-
genic effect of CHD. Only one mother who bore an affected
child had a lower APL. CHD in this child could represent
background frequency as this was the only case among 50
offspring from mothers with MHP, a frequency of 2% com-
pared with the frequency of 1% among control offspring in the
study. If there is a phenylalanine threshold for CHD, there is no
known explanation for it. However, there is an embryologic
explanation for the apparent requirement of metabolic control
by the eighth gestational week for the prevention of CHD.
Cardiogenesis occurs during the fourth to 10th gestational
weeks, with the fourth to eighth weeks the highly sensitive
period for cardiac teratogenesis (20). Thus, control of hyper-
phenylalaninemia initiated after the eighth week should have
no effect in preventing CHD, although it might be effective in
preventing or ameliorating other teratogenic effects of maternal
PKU (21).
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The mothers bearing children with CHD harbored 21 PAH
mutations. This multiplicity of mutations is representative of the
MPKUCS (7). No specific maternal mutation and only one mu-
tation in the offspring (I165T) exclusively associated with CHD.
However, even the latter singular association does not indicate
that a PAH mutation is an independent risk factor for CHD in
maternal PKU, as evidenced by two families of multiple offspring
in which the 165T mutation was transmitted only to the affected
offspring in one family and only to the unaffected offspring in the
other family. Moreover, in one of the families as well as a third
family, the R408W mutation was transmitted to both affected and
unaffected offspring. Thus, the effect of the PAH mutation in the
CHD of maternal PKU is most likely mediated through the
expressed hyperphenylalaninemia.

Considering that the risk for bearing a child with CHD
increases with APL = 1500 uM, it was unexpected to find that
almost half of the mothers with CHD offspring carried PAH
mutations that are associated with residual PAH activity and
relatively mild phenotypes (mild PKU or moderate PKU).
However, each of these mutations (F39L, L48S, 165T, R158Q,
and R261Q) has been associated with a wide range of meta-
bolic phenotypes in vivo, spanning the range from classic PKU
to mild PKU (8, 9). It is likely that these mutations are
associated with highly fluctuating phenylalanine levels with the
higher level contributing to the development of CHD in ma-
ternal PKU.

Although 11 different types of congenital heart lesions oc-
curred among affected offspring in this study, two (coarctation
of the aorta and hypoplastic left heart syndrome) were repre-
sented at a significantly higher percentage than expected in
children with CHD. Coarctation of the aorta is an extracardiac
vascular anomaly, suggesting that this area of development
might be particularly vulnerable to hyperphenylalaninemia. In
this respect, it is of interest that cardiovascular lesions in
fetuses from pregnancies in the PKU mouse model (Pah®™?)
are primarily vascular (22). Although this similarity between
mouse and human maternal PKU does not explain the rela-
tively high frequency of a vascular anomaly in maternal PKU,
it does suggest that the mouse model might be appropriate for
pathophysiologic studies of CHD in maternal PKU.

Possible genetic factors in the production of CHD have
recently received considerable attention (23). Mutations intro-
duced into several genes in mice have produced maldevelop-
ment of the heart. A targeted mutation deleting the gene
encoding the homeobox transcription factor Nkx2—-5 produces
nonlooping of the linear heart tube (24), resulting in early
embryonic death because of hemodynamic insufficiency (25).
Abnormal looping of the heart tube in the mouse also results
from replacement of the first coding exon of the Handl gene
that encodes the bHLH transcription factor (26). In the human,
familial atrial septal defect and atrioventricular conduction
abnormalities can be caused by mutations in the Nkx2-5
transcription factor gene (27), and deletions in the distal region
of chromosome 8p are associated with a variety of congenital
cardiac lesions (28). These cardiac lesions are not among those
associated with CHD in maternal PKU. Nevertheless, these
findings illustrate that in maternal PKU, polymorphisms in
genes that regulate cardiac development could interact with
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severe hyperphenylalaninemia in the fetus to result in CHD.
Specifically, these polymorphisms might be maladaptive with
phenotypic expression occurring only in the presence of hy-
perphenylalaninemia, analogous to the concepts of maladapta-
tion in phenotypic expression of histidinemia, Hartnup disor-
der, and other biochemical entities (29-31). Further studies
should examine this possibility.
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