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Abstract

Lysinuric protein intolerance (LPI) is an autosomal recessive transport disorder of the dibasic amino acids. The defect leads to deficiency
of lysine, arginine, and ornithine and, secondarily, to a functional disorder of the urea cycle. Transient postprandial hyperammonemia and
subsequent persistent protein aversion, linked with several other biochemical and clinical characteristics of the disease, suggest an increased
risk for maternal and fetal complications during pregnancy and delivery. Our unique material on the outcomes of 18 pregnancies of 9
Finnish mothers with LPI and the follow-up of their 19 children shows that maternal LPI is truly associated with increased risk of anemia,
toxemia, and intrauterine growth retardation during pregnancy and bleeding complications during delivery. Successful pregnancies and
deliveries can still be achieved with careful follow-up of blood pressure and laboratory values. The children of the mothers with LPI
generally develop normally. Special care of maternal protein nutrition and control of ammonemia, anemia, and toxemia during pregnancy
are essential. We propose centralization of deliveries to obstetric units with capability to deal with bleeding complications and rare inborn
errors of metabolism.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction kidney tubuli [4,5]. Almost half of the more than 100
reported patients are of Finnish origin [6]. All Finnish
patients with LPI share the same founder mutation 1181-2A
—T (LPIg;,) not found in patients with LPI elsewhere [7],
albeit the clinical phenotype of the patients with LPIg;,
seems to vary as much as the phenotypes of patients with
other SLC7A7 mutations.

In patients with LPI, plasma concentrations of dibasic
amino acids are low because of poor intestinal absorption
and excessive renal loss [6]. Deficiency of arginine and
ornithine restricts the function of the urea cycle and leads to
hyperammonemia after dietary loads of protein [1]. The
plasma concentrations of alanine, glycine, serine, and
citrulline are steadily slightly above the reference values,
and the plasma concentrations of glutamine and glutamic
acid, believed to reflect nutritional nitrogen load, are often
also moderately increased. Mild normochromic anemia with
anisocytosis and poikilocytosis is common, and serum

* Corresponding author. ferritin and lactate dehydrogenase concentrations are inap-
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Lysinuric protein intolerance (LPI; OMIM 222700), an
autosomal recessive defect in the transport of cationic amino
acids, was first described by Perheentupa and Visakorpi[1] in
1965 in children with failure to thrive, postprandial hyper-
ammonemia, and protein aversion. Although there has been
considerable progress in understanding the transport defect
and genetics of LPI, our knowledge of the natural history of
the disease is only gradually increasing, as follow-up data on
this rare disease are accumulating. LPI is caused by mutations
in the SLC7A7 (solute carrier family 7, member 7) gene
encoding y 'LAT-1 (y'L amino acid transporter 1) protein that
combines with 4F2hc in endoplasmic reticulum (4F2 heavy
chain) to form a functional heterodimeric transporter [2,3].
The transport defect in LPI is located at the basolateral
membrane of the polar epithelial cells in the intestine and
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Patients with LPI are usually symptom-free when breast-
fed, but develop vomiting and diarrhea after weaning and
may progress to coma if force-fed with high-protein food.
The patients usually develop strong protein aversion in late
infancy, fail to thrive, have short stature, and show muscle
weakness, osteoporosis, and hepatosplenomegaly. Mental
development is normal if episodes of prolonged hyper-
ammonemia have not caused neurological damage. Hu-
moral immune responses are defective in some patients
[10], and varicella infections may be exceptionally severe
[I1]. Some patients develop severe pulmonary and renal
complications, of which alveolar proteinosis may be
immediately fatal [12,13].

Dietary protein restriction and oral supplementation with
citrulline are the cornerstones of treatment of LPI. Citrulline,
a urea cycle intermediate and precursor of arginine and
ornithine, is a neutral amino acid that is readily absorbed
in LPI. Supplementation of protein-containing meals
with citrulline improves the function of the urea cycle
and allows sufficient protein intake without hyperammone-
mia. Until recently, the long-term lysine deficiency has
been an unsolved problem, as in most patients, even moder-
ate administration of lysine per os causes abdominal
cramps and loose stools [14]. Consequently, the patients

Table 1
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continuously have lysine deficiency, and the plasma
concentrations of other essential amino acids may also
be low.

As pregnancy is a significant physiological stress,
pregnant patients having inborn errors of metabolism may
be at increased risk of developing metabolic decompensa-
tion. For example, several cases of hyperammonemia
leading to postpartum coma have occurred in women with
a urea cycle defect caused by ornithine carbamoyltransfer-
ase deficiency [15]. Several manifestations of LPI may
potentially cause problems during pregnancy. The function-
al disorder of urea cycle may lead to periods of hyper-
ammonemia, as in other urea cycle defects. Gestational
anemia may be severe, and decreased platelet count may
lead to bleeding during or after the delivery. The patients
have an increased risk of elevated blood pressure and
toxemia, and renal insufficiency may be aggravated during
pregnancy. It has also been unclear whether the protein-
restricted diet of the mother and the potentially diminished
bioavailability of lysine and other essential amino acids for
the fetus have short- or long-term adverse effects on child’s
development. To explore these questions in detail, we now
describe the course and outcome of altogether 18 pregnan-
cies of 9 mothers with LPL

Maternal ages, weight gains, and complications during pregnancies and deliveries of the 9 mothers with LPI included in this study and the gestational ages,

methods of delivery, birth weights, and Apgar scores of their children

Mother Delivery Age at Weight Complications Mode Gestational Complications Sex  Birth  Apgar score
delivery gain during during of age during of the weight at
) pregnancy (kg) pregnancy delivery (wk +d)  delivery child (g) 1/5/10 min
1 1 22 13.4 Listerial septicemia Cesarean 34 + 4 F 2040  9/9
2 1 19 Unknown Anemia Emergency 35+ 5 Placental bleeding after M 2480 173
cesarean amniotic fluid puncture
2 29 6.5 Proteinuria Cesarean 38 + 1 Low hemoglobin M 2910 9/9/9
(up to 71 g/L)
3 1 26 9.1 Toxemia, glucosuria Cesarean 38 + 0 Low hemoglobin F 2600  9/9
(up to 77 g/L)
2a 28 7.0 Glucosuria, proteinuria Cesarean 36 + 5 M 2420  9/9
2b (Bigeminal) Cesarean 36 + 5 F 2190  9/9
3 35 4.0 Gestational diabetes Cesarean 39 + 0 M 2620 9/9
4 1 27 Unknown Toxemia Cesarean 36 + 1 Acute birth asphyxia M 2990  1/8/10
of the child
2 32 Unknown Toxemia Cesarean 30 +2 Severe thrombocytopenia, M 1680  7/8
hypertensive crisis
5 1 25 7.0 Toxemia Cesarean 36 + 0 Pneumothorax of F 2360  9/10
the child
2 27 9.4 Toxemia Cesarean 36+ 5 Severe bleeding, F 2860  9/10
hydrocephalus of the child
3 33 8.2 Toxemia, anemia Cesarean 37 +4 F 3010  9/9
6 1 27 8.2 Anemia Vaginal 38+ 6 F 2710 9/10
7 1 20 13.3 Toxemia Vaginal 38 +2 Bleeding M 3200  8/10
2 23 6.8 Toxemia Vaginal 36 +6 Bleeding, partial retention M 3100 9/9/8
of the placenta
8 1 22 7.3 Anemia Vaginal 36 +0 F 3200  8/10
2 23 Unknown Anemia Vaginal 37+0 F 3300 9/9
9 1 25 9.8 Proteinuria, anemia Vaginal 39+2 Mild hypoglycemia F 2900  9/9
of the child
2 29 6.5 Cesarean 34 +0 Premature labor F 1820  9/8




226 L. Tanner et al. / Metabolism Clinical and Experimental 55 (2006) 224—-231

2. Patients and methods
2.1. Subjects

Eighteen pregnancies of 9 Finnish mothers with LPI
between the years 1978 and 2003 were included in this
analysis. All mothers had been diagnosed with LPI between
the ages of 0 and 14 years. Their age at the time of delivery
varied from 19 to 35 years. Nineteen children were born
(8 boys, 11 girls, 1 pair of twins). One of the children was
diagnosed after delivery to have LPI. Six of the deliveries
were vaginal, 11 were performed by elective cesarean
delivery, and 1 by emergency cesarean delivery (Table 1).
During pregnancy, the mothers with LPI were seen 5 to
15 times at the local maternity clinics. The blood pressure,

Table 2
Laboratory tests taken during pregnancy

Monthly

Urinary orotic acid (morning and evening samples)®
Urinary protein measurement®

Blood pressure®

Bimonthly
Hemoglobin®
Hematocrit”

Red blood cell count®
White blood cell count®
Platelet count™

Lactate dehydrogenase®
Ferritin®

Urine analysis®

Every 4 mo

Plasma albumin®
Prealbumin®

Retinol-binding protein
IGF-1

Erythropoietin®

Plasma bilirubin
y-Glutamyltransferase (y-GT)
Haptoglobin
Thyroxine-binding globulin
Thyrotropin®

Free thyroxine®

Plasma creatinine®

C-reactive protein

Zinc®

Copper

Ceruloplasmin

Calcium®

Magnesium

Antinuclear antibodies
Immunoglobulins A, G, and M
Plasma amino acids®

Urinary amino acids®

24-h urinary protein measurement”
Creatinine clearance®

Samples are serum samples unless otherwise indicated.

? The tests should be taken from all the mothers with LPI during
pregnancy as represented.

® The tests should be taken every 4 months.
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Fig. 1. Systolic and diastolic blood pressure readings during 4 LPI
pregnancies, all complicated by toxemia.

body weight, hemoglobin, urinary protein, and glucose were
measured on every visit. A more extensive laboratory
evaluation was performed at least twice during the
pregnancy (Table 2).

2.2. Methods

Concentrations of amino acids in plasma and urine
were measured with automatic ion-exchange chromatog-
raphy (Biochrom 20 Amino Acid Analyzer, Biochrom,
Cambridge, UK) with norleucine as an internal standard.
The plasma samples were deproteinized with sulfosalicylic
acid and then centrifuged. As reference values for plasma
amino acids during pregnancy, data from Lopez-Quesada
et al [16] were used, whereas for urinary amino acids,
reference data from our own laboratory were used. The
patients also regularly collected urine samples, which
were sent frozen for orotic acid analysis. Urine samples
were purified by solid-phase extraction using Bond Elut
strong anion-exchange cartridge (Varian, Palo Alto, CA)
and analyzed with Agilent 1100 high-performance lig-
uid chromatography system (Agilent Technologies, Palo
Alto, CA). Concentrations of insulinlike growth factor
1 (IGF-1) in serum were measured with IGF-1 IRMA 100T
Kit (Nichols Institute Diagnostics, San Juan Capistrano,
CA). Other analyses were performed using routine labo-
ratory methods.

The Ethics Committee of the hospital approved the study,
and informed consent was obtained from the patients for the
collection of their records from the maternity clinics and
labor wards.
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3. Results
3.1. Clinical aspects

The average duration of pregnancy was 36.6 weeks (from
30 weeks 2 days to 39 weeks 2 days). The average
gestational age at which the elective cesarean deliveries
were performed (n = 12) was 37 weeks. The pregnancies
that ended with vaginal delivery lasted 37.7 weeks in average
(from 36 weeks to 39 weeks 2 days). One child was delivered
by cesarean delivery at 31 weeks because the mother
developed a hypertensive crisis. Maternal complications or
the elevated risk for them were the main reasons to early
induction of labor or to cesarean delivery.

The average weight gain of the mothers during pregnancy
was 8.3 kg (range, 4.0-13.4 kg). Mild proteinuria occurred in
3 pregnancies (n = 18), whereas 8 pregnancies were
complicated by toxemia (Fig. 1). In 1 patient, toxemia led
to a hypertensive crisis. One patient had glucosuria during her
first 2 pregnancies and developed gestational diabetes during
her third pregnancy. She was not overweight, her weight gain
during the pregnancies varied between 4 and 9 kg, and the
sizes of the children were appropriate for gestational age.

The size of the placenta varied from 350 to 750 g (mean,
512 g). When adjusted to gestational weeks, maternal
pregravid weight, and maternal pregnancy weight gain,
8 of the 16 examined placentas were overweight, suggesting
that the children may have had antenatal hypoxia [17].
Fetal-placental ratio varied widely between the patients,
and was in 6 pregnancies above (>1 SD, n = 3) or under
(< —1 SD, n = 3) the reference range [18].

Complications during delivery were common (Table 1).
Three deliveries were complicated by severe bleeding, and
1 child was delivered by cesarean delivery at week 34
because of listerial septicemia of the mother. The mother had
symptoms of pneumonia and disseminated intravascular
coagulation. The child had no symptoms of an infection, and
the ultrasound examination result of her brain was normal at
the age of 3 days. The mother was treated with intravenous
meropenem and moxifloxacin and recovered well. The child
was given a prophylactic course of antibiotics. One child was
delivered by emergency cesarean delivery after an ultra-
sound-guided amniotic fluid puncture that led to placental
bleeding. His 1- and 5-minute Apgar scores were 1 and 3,
respectively, and he died on the day of the delivery.
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Fig. 2. Blood hemoglobin concentration (reference range, 117-153 g/L,
shown by the 2 dark horizontal lines) vs gestational age in mothers with LPL.
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Fig. 3. Orotic acid—creatinine ratio in urine vs gestational age in mothers
with LPI. During 2 pregnancies (solid black symbols), 24 -hour values were
measured instead of morning and evening values.

One girl had moderate hydrocephalus, and a large
intracerebral cyst was seen on computed tomography. She
developed hemiplegia and needed a shunt operation at the
age of 26 days. One child had acute birth asphyxia and
needed resuscitation, but recovered well by the age of
10 minutes. Another child had pneumothorax after birth and
needed mechanical ventilation for 3 days. One child had
mild, transient hypoglycemia. These children have devel-
oped normally afterward. Four of the children were small for
gestational age (weight < —2 SD of healthy Finnish
newborns, Table 1) [19].

3.2. Laboratory findings

Of the 9 mothers, 5 were anemic during at least
1 pregnancy despite routine iron substitution given to all
pregnant women (Fig. 2). Two of these mothers received
red blood cell transfusions during pregnancy. Thrombocy-
topenia (platelet count <150 x 10%/L) developed in 4 of
the 9 mothers.

Serum ferritin concentrations, which typically are mark-
edly increased in LPI even in total absence of iron from the
bone marrow cells [20], remained almost unchanged during
the pregnancy. Serum haptoglobin concentration, measured
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Fig. 4. Concentrations of lysine, arginine, citrulline, and ornithine in plasma vs gestational age in mothers with LPI. Reference values (third-trimester
mean + 2 SD) are 72 to 204, 7 to 71, 4 to 28, and 6 to 58 umol/L, respectively.

at least twice from 4 patients during 5 pregnancies, was
always below the reference range (<0.2 g/L). Serum
erythropoietin concentrations were high in all 5 pregnancies
in which the values were measured (range, 58-120 U/L;
reference range, 12-35 U/L).

Free thyroxin concentration in plasma was decreased
during pregnancy in 4 of 5 studied patients. One of these
patients had been previously diagnosed with hypothyreosis.
Of the remaining 3 patients with low free thyroxin values,
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2 had normal concentrations and 1 had decreased concen-
tration of thyrotropin.

Serum retinol-binding protein was within the reference
range in 4 of 5 mothers studied, but increased in 1 mother
from 63 mg/L at week 20 (reference range, 30-60 mg/L) to
66 mg/L at week 34 and to 126 mg/L 2 weeks after delivery.
Of 4 mothers studied, 2 had antinuclear antibodies. Serum
IGF-1 concentrations increased as expected [21] during all
5 pregnancies in which IGF-1 values were repeatedly
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Fig. 6. Plasma leucine concentration vs gestational age in mothers with LPI.
Reference values (third-trimester mean + 2 SD) are 45 to 117 umol/L.

measured, and all concentrations stayed within the reference
range with a few transient exceptions. Serum lactate
dehydrogenase activity was characteristically high already
before the pregnancy, but decreased slightly during preg-
nancy, possibly because of hemodilution.

Interestingly, serum calcium concentration decreased in
most of the patients instead of increasing, as what happens
in normal pregnancies (reference range during pregnancy,
2.25-2.55 mmol/L). This finding is probably in part due to
the decreased plasma albumin concentration, as plasma
albumin concentrations were constantly at or slightly below
the lower reference limit (reference range, 36.1-47.5 g/L
during the first trimester and 30-42 g/L during the third
trimester; values in mothers with LPI during pregnancy,
24-37.5 g/L). Serum prealbumin concentrations, which in
normal pregnancies decrease by 10% to 15%, increased in
3 of the 5 patients studied and were stable in the remaining
2 patients. Of 4 patients studied, 3 had markedly increased
serum zinc concentrations (up to 60 umol/L; reference range,
10-20 umol/L), and the values increased even further later
in 2 of the patients.

Most adult patients with LPI have modest hypertrigly-
ceridemia, and the triglyceride values in all 5 pregnancies, in
which the values were measured, were markedly elevated.
In 4 of these 5 pregnancies, serum cholesterol values
exceeded the recommended value (5 mmol/L). Serum
creatinine values stayed within the reference range, except
in 1 patient who already had mildly increased creatinine
values. Her values remained unchanged during the preg-
nancy. Serum bilirubin, y-glutamyltransferase, and magne-
sium values were within the reference range in all
pregnancies in which they were measured. Serum copper,
ceruloplasmin, and thyroxine-binding globulin concentra-
tions showed normal increase during pregnancy. Orotic
acid—creatinine ratio in spot urine samples varied consider-
ably. As a rule, the ratios were higher in the evening samples
than in the morning samples (Fig. 3).

Plasma and urine amino acids were measured repeatedly
during 5 pregnancies and plasma amino acids alone during
3 additional pregnancies. In most plasma samples, arginine,
glutamine, alanine, and glycine concentrations were normal,
but lysine and ornithine concentrations were repeatedly
subnormal. Plasma citrulline concentration was within the

reference range in 6 of the 8 pregnancies, whereas
exceptionally high concentrations were measured during
2 pregnancies (Fig. 4). All the studied patients had increased
urinary excretion of lysine, arginine, ornithine, citrulline,
alanine, and glycine (Fig. 5). Urinary excretion of glutamine
was also increased in 2 patients. Urinary leucine and
isoleucine excretion varied markedly. Interestingly, plasma
leucine and isoleucine concentrations were constantly
decreased (Fig. 6).

4. Discussion

Several features of LPI associate with potential risks to
the mother and the fetus during pregnancy and delivery. The
most obvious hazard is protein intolerance that carries a risk
of postprandial hyperammonemia in case of excessive
protein intake, as well as protein deficiency in case of too
restricted intake, then causing adverse effects in the mother
and the fetus. In the pregnancies we observed, no
symptomatic hyperammonemias were detected. Plasma
concentrations of glutamine and glutamic acid, alanine,
and glycine were within the reference range, indicating
adequate function of the urea cycle. However, urinary orotic
acid excretion varied considerably, and transient peaks of
urinary orotic acid—creatinine ratio may indicate temporary
nonoptimal control of nitrogen balance.

In mothers with LPI, protein intake remained low during
pregnancy. The mothers gained weight adequately consid-
ering their small size, but plasma albumin concentrations
were uniformly low, suggesting inadequate protein syn-
thesis. Surprisingly, serum prealbumin concentrations in-
creased during the pregnancy. The subnormal prepregnancy
plasma concentrations of lysine and ornithine remained
almost unchanged during pregnancy. The fact that plasma
concentrations of leucine and isoleucine, 2 essential amino
acids, were also low further suggests that the mothers with
LPI have deficiency of essential amino acids during
pregnancy, probably reflected by the large proportion of
infants (21%) that are born small for their gestational age. In
animal models, protein restriction during pregnancy reduces
nutrient transfer to the fetus and fetal weight [22].

Most patients with LPI have mild anemia, the mecha-
nisms of which are still obscure. Maternal anemia is another
significant cause of intrauterine growth retardation [23]. In
this study, anemia developed commonly despite proper iron
substitution, and red blood cell transfusions were needed in
some cases. Serum haptoglobin concentrations were ex-
tremely low, indicating active hemolysis. However, serum
bilirubin concentrations were never elevated. In patients
with LPL, high serum ferritin concentrations are thought to
be associated with stress situations [8], but they did not
change notably during pregnancy. Platelet counts were
subnormal in nearly half of the mothers, and 3 pregnancies
were complicated by severe bleeding.

Altogether, 44% of the LPI pregnancies we followed
were complicated by toxemia, clearly exceeding the
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prevalence of toxemia in normal pregnancies (3%-5% in
primigravidas [24]). Maternal risks associated with toxemia
are sizeable, including convulsions, cerebral hemorrhage,
disseminated intravascular coagulopathy, pulmonary edema,
renal failure, liver hemorrhage, and death, and the risks to
the fetus comprise intrauterine growth retardation, hypox-
emia, acidosis, prematurity, and death [25]. Toxemia indeed
seems to be the most prominent complication of LPI
pregnancies, possibly explaining several of the maternal
and fetal problems encountered. Altered vascular develop-
ment of the placenta is considered the probable underlying
cause for preeclampsia [26]. Unfortunately, no histological
examination has been performed on the placentas of
mothers with LPI.

Plasma concentrations of several trace elements were
measured from the mothers during the pregnancy to detect
possible nutritional deficiencies due to the restricted diet.
Serum zinc concentrations were unusually high and contin-
ued to rise during pregnancy in some patients instead of the
normal pregnancy-induced 20% to 30% decrease. Hemolysis
of the blood samples drawn is an unlikely explanation for
this, as all blood samples were of good quality, and multiple
samples were measured from each patient. Only a few cases
of real hyperzincemia have been reported [27], and the
mechanisms of this condition are largely unknown. Defects
in the metabolism of calprotectin, the major calcium- and
zinc-binding protein of phagocytes, have been suggested to
be associated with this condition [28]. Serum calcium
concentration decreased during pregnancy in almost all
LPI pregnancies, and 3 of 7 patients had serum calcium
concentration below the reference range at the third trimester.
In patients with LPI, the concentrations of serum calcium
and phosphate are usually within reference ranges, but severe
osteoporosis is common, and the patients have a pronounced
tendency to have fractures especially in childhood [29].
Although the mothers obviously had poor calcium stores,
none of the children developed hypocalcemia.

Thyroxin-binding globulin concentrations showed nor-
mal increases [30] in all 5 pregnancies, but in 4 pregnancies,
the concentration of free thyroxin was subnormal, suggest-
ing inadequate thyroxin production, potentially limiting
child’s subsequent neuropsychological performance [31].

In normal pregnancies, renal function improves during
pregnancy and plasma creatinine concentration falls signif-
icantly [32]. In mothers with LPI, pregnancy did not seem to
have much effect to serum creatinine concentrations even in
a subject with slightly impaired kidney function already
before pregnancy. Interestingly, many of the mothers of this
study have progressed to renal insufficiency later in life.

Only one of the mothers in this study did not develop
complications during pregnancy, but the child was delivered
very prematurely. The children in most of the other
pregnancies were delivered before term by induction of
labor or by cesarean delivery to avoid maternal complica-
tions. In one of our patients, an ultrasound-guided amniotic
fluid puncture led to bleeding and perinatal death of the

child at 35 gestational weeks, and 1 delivery was
complicated by a severe maternal bleeding. The child from
this latter pregnancy had an intracerebral cyst, developed
hydrocephalus, and has mild hemiplegia at the current age
of 21 years. She was also suspected of having slightly
delayed mental development, but she later successfully
attended a normal school. She has gone through several
shunt revisions and had a cerebral infarction at the age of
19 years but has made a good recovery. The other children
had no anomalies or birth injuries, and their later develop-
ment has been normal.

Several mechanisms, including poor maternal protein
nutrition, maternal anemia, and toxemia, increase the risks of
intrauterine growth retardation in LPI. Children that are
small for their gestational age may be exposed to a number of
health problems later in life, such as elevated blood pressure
[33] and abnormal function of the endocrine pancreas [34].
In epidemiological studies, exposure to famine during
gestation has been associated with impaired glucose toler-
ance in adulthood [35]. According to the Barker [36]
hypothesis, adaptation of the fetus to a limited supply of
nutrients permanently changes its physiology and metabo-
lism in a way that may later lead to several serious illnesses.

Clearly, the patients with LPI carry increased risk for
complications during pregnancy and delivery. However,
confirming the findings in some previous case histories
[6,37], several pregnancies and deliveries were completed
successfully. Despite the maternal complications, the chil-
dren also have a rather good prognosis.

We suggest that the follow-up protocol presented in
Table 2 might be of value for monitoring of the pregnancies
of the mothers with LPI. For the detection of the develop-
ment of toxemia early, blood pressure and urinary protein
should be measured at least once a month, and complete
urinary analysis should be made at least every second month.
Nitrogen overload should also be excluded by monthly
measurement of urinary orotic acid. Blood count should be
examined bimonthly because of the risk for anemia and
bleeding. Serum erythropoietin should be measured at least
once during the pregnancy. Plasma albumin and prealbumin,
plasma and urinary amino acids, and serum calcium should
be measured once in 4 months to detect the possible
nutritional deficiencies. Serum zinc should also be monitored
because some patients in this study develop marked hyper-
zincemia, the mechanism and significance of which remain
unknown. Serum lactate dehydrogenase and serum ferritin
levels did not change noticeably during any of the
pregnancies, suggesting that the value of those measure-
ments is probably minimal. As the mothers also have
elevated risk for hypothyroidism and renal insufficiency,
the concentrations of thyrotropin, free thyroxine, and serum
creatinine together with creatinine clearance should also be
measured once or a few times during the pregnancy.

In summary, our data show that the women with LPI are
at markedly increased risk for toxemia and several other
complications during pregnancy. Careful follow-up of blood
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pressure and some laboratory parameters are essential, and
follow-up of the pregnancies and the deliveries should be
centralized to experienced units with capability to deal with
the common complications. The children of the mothers
with LPI generally do well and develop normally, assuming
that serious complications during pregnancy and delivery
have been avoided. However, intrauterine growth retarda-
tion is common, suggesting that these children may be
particularly prone to develop some multifactorial diseases
much later in life.

Acknowlegment

This study has been supported by the Eugindat Project
(European Genomics Initiative on Disorders of Plasma
Membrane Amino Acid Transporters) and the Sigrid
Juselius Foundation.

References

[1] Perheentupa J, Visakorpi JK. Protein intolerance with deficient
transport of basic amino acids. Lancet 1965;2:813-6.

[2] Torrents D, Estevez R, Pineda M, et al. Identification and character-
ization of a membrane protein (y+L amino acid transporter—1) that
associates with 4F2hc to encode the amino acid transport activity y+L.
A candidate gene for lysinuric protein intolerance. J Biol Chem
1998;273:32437-45.

[3] Torrents D, Mykkénen J, Pineda M, et al. Identification of SLC7A7,
encoding y+LAT-1, as the lysinuric protein intolerance gene. Nat
Genet 1999;21:293-6.

[4] Rajantie J, Simell O, Perheentupa J. Basolateral membrane transport

defect for lysine in lysinuric protein intolerance. Lancet 1980;1:

1219-21.

Smith DW, Scriver CR, Tenenhouse HS, Simell O. Lysinuric protein

intolerance mutation is expressed in the plasma membrane of cultured

skin fibroblasts. Proc Natl Acad Sci U S A 1987;84:7711-5.

[6] Simell O. Lysinuric protein intolerance and other cationic amino-

acidurias. In: Scriver CS, Beaucert AL, Sly WS, Valle D, editors. The

metabolic and molecular bases of inherited disease. New York:

McGraw-Hill; 2001. p. 4933 -56.

Mykkénen J, Torrents D, Pineda M, et al. Functional analysis of novel

mutations in y+LAT-1 amino acid transporter gene causing lysinuric

protein intolerance (LPI). Hum Mol Genet 2000;9:431-8.

[8] Rajantie J, Simell O, Perheentupa J, Siimes MA. Changes in
peripheral blood cells and serum ferritin in lysinuric protein
intolerance. Acta Paediatr Scand 1980;69:741 -5.

[9] Simell O, Perheentupa J, Rapola J, Visakorpi JK, Eskelin L-E.
Lysinuric protein intolerance. Am J Med 1975;59:229-40.

[10] Lukkarinen M, Parto K, Ruuskanen O, Vainio O, Kiyhty R, Olander
R-M. B and T cell immunity in patients with lysinuric protein
intolerance. Clin Exp Immunol 1999;116:430-4.

[11] Lukkarinen M, Nanto-Salonen K, Ruuskanen O, et al. Varicella and
varicella immunity in patients with lysinuric protein intolerance. J
Inherit Metab Dis 1998;21:103-11.

[12] DiRocco M, Garibotto G, Rossi GA, et al. Role of haematological,
pulmonary and renal complications in the long-term prognosis of
patients with lysinuric protein intolerance. Eur J Pediatr 1993;152:
437-40.

[13] Parto K, Svedstrom E, Majurin M-L, Harkonen R, Simell O. Pul-
monary manifestations in lysinuric protein intolerance. Chest 1993;
104:1176-82.

[5

[k}

[7

—

[14] Rajantie J, Simell O, Rapola J, Perheentupa J. Lysinuric protein
intolerance: a two-year trial of dietary supplementation therapy with
citrulline and lysine. J Pediatr 1980;97:927-32.

[15] Arn PH, Hauser ER, Thomas GH, Herman G, Hess D, Brusilow SW.
Hyperammonemia in women with a mutation at the ornithine
carbamoyltransferase locus. A cause of postpartum coma. N Engl J
Med 1990;322:1652-5.

[16] Lopez-Quesada E, Vilaseca M-A, Artuch R, Gomez E, Lailla JM.
Homocysteine and other plasma amino acids in preeclampsia and in
pregnancies without complications. Clin Biochem 2003;36:185-92.

[17] Naeye R. Do placental weights have clinical significance? Hum Pathol
1987;18:387-91.

[18] Lurie S, Feinstein M, Mamet Y. Human fetal-placental weight ratio in
normal singleton near-term pregnancies. Gynecol Obstet Invest 1999;
48:155-7.

[19] Pihkala J, Hakala T, Voutilainen P, Raivio K. Uudet suomalaiset sikion
kasvukayrat. Duodecim 1989;105:1540-6.

[20] Rajantie J, Rapola J, Siimes MA. Ferritinemia with subnormal iron
stores in lysinuric protein intolerance. Metabolism 1981;30:3 - 5.

[21] Hasegawa T, Hasegawa Y, Takada M, Tsuchiya Y. The free form of
insulin-like growth factor I increases in circulation during normal
human pregnancy. J Clin Endocrinol Metab 1995;80:3284-6.

[22] Malandro MS, Beveridge MJ, Kilberg MS, Novak DA. Effect of low-
protein diet-induced intrauterine growth retardation on rat placental
amino acid transport. Am J Physiol 1996;271:C295-C303.

[23] Mahajan SD, Singh S, Shah P, Gupta N, Kochupillai N. Effect of
maternal malnutrition and anemia on the endocrine regulation of fetal
growth. Endocr Res 2004;30:189-203.

[24] Ylikorkala O. Pre-eklampsia ja muu raskauden aikainen verenpaineen
nousu. In: Ylikorkala O, Kauppila A, editors. Naistentaudit ja
synnytykset. Vammala: Kustannus Oy Duodecim; 2001. p. 411-9.

[25] Sibai B. Treatment of hypertension in pregnant women. N Engl J] Med

1996;335:257-65.

Regnault TRH, Galan HL, Parker TA, Anthony RV. Placental

development in normal and compromised pregnancies—a review.

Placenta 2002;23(Suppl A):S119-29.

[27] Saito Y, Saito K, Hirano Y, et al. Hyperzincemia with systemic
inflammation: a heritable disorder of calprotectin metabolism with
rheumatic manifestations? J Pediatr 2002;140:267-9.

[28] Sampson B, Fagerhol MK, Sunderkétter C, et al. Hyperzincaemia and
hypercalprotectinaemia: a new disorder of zinc metabolism. Lancet
2002;360:1742-5.

[29] Svedstrom E, Parto K, Marttinen M, Virtama P, Simell O. Skeletal
manifestations of lysinuric protein intolerance. A follow-up study of
29 patients. Skeletal Radiol 1999;22:11-6.

[30] O’Leary PC, Boyne P, Atkinson G, Mileham K-J, James L
Longitudinal study of serum thyroid hormone levels during pregnan-
cy. Int J Gynecol Obstet 1992;38:171-9.

[31] Haddow JE, Palomaki GE, Allan WC, et al. Maternal thyroid
deficiency during pregnancy and subsequent neuropsychological
development of the child. N Engl J Med 1999;341:549-55.

[32] Girling JC. Re-evaluation of plasma creatinine concentration in
normal pregnancy. J Obstet Gynaecol 2000;20:128-31.

[33] Campbell DM, Hall MH, Barker DJ, Cross J, Shiell AW, Godfrey
KM. Diet in pregnancy and the offspring’s blood pressure 40 years
later. Br J Obstet Gynaecol 1996;103:273 - 80.

[34] Dahri S, Snoeck A, Reusens-Billen B, Remacle C, Hoet JJ. Islet
function in offspring of mothers on low-protein diet during gestation.
Diabetes 1991;40(Suppl 2):115-20.

[35] Ravelli ACJ, van der Meulen JHP, Michels RPJ, et al. Glucose
tolerance in adults after prenatal exposure to famine. Lancet 1998;351:
173-7.

[36] Barker DJ. Maternal nutrition, fetal nutrition, and disease in later life.
Nutrition 1997;13:807-13.

[37] Takayama N, Hamada H, Kubo T. Lysinuric protein intolerance in
pregnancy: case report with successful outcome. Arch Gynecol Obstet
1995;256:49-52.

126

—_



	Hazards associated with pregnancies and deliveries in lysinuric protein intolerance
	Introduction
	Patients and methods
	Subjects
	Methods

	Results
	Clinical aspects
	Laboratory findings

	Discussion
	Acknowlegment
	References


