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fluxes of lysine in intestinal biopsy specimens have
confirmed that the defect indeed localizes to the basolateral
cell surface. Similar cellular localization of the defect in the

kidney tubules is suggested by infusions of citrulline, which
cause not only citrullinuria but also significant argininuria
and ornithinuria. Because citrulline and the cationic amino

acids do not share transport mechanisms in the tubules,
part of the citrulline is converted to arginine and then to
ornithine in the tubule cells during reabsorption. A
basolateral transport defect prohibits antiluminal efflux of
arginine and ornithine, which accumulate and escape
through the luminal membrane into the urine. The genetic
mutations in LPI and possibly in all cationic aminoacid-
urias apparently lead to kinetic abnormalities in the
transport protein(s) of the cationic amino acids. This is
suggested by the fact that increasing the tubular load of a
single cationic amino acid by intravenous infusion increases
its tubular reabsorption, but reabsorption remains sub-
normal even at high loads. he other cationic amino acids are
able to compete for the same transport site(s) also in LPI,
but an inerease in the load of one cationic amino acid

frequently leads to net secretion of the others.
The plasma membrane of cultured fibroblasts shows a

defect in the trans-stimulated efflux of the cationic amino

acids; i.e, their flux out of the cell is not stimulated by
cationic amino acids present on the outside of the cell as
efficiently as it is in the control fibroblasts. The percent of
trans-stimulation of homoarginine efflux in the fibroblasts
of the heterozygotes is midway between that ofthe patients
and the control subjects,
The exact cause of hyperammonemia in LPI remains
unknown, The enzymes of the urea cycle haye normal
activities in the liver, and the brisk excretion of orotic acid
during hyperammonemia supports the view that N-acet-
ylglutamate and carbamyl phosphate are formed in
sufficient quantities. Low plasma concentrationsof arginine
and ornithine suggest that the malfunctioning of the cycle is
caused by a deficiency of intramitochondrialornithine. This
hypothesis is supported by experiments in which hyper-
ammonemia after protein or amino nitrogen loading is
prevented by intravenous infusion of arginine or ornithine.
Citrulline, a third urea cycle intermediate, also abolishes
hyperammonemia if given orally, because, as a neutral .
aminoacid,it is well-absorbed from the intestine. Ornithine
deficiency in LPI has recently been questioned because
cationic amino acids and their nonmetabolized analogues
accumulate in higher-than-normal amounts in intestinal
biopsy specimens and cultured fibroblasts from LPI
patients in vitro and the concentrations of the cationic
amino acids in liver biopsy samples are similar or higher in
the patients when compared to these concentrations in the
control subjects. If hyperammonemia is not due to simple
deficiency of ornithine, it could be caused by inhibition of
the urea cycle enzymes by the intracellularly accumulated
lysine; by a coexisting defect in the mitochondrial ornithine
transport necessary for the function of the urea cycle; or by
actual deficiency of ornithine in the cytoplasm caused by
abnormal pooling of the cationic amino acids into some cell
organelle(s), most likely lysosomes. The latter two explana-
tions imply that the transport defect is expressed also in the
organelle(s),

. Lysine is present in practically all proteins, including
collagen, Lysine deficiency may cause many of the features
of the disease that are not corrected by prevention of
hyperammonemia, including enlargement of the liver and
spleen, poor growth and delayed bone age, and osteoporosis.
Oral lysine supplements are poorly tolerated by the patients
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because of their poor intestinal absorption. e-N-acetyl-L-
lysine, but not homocitrulline, efficiently increases plasma
concentration of lysine in the patients, but acetyllysine or
other neutral lysine analogues have not been used for
supplementation.
Recently, a 622-amino-acid retroviral receptor (murine
leukemia viral receptor REC1) with 12 to 14 potential
membrane-spanning domains has been cloned. The physio-
logical role of the receptor was soon found to be that of a
cationic amino acid transporter at the cell membrane; the
protein was hence renamed MCAT-1, mouse cationic amino
acid transporter-1. The functional characteristics of the
transporter are similar to those of system y*, a widely
expressed Na*t-independent transport system for cationic
amino acids. The human counterpart of the mouse REC1
gene, encoding the retroviral receptor-transport protein,
has been assigned to chromosome 13q12-q14 and named
ATRCI1, MCAT-1 (and y*) activity is not expressed in
rodent liver, but two other related cationic amino acid
transport proteins, formed presumably as a result of
alternative splicing —Tea (T cell early activation; expres-
seq also in activated T and B lymphocytes) and MCAT-2 —
are probably responsible for the low-affinity transport of
cationic amino acids that is characteristic of (mouse) liver,
Studies addressing the ATRC1 gene as well as the Tea and
MCAF-2 genes as candidate genes for LPI are under way.

8. Treatment in iysinuric protein intolerance consists ofprotein restriction and supplementation with oral citrulline,
3 to 8 g daily during meals. Patients are encouraged to
increase their protein intake modestly during citrulline
supplementation, but aversion to protein in most patients
effectively inhibits them from accepting more than the
minimal requirement. The treatment clearly improves
the growth and well-being of the patients. Pulmonary
complications (interstitial pneumonia, pulmonary alveolar
proteinosis, cholesterol granulomas, and respiratory insuf-
ficiency) have occasionally responded to early treatment

7

\ with high-dose prednisolone, or to bronchoalveolar lavages.
No therapy is known for the associated renal disease and
renal failure,

The clinical and biochemical findings in other cationic
alninoacidurias differ slightly from those in lysinuric
protein intolerance. The symptoms of the index case with
hyperdibasic aminoaciduria type 1 resemble those of LPI,
but the other affected members of the pedigree are
clinically healthy. The Japanese patient with isolated
lysinuria has severe growth failure, seizures, and mental
retardation. Her transport defect is apparently limited to
lysine, and hyperammonemiais not a feature of the disease.

~

Perheentupa and Visakorpi described the first three patients with
“familial protein intolerance with deficient transport of basic
amino acids” in 1965. The disease is now called lysinuric protein
intolerance (LPI) (MIM 222700) or “hyperdibasic aminoaciduria
type 2.°2-5 Over 100 patients with this autosomal recessive
disease have been described or are known to me; 41 of them are
Finns or Finnish Lapps.®~5? The incidence in Finland is 1 in
60,000 births but varies considerably within the country.2°
Patients of black and white American, Japanese, Turkish,
Moroccan, Arab, Jewish, Italian, French, Dutch, Irish, Norwegian,
Swedish, and Russian origin have also been described. The
fascinating combination in the disease of urea cycle failure,
expressed as postprandial hyperammonemia, and a defect in the
transport of the cationic aminoacids lysine, arginine, and ornithine
in the intestine and kidney tubules has led to extensive studies of
the mechanisms that link these two phenomena. The mechanisms
are still partly unresolved, and the sequence of events leading to
hyperammonemia is unclear. We can simplify our knowledge by
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POSTPRANDIAL HYPER-
PROTEIN MAL- AMMONEMIA
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NAUSEA, PROTEIN
AVERSION
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‘

GROWTH FAILURE[osteororosis | HEPATOMEGALY ] 
Fig. 192-1 The suggested pathogenesis of lysine, arginine, land
ornithine deficiency, hyperammonemia, and aversion to protein in
LPI.

saying that hyperammonemia is caused by “functional édefi-
ciency” ofthe urea cycle intermediates arginine and ornithine in
the urea cycle*!!:1454 (Big, 192-1), LPI has also been a productive
model for studies of cellular transport: It is the first human disease
where the transport defect has been localized to the basolateral,
(antiluminal) membraneof the epithelial cells.°°-°’ Further, in LPI
the parenchymal cells show a defectin the trans-stimulated efflux
of the cationic amino acids, suggesting that the basolateral
membraneof the epithelial cells and the plasma membraneofthe
parenchymalcells have analogous functions.**

Recently, the first candidate gene for LPI, ATRC1, encoding a
human cationic amino acid transporter, has been mapped to the
long arm of chromosome 13 (13q12-q14).© Without further proof,
it is intriguing to hypothesize how a mutation in this or in a
functionally similar gene or in genes encoding regulatory proteins
of these transporters might lead to the membr’ne-selective cationic
amino acid transport defect of LPI and to the complicated clinical
features of the disease. '

Several patients with variant forms of cationic amingaciduria
have been described in which the protein tolerance often is better
than in LPI andthe selectivity and severity of cationic amino-
aciduria differs,23:25.33.61.62 Ty the report by Whelan and Scriver®!
only the history of the index case suggested hyperammonemia, but
other members of the pedigree have been symptom-free. The
inheritance ofthis hyperdibasic aminoaciduria type 1 is autosomal
dominant, implying that the patients are heterozygous for LPI or
another type of hyperdibasic aminoaciduria.

CLINICAL ASPECTS

Lysinuric Protein Intolerance
Natural Course of the Disease, The gestation and delivery of
infants with LPI has been uneventful.4~%°-!!5 Breast-fed infants

usually thrive because of the low protein concentration in human
milk, but symptoms of hyperammonemia may appear during the
neonatal period andreflect exceptionally low protein tolerance or a
high protein content in the breast milk. Nausea, vomiting, and mild
diarrhea appear usually within 1 week of weaning or another
increase in the protein content of the meals. Soy-based formulas
are perhaps slightly better tolerated than cow’s milk. The infants
are poor feeders, cease to thrive, and have marked muscular

~ hypotonia, The patient’s liver and spleen are enlarged from the
neonatal period-onward, The association of episodes of vomiting
with high protein feeds is not always apparent fo the parents and
may remain unnoticed evenby trained physicians for years. Thus,ee

Page 5 of 26

the diagnosis frequently has been delayed until the school age or
even adulthood.*>47,5°

Around the age of | year, most patients begin to reject cow’s
milk, meat, fish, and eggs, The diet then mainly contains cereals
cooked in water, potatoes, rice and vegetables, fruits and juices,
bread, butter, and candies. The frequency of vomiting decreases on
this diet, but accidental increases in protein intake lead to
dizziness, nausea, and vomiting. A few patients have lapsed into
coma, to the point where the EEG becameisoelectric when the
children were tube-fed with high-protein foods.?795404147 Enteral
alimentation and total parenteral nutrition may cause symptomsin
patients who have remained undiagnosed, because the protein or
amino acid loads often exceed patient’s tolerance. Prolonged,
moderately increased protein intake may lead to dizziness,
psychotic periods, chronic abdominal pains, or suspicion of
abdominal emergencies.

Bone fractures occur frequently, often after minor trau-
ma,*!+30,35,63-66 Ty 4 Finnish series, 20 of 29 patients (69 percent)
had suffered from fractures of the long bones or of compression
fractures of the lumbar spine; 10 (34 percent) had had more than 2
fractures during the 18-year follow-up.°?-° Most fractures
occurred before the age of 5 years, Symptoms of osteoarthrosis

- often begin at the age of 30 to 40 years, The radiologic signs of
osteoporosis are usually severe before puberty but decrease with
advancing age. The effect of citrulline therapy on osteoporosis is
minimal.

Our accumulating experience with the late complications
associated with the disease, together with recent reports of
patients from outside Finland, suggest that in a sizable. proportion
of the patients the classic symptoms of protein intolerance may
remain unnoticed. Instead, the patients may present with
interstitial lung disease or respiratory insufficiency, or have renal
glomerular or glomerulotubular disease with or without renal
insufficiency as thefirst clinical finding (see “Complications and
Autopsy Findings” below).

Physical Findings. Muscular hypotonia and hypotrophy are
usually noticeable from early infancy but improve with advancing
age."° Most patients are unable to perform prolonged physical
exercises, but acute performance is relatively good. The body
proportions ofpatients after the first couple of years of life are
characteristic: the extremities are thin, but the front view of the
body is squarelike with abundant centripetal subcutaneousfat. The
hair is thin and sparse, the skin may be slightly hyperelastic, and
the nails are normal. The liver is variably enlarged, and the spleen
is often palpable and is large by ultrasound.

Patients who have remained undiagnosed until the age of
several years have had characteristics typical of protein-calorie
malnutrition and frequently resemble patients with advanced
celiac disease. The subcutaneous fat may be reducedand the skin
“loose” and “too large for the body” (Fig, 192-2),

The ocular fundi have been normal by ophthalmoscopy.®> Of
20 patients studied, 14 had minuteopacities in the anterior fetal Y
suture of both lenses. In 10 patients, the opacities were surrounded
by minute satellites. The opacities were never large enough to
cause visual impairment and have remained stable, in some
patients now for over 25 years. The mechanism underlyingthe lens
abnormalities is unknown.”

The dentition of the patients has been normal, and the patients
do not appear to be especially prone to caries, despite the high
carbohydrate content of the diet.,

Growth. Birth weights and Jengths have been normal for
gestational age, and postnatal growth is normal before weaning.
The growth curves then begin to deviate progressively from the
normal mean, and, at the time of diagnosis, 16 of 20 Finnish
patients were more than 2 SD below the mean height, 12 patients
were more than 3 SD, 6 patients more than 4 SD, 2 patients more
than 5 SD, and 1 patient 6 SD below the mean.** Skeletal
maturationis considerably delayed.**4 The bones usually mature
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Fig. 192-2 Two children with LPI. The pictures were taken atthe time—thorax of the child in A is deformed and her trunk shortened because
of diagnosis. A, Child 12 years old. B, Child 6 years old. Note the of osteoporosis and pathologic fractures of the vertebrae.
prominent abdomen, hypotrophic muscles, and “loose” skin. The \

slowly and linearly without a pubertal catch-up spurt, and most
patients have not reached skeletal maturity by the age of 20 years,
The final height of the patients has almost invariably been closerto
the normal than the height measured at the time of diagnosis,
because of therapy and the late cessation of growth. The head
circumferences have been normal forage.

The body ,ptoportions are normal, but with advancing age the
moderate centripetal obesity, which is present from early child-
hood, becomes more obvious.

Skeletal Manifestations and Bone Metabolism. Osteoporosis is
often recognizable in skeletal radiographs and has occasionally
been the leading sign of LPI2°?-° Two-thirds of the patients
have had fractures, half of which have occurred after insignificant
trauma. All fractures have healed properly within a normal time.|
The skull and sella turcica have been normal in roentgenograms.

Over 70 percent of the patients have some skeletal abnor-
malities, either osteoporosis, deformations, or early osteoarthro-
sis,3-In radiographs of 29 Finnish patients, osteoporosis was
present in 13; the cortices of the long bones were abnormally thin
in 5; the vertebrae had endplate impressions in 8; metaphyses were
rickets-like in 2; and cartilage showed early destruction in 3, The
cortex of the metacarpal bones was characteristically thickened in
7.4 Morphometric analyses of bone biopsy samples showed
moderate to severe osteoporosis in eight of nine patients studied;
trabecular bone and osteoid volume were markedly reduced.®
After double-labeling of bones with tetracycline in vivo, barely
identifiable single lines were detected, suggesting poor bone
deposition; the findings resembled those in severe malnutri-
tion.°*-"* The numberof osteoblasts and osteoclasts was low, and
the extent of osteoid along the bone surfaces was low or normal in
all specimens studied.

Laboratory tests for evaluation of calcium and phosphate
metabolism have given unremarkable results.2°~° Serum
calcium and phosphate concentration, urinary excretion of calcium
and phosphate, serum magnesium, estradiol, testosterone, thyroid-
stimulating hormone, cortisol, vitamin D metabolites [25-(OH)2-
D, 1,25-(OH)2-D and 24,25-(OH)2-D], parathyroid hormone,
calcitonin, and osteocalcin concentrations have all been within
the reference range,
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The daily urinary excretion of hydroxyproline is significantly
increased during pubertal growth, but half of the adult patients also
have supranormal excretion rates (mean of all adults
212 + 103 pmol/m?; adult reference range, 60 to 180 umol/
m?),6 The serum hydroxyproline concentration is increased in
almostall patients irrespective of age. Serum concentrations of the
C-terminal propeptide of type I procollagen and of the N-terminal
propeptide of type III procollagen have been normal in all
pediatric patients, but the concentration of the latter increases
‘during puberty and remains elevated in adult patients.

The incorporation of labeled hydroxyproline into collagen was
significantly decreased in cultured LPI fibroblasts as compared
with age-matched controls at the ages of 5, 14, and 30 years, but
therk was no difference at the age of 44 years.Morphometry of
the collagenfibrils in electron microscopy showed no differences
between patients and controls.

Pd

Liver Pathology. In the youngest patients, the histologic findings
in liver biopsy specimens have been normal, with only occasional
fat droplets in the hepatocytes,**>-*.7> In olderpatients, delimited
areas in periportal or central parts of the liver lobules contained
hepatocytes with ample pale cytoplasm and small pyknotic nuclei.
In these cells, the glycogen content is decreased, and glycogen
appears in coarse particles. At the borders of the abnormal areas,
many nuclei are ghostlike and have central inclusion bodies
staining positively with periodic acid-Schiff. Cytoplasmic fat
droplets occur especially in the periportal areas. Children who died
of alveolar proteinosis with multiple organ dysfunction syndrome
have mostly shown extensive fatty degeneration of the liver but
minimal or moderate cirrhosis. Inflammatory cells have always
been absent in the liver biopsy samples.

Liver changes in LPI may reflect generalized protein
malnutrition, because in kwashiorkor liver fat synthesis is
increased, apolipoprotein synthesis is decreased, and lipoprotein
lipases are inhibited.?* Similar liver changes have also been
induced in rats by lysine and arginine deprivation.”’

Performance in Adult Life. Mental development is normal in
most subjects. Performance is decreased, particularly in patients
with known histories of prolonged hyperammonemia. Altogether,
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about 20 percentof the patients with LPI reported in the literature
or otherwise known to me are mentally retarded, Convulsions are
uncommon, but periods of stupor have occasionally been
misinterpreted as psychomotorseizures,'® Four patients have had
psychotic periods, which have clearly been precipitated by
prolonged moderate hyperammonemia,?5

Neuropsychologic evaluation of the patients suggests that
mathematical and other abstract skills are particularly vulnerable
to hyperammonemia. Treatment with a low-protein diet and
citrulline supplementation!''*+6 (see “Treatment” below) has
significantly improved the life quality of the patients. Episodes of
vomiting and other signs of hyperammonemia have become a rare
exception. The patients who underwent prolonged periods of
hyperammonemia in early infancy and childhood and who
appeared severely retarded at the first presentation have consider-
ably and continuously improved their performance during therapy.
All Finnish patients are now able to take care of the activities of
daily life, and none of them is institutionalized. The most severely
retarded patient, who had an IQ of 40at the age of 12 years, lives
now at the age of 40 in the custody of another family apd is
capable of taking care of herdaily activities; she also works in a
protected environmentoutside the home fora few hours a day and
helps routinely in the household. She is talkative, happy, and
socially active, At the other end of the spectrum, one patient has
graduated from a medical school, works successfully ak an
internist, is married, and is a mother of one. Several otherpatients
have also graduated from high school or other secondary schools
and are permanently employed. The physicalfitness of the patients
is fair, but their capacity for prolonged heavy work and physicah
endurance is clearly limited, One patient worked as a construction
worker in a building company for a few years, but found the job
too heavy; another has been an active jogger for years and is
capable of running 15 km without problems. The oldest patient in
Finland is now 49 years of age and retired 7 yéars ago because of
back problems, He is mentally and physically active and takes care
of the household duties of a small farmhouse. A Finnish-born

patient in Sweden is now 58 years old.!®!.29 One male and seven
female patients are married.

Pregnancies of the Patients. The seven mavied women have had
fifteen pregnancies. One of the mothers was treated during the
pregnancy only with protein restriction; the other yreceived
citrulline supplementation (8 to 14 pills containing O\4l4 g L-
citrulline daily during meals). Anemia (hemoglobin < 8.5 g/dl)
occurred in all, and the platelet count decreased to less than
50 x 107/mm*. A severe hemorrhage complicated two deliveries
in one patient. Another patient had severe toxemia in her second
pregnancy. The blood pressure increased to crisis values and she
had prolonged convulsions and unconsciousness, but she recov-
ered totally. In a third patient, an ultrasound-guided amniotic fluid
puncture led to a bleed and loss of the fetus at 35 gestational
weeks. Despite the mothers’ anemia and severely decreased
platelet count, other pregnancies and deliveries have been
uneventful.

Ofthe 14 living children born to the patients, 13 are well at the
age of 0.5 to 14 years. One child, whose delivery was complicated
by a severe maternal hemorrhage, has hemiplegia and slightly
delayed mental development, and another one waslate in learning
to speak but has later developed well.

One male patient has a healthy son.

Complications and Autopsy Findings. Since thefirst description
of LPI in 1965,! 4 children and 1 adult of the 39 known Finnish
patients have died, and a few pediatric LPI patients have died in
other countries. A Moroccan patient died with pulmonary
symptoms and autopsy findings similar to those of the four
Finnish children (see below),?’ and a Japanese patient has had
long-lasting, slowly progressive interstitial changes in the lungs.*®
An American child with LPI presented with interstitial pneumonia
vat the age of 27 months and later died of pulmonary alveolaroo
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proteinosis.** More recently, three Italian patients with severe
interstitial lung disease have been described.>! One of them died at
the age of 18 months; two others had an accompanying renal
glomerular or glomerulotubluar disease. One Arab child had
severe respiratory insufficiency as the presenting sign at the age of
11 years, and had had clubbing of the fingers for 5 years.°* An
open lung biopsy showed cholesterol casts surrounded by a
granulomatous process and giant cells; there was a small amount
of interstitial inflammation and a moderate degree of scarring.
Electron microscopy demonstrated cholesterol casts around and
within macrophages and within alveolar cells in the alveolar
spaces, but no hemorrhage.

Two of the four Finnish children who died had another

systemic disease in addition to LPI (SLE; hypothyreosis). In all
four, the fatal courses began as acute or subacute respiratory
insufficiency, which progressed to multiorgan failure;®*7578-®°the
symptoms fulfilled the criteria of the multiple organ dysfunction
syndrome.®!8? Progressive fatigue, cough, and mild to high fever
were typical, and some children had blood in the sputum.7®-®°
Dyspnea with marked air hunger during minimal exercise
developed. Hemoglobin and platelet values fell, and the values
of serum ferritin and lactate dehydrogenase, which are high in

* normal circumstancesin these patients, increased even further. The
sedimentation rate was elevated. Arterial oxygen tension was
decreased, and the children had a severe bleeding tendency, The
severity of liver, kidney, and pancreas involvement in the
multiorgan failure varied. The pulmonary symptoms lasted from
2 weeks to 6 months before death.

The radiologic findings during the acute phase were similar in
all patients with a fatal course.”® Diffuse, reticulonodulardensities
and, later, signs of rapidly progressing airspace disease appeared
in the chest radiographs at the mean age of 5 year's (range 1.2 to
10.2 years) (Fig. 192-3). Two children developed acute respiratory
insufficiency 2 months after the first radiologic signs of lung
involvement, but one patient had densities for over 2 years and
another for 12 years before acute exacerbation.

In one patient, a lung biopsy specimen taken at the time of
appearance of the reticulonodular densities showed pulmonary
alveolar proteinosis (Fig. 192-3C). At autopsy,three of the patients
showed pulmonary alveolar proteinosis, and one had pulmonary
hemorrhage with cholesterol granulomas. The specimens showed
accumulations of myelin-like multilamellar structures, simple
vesicles, granules, amorphous material, and crystals in transmis-
sion electron microscopy (Fig, 192-4).7? Samples from the patient
with pulmonary cholesterol granulomas containedinterstitial and
intra-alveolar cholesterol crystals and some multilamellar struc-
tures. It is interesting that similar pulmonary cholesterol
granulomas were described in the lung biopsy sample of the
Saudi Arabian child from Israel.54

One adult patient developed acute respiratory insufficiency
with cough, fever, dyspnea, and hemoptysis at the age of 23
years.’®-89 Chest radiographs showed interstitial densities and
airspace disease. Pulmonary function tests showed minimal
obstruction of the distal airways but normal diffusing capacity.
Extensive microbiologic investigations showed no evidence of
infection..An open lung biopsy specimen showed bronchiolitis
obliterans with signs ofinterstitial pneumonia. Granulation tissue
polyps obstructed bronchiolar lumina, alveolar septa were
thickened, and the sample contained a number of infiltrating
lymphocytes and macrophages as well as signs of alveolar
hemorrhages; no vasculitis nor full-blown alveolar proteinosis
were found. The cytocentrifuge preparation made from the lung
biopsy specimen showed 57 percent macrophages, 15 percent
neutrophils, and 26 percent lymphocytes of the total cell count.
The T-helper to T-suppressor cell ratio was 0.81. Symptoms
disappeared rapidly and radiologic findings normalized within two
months during high-dose prednisolone treatment. Eight months
later, the patient relapsed with hemoptysis, but he responded well
again to an increased corticosteroid dose. Now, 5 years later,
he is symptom-free; the results of pulmonary function tests,
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Fig. 192-3 A 13-year-old girl with LP! who developed fatal respira-
tory insufficiency after a mild respiratory infection. A, Chest
radiograph at the time of the first respiratory symptoms showed
reticulonodular interstitial densities. B, Chest radiograph taken two .
weeks later showsinterstitial and alveolar densities. C, Pulmonary
biopsy specimen showssignsofalveolar proteinosis (hematoxylin-
eosin, original magnification 115). (From Parto et al.” Used by
permission.)

high-resolution computed tomography, and radionuclide imaging
are normal, but the proportion of erythrocytes in the bronchoal-
yeolar lavage fluid is increased.

Another patient developed chronic, slowly progressive pul-
monary insufficiency with dyspnea, cough, chest pain, and
hypoxia at the age of 42 years.”*-®° A bronchoalveolar lavage
cured clinical symptoms in hours, and the response has been as
good in all of the six relapses that have occurred during the 7 years
of follow-up. His chest radiographs show increasing interstitial
linear and nodular densities. Six years after the initial symptoms,
radionuclide perfusion imaging showed a segmental defect and
uneven perfusion, and pulmonary function tests suggested slight
restriction but normal diffusing capacity. Bronchoscopy showed
signs of chronic bronchitis. The relative proportions ofcells in the
bronchoalveolar lavage fluid were normal.

It is interesting that one-third of the symptom-free patients
studied (8 of 25) hadfindings in chest radiographs that suggested
pulmonary fibrosis, and high-resolution computed tomography
suggested pulmonary fibrosis in two-thirds ofthe patients studied
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Fig. 192-4 Pulmonary macrophages of patients with LPI. A, An
electron micrograph shows macrophage containing multilamellar
structures and electron-dense bodies that contain iron (magnifica-
tion x3100). B, The same cell at a greater magnification shows
characteristic electron-dense areas which, according to the x-ray
spectrum, contained mainly iron (x4600). C. Another pulmonary
macrophage containing a numberof black-staining, iron-containing
precipitations (x 27,200). (From Parto etal.”° Used by permission.)

(8 of 14).78 Most of the symptom-free patients (9 of 12) also
showed mild abnormalities in perfusion imaging or in pulmonary
function tests (8 of 12),

Thetotal cell count in the bronchoalveolarlavage fluid of three
adult LPI patients was normal, but two showed markedly increased
lymphocyte and decreased macrophage percentages, suggesting
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alveolar immunoactivation and subclinical alveolitis, as is
common in many systemic diseases (Table 192-1).89 Similar
alterations have also been found in lavage fluid of patients with
isolated pulmonary alveolar proteinosis.** Furthermore, the LPI
lavage fluid also contained multilamellar structures of various
sizes and shapes, which were absent in control samples. In one
patient, the size of macrophagesin the lavage fluid was markedly
increased, but the size was normal in the others. Macrophages in
all patients were filled with multilamellar structures similar to
those in type Il pneumocytes (Fig. 192-4), The estimated
proportional volume of multilamellar structures in pulmonary
macrophages was significantly increased, macrophages contained
dense inclusions with iron-like material, and the iron content of the
cells was elevated (Table 192-1),°-79 Whether these changes in
alveolar macrophages reflect altered iron or phospholipid
metabolism in LPI or are a consequence of repeated subclinical
pulmonary hemorrhages is unknown,It is possible that increased
concentrations of cationic amino acids in the alveolarlining of LPI
patients®>8° may interfere with phospholipid metabolism, change
the composition of the surfactant, and lead to the clinical
symptoms. Because of their phagocytic nature, normal pulmonary
macrophages contain a multitude of inclusions, including round,
dense bodies, lamellae, myelin-like figures, and .homogeneous
lipid-like bodies.7*® Multilamellar structures closely resembling
those of alveolar macrophages in LPI have been reported in
pulmonary alveolar proteinosis associated with other diseases; in
abnormalities of phospholipid metabolism; in a silica-induced
animal model of alveolarproteinosis; and after experimental use of
amphiphilic cationic drugs.88-?!

Alveolar proteinosis is less common in children than in adults,
but the course is usually more aggressive in childhood. Almost 60
pediatric patients with pulmonary alveolar proteinosis have been
described, associated in some with alymphoplasia,®* decreased
IgA levels,®* or various autoimmunediseases,°#°> It is interesting
that there are 10 pairs of siblings with alveolar proteinosis,?*.°°~ !°*
suggesting that genetic factors are important or that some of these
patients with pulmonary alveolar proteinosis may also have had
LPI.

Jt is apparent that the cascade leading to pulmonary alveolar
proteinosis or cholesterol granulomas is park of the symptomatol-
ogy of LPI. The pathophysiology remains unknowag, but the
abnormal content of cationic aminoacids in the bronchpalveolar
lavage fluid of these patients suggests that the transport of cationic
amino acids may be abnormal also in the pulmonary’ alveolar
epithelium (Table 192-1).°858° The transport defect ,might
influence gas exchange or alter the production, composition, or
function of surfactant in the alveoli. High-dose prednisolone
treatment and bronchoalveolar lavages may slow or prevent
disease progression if started early. Thus, all patients and their
guardians should be warned of the symptoms.

‘Twoof the patients who died had increased serum creatinine or
decreased creatinine clearance values during exacerbation of the
symptoms. At autopsy, kidney histology and immunohistochem-
istry unexpectedly showed immune-mediated glomerulonephritis
in all four patients.©>75 The disease was morphologically classified
as diffuse, membranous or mesangial proliferative glomerulone-
phritis. Histologic findings were similarto those commonly seen in
systemic lupus erythematosus. It is interesting that two patients
also had onion-skin arteries in spleen tissue, anotherfinding often
associated with lupus. The glomeruli were hypercellular, the
capillaries were narrowed, and the basement membranes were
thickened. The tubules contained granular or homogenous periodic
acid-Schiff (PAS)-positive material and, occasionally, calcium
crystals. Indirect immunofluorescence studies revealed heavy
membranous deposits of IgG, IgM, IgA, complement components
C3 and Clq, and immunoglobulin « and A light chains in the
glomeruli, and electron microscopy revealed large subepithelial
and mesangial electron-dense deposits, proliferation of Bowman’s
epithelium, and tubuloreticular structures in the glomerular
endothelial cells. The absence of linear deposition of IgG in

a
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glomerular and pulmonary capillaries in all patients and the lack of
anti-glomerular basement membrane (anti-GBM)antibodies in the
only patient so studied excluded the anti-GBM disease.!°? Other
diseases without anti-GBM antibody in which pulmonary
hemorrhage and glomerulonephritis have occurred include SLE,
Wegener granulomatosis, systemic necrotizing vasculitis, cryo-
globulinemia, immune complex-mediated glomerulonephritis, and
idiopathic crescentic glomerulonephritis with negative immuno-
fluorescence.!*-!°7 The recent report by DiRocco and- co-
workers*! confirms that renal glomerular involvement in LPI is
not uncommon, In their patients, progression of the renal changes
(as well as of the pulmonary changes) occurred despite treatment
with high-dose prednisone. At this time, there is no known
effective treatment of the renal glomerular disease in LPI,

The pediatric patients who died developed symptomsandsigns
of hepatic insufficiency in the terminal phase of their disease; the
liver showed fatty degeneration and mild to severe cirrhosis at
autopsy. Excessive amyloid was found in the lymph nodes and
spleen. The pancreas showed acinar atrophy and fibrosis,
resembling findings in kwashiorkor, and deficiency of cationic
amino acids.’7+!08 One patient at autopsy had pancreatic necrotiz-
ing inflammation, possibly due to shock, terminal pancreatitis,!°°

. or plugs in pancreatic ducts. However, the possible association of
LPI with familial pancreatitis cases is intriguing, as some patients
with familial pancreatitis excrete excessive lysine in the urine.!!°
Bone marrow was hypercellular at autopsy, but the amount of
megakaryocytes was decreased. None of the Finnish patients
showed erythroautophagocytosis or erythroblastophagocytosis in
the marrow.”°5275 Bone specimens showed osteoporosis.

Five adult Finnish patients (age 27 to 49 years) have developed
arterial hypertension, and three have hypercholesterolemia (serum
cholesterol >9.0 mM), which may represent’ heterozygous
familial cholesterolemia. The one adult Finnish patient who
died, died of a cause unrelated to the pulmonary disease,

Other LPI-Associated Features. A few patients with biochem-
ical LPI have had uncommonassociated features, which may point
to heterogeneity of the syndrome or may be random associations; I
have included these patients in the LPI group because of their
biochemical identity. A mentally retarded boy with biochemical
features typical of LPI showeda peculiar response to phenothia-
zines, which were prescribed to relieve his hyperactivity? A
Japanese 8-year-old girl had a prestage of systemic lupus
erythematosus and showed multiple immunologic abnormalities,
including impaired function of lymphocyte functioning and the
presence of lupus erythematosus cells, antinuclear antibodies, and
hypergammaglobulinemia.?! Interestingly, also, one Finnish
patient had systemic lupus erythematosus (see “Complications
and Autopsy Findings” above), and another patient had anti-
nuclear antibody-positive rheumatoid arthritis, Two Italian boys
with LPI had striking joint hyperextensibility, and three had
prominent autophagy of erythroblasts by granulocytes as well as
clusters of degenerated erythroblast nuclei in the bone mar-
row;20425! autophagy was found also in a patient of Turkish
ancestry.2 The findings in the bone marrow aspirates are
interesting and may be a common phenomenon in the disease,
but were not found in several Finnish patients studied so far.35»9:75
The aulophagocytosis might be linked with abnormalities in the
peripheral red cells of the patients.**!'! Two Japanese patients
with typical LPI findings also had decreased argininosuccinate
synthase activity,*9°° and one patient had glucose 6-phosphate
dehydrogenase deficiency.”

Other Cationic Aminoacidurias

The proband described by Whelan and Scriver®! has manyclinical
features of LPI, including recurrent vomiting during infancy, poor
growth, and delayed bone age. The other affected members of the
kindred with the dominantly inherited trait were also below the
third percentile in height for normals individuals, but they were
otherwise healthy. Whelan and Scriver discuss the possibility that

4939
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the trait was a heterozygous manifestation of the LPI gene or of
some other recessive transport disorder. It is interesting that the
obligate heterozygotes in the pedigree of Kihara et al.2? had
urinary excretion values similar to those of the subjects with the
dominanttrait described by Whelan and Scriver,®! suggesting that
the index case might be homozygous for hyperdibasic aminoacid-
uria type 1, Further pedigrees with the trait of hyperdibasic~
aminoaciduria type 1 are needed before firm conclusions
concerning this relationship are possible.

In my opinion, the patients described by Kihara et al.,*
Oyanagi et al.,24?° Brown et al.,29 and others!9!82022.28 have
sufficient clinical and biochemical features to be regarded as
patients with LPI. The only significant clinical differences are the
less marked protein intolerance,?*?8 less significant growth
failure,'*-?® and some peculiar features (see below).?°3!-33 We
now know that clinical protein tolerance may vary also in LPI, and
that vomiting and aversion to high-protein foods are not always
prominent in confirmed patients. This variability may depend on
the subject’s capacity to handle waste nitrogen via other metabolic
routes.!!2-!2° Omura and coworkers® described a Japqnese
21-month-old girl with severe mental retardation, convulsions,
marked growth failure, and clear signs of malnutrition, She
excreted excessive lysine in the urine, “but arginine.excretion was
at the upper limit of normal while ornithine excretion was only
slightly increased.” Her intestinal absorption of lysine | was
decreased, but arginine, ornithine, and cystine absorption did not
differ from that of control subjects. Fasting blood ammonia and
values after loading with cow’s milk were normal. LPI cannot with
certainty be excluded in this patient, but she likely represents
another mutation affecting the transport of the cationic amino

acids, and the disease shouldtentatively be regarded as an entity of
its own, best called “isolated lysinuria.”

BIOCHEMICAL INVESTIGATIONS

Plasma and Urine Amino Acids

Plasma and urinary amino acid concentrations and the renal
clearances of plasma amino acids are given in Table 192-2. Plasma
concentrationsof lysine, arginine, and ornithine are typically one-
third to one-half the normal means values, but occasionally may be
well within the normal range.®:!4+1%.25.33.35.121 The concentrations
of serine, glycine, citrulline, proline, and, especially, alanine and
glutamine are increased, The accumulation of amino nitrogen in
these pools seems to be a regular feature of LPI. The increase in
plasmacitrulline is noteworthy,

Urinary excretion and renal clearance of lysine is massively
increased, and that of arginine and ornithine is moderately
increased. Because of the high plasma concentrations of serine,
glycine, citrulline, proline, alanine, and glutamine, they are also
found in excess in the urine, but their renal clearances are within
the normal range.

In some patients, lysinuria and arginine-ornithinuria have been
missed in the thin-layer or paper chromatograms used for
screening of inborn errors of metabolism. The reason for the low
excretion in these patients has always been that the plasma
concentration of the cationic amino acids has been exceptionally
low. In such a situation, the molar and relative excretion of the
cationic amino acids can be minimal, even though the clearances
are high. I have seen this phenomenon a few times in older,

7

Table 192-2 Plasma Concentration, Urinary,Excretion, and Renal Clearance of Free Amino Acidsin Patients with Lysinuric Protein
 

  

Intolerance* :

Plasma Concentration, mM ,

Urinary excretion Renal clearance

\ Patients with LPI (mmol/24 h/1.73 m?) (ml/min/1.73 m?)
Rangein %

Amino Acid Normal Children} Mean Range Mean Range Mean Range

Alanine 0.173-0.305 0.772 0.417-1.017 1.068 0.465—1.586 0.953 0.698—1.324
g-amino-adipic acid 0.002 nm. 4 0.609 0.405-0.821
Arginine 0.023—0.086 0.027 0.012-0.058 0.356 0.076—-0.687 11.508 3.175-22.300
Aspartic acid 0,004—0.023 n.m. nm. nm.
Asparagine and glutamine 0.057-0.467 5.583 3.644-7.161° 6.491 4.365—-8,542 0.891 0.595—-1.628
Citrulline 0.012—0.0554 0.232 0.141-0.530 0.519 0.155-0.988 1.440 0.762-2.425
Cystine 0.048-0.140t 0.080 0.057-0.105 0.120 0.059-0.209 0.175 0,.050-0.324
Glutamic acid 0.023—0.250 0.049 0.021-0.081 0.047 0.040-0.051 0.853 0.427-0.839

Glycine 0.117-0.223 0.467 0.385-0.530 2.058 1.595-2.808 3.062 2.538-4.067
Histidine 0.024—0.085 0.110 0.084—0.139 0.637 0,155—1.232 4.374 1.184-10.221
Isoleucine 0.028—0.084 0.059 0.029—0,082 0.089 0.071—0.158 1.306 0,598—2.076
Leucine 0.056—0.178 0.090 0.050—0.126 0.101 0.067—0.142 0.830 0,596—1.184

Lysine 0.071—0.151 0.070 0.032-0.179 4.126 1.022=7.000 25,655 11.116=-45.877
Methionine 0.011—0.016 0.032 0.021-0.048 0.050 0.038-0.063 1.356 0.976-2.044
Ornithine 0.027—0,086 0.021 0.002-0.083 0.106 0.091—0.134 3.268 2.709—5,357

Phenylalanine 0.026--0.064 0.049 0.033-0.084 0.078 0.056—0.094 1.268 0.574—1.866
Proline 0.068-0.148 0.189 0.158-0.268 nm. nm.
Serine 0.079-0.112 (0.251 0.199-0.246 0.607 0.398-0.878 1.900 1.257-2.628
Threonine 0.042—0,.095 0.113 0.030-0.172 0.277 0.111-0.554 1.825 1.235-2.578

Tyrosine 0.031-0.071 0.047 0.030-0.072 0.142 0.125—0.158 2.361 1.202—3,688
Valine 0.128-0,.283 0.182 0,192—-0.244 0.047 0.035—0.059 0.177 0.167—0.186 

‘The plasma concentrations were measured after an overnight fast, and the
respective 24-h urines were collected when the patients were on a self-chosen
hospital diet. The clearance values are calculated from the 24-h urinary
excretion and from the fasting plasma concentration. Plasmalysine, arginine,
and ornithine concentrations were measured on 33 occasionsin 20 patients; the
other values are from four patients.

7
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{From Dickensonet al.°”°
{From Scriver and Davies*”®
Note: n.m. = not measurable

Source: From Simell et al.2° Used by permission.
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undiagnosed patients who have spontaneously restricted their
protein intake to the extreme, and whoalso have had clear signs of
protein malnutrition. When protein intake has been increased,
cationic aminoaciduria has become as prominent as in other
patients.

The reabsorption defect in kidney tubules is most marked for
lysine; arginineis less affected; and ornithine is absorbed best,!?!
The measurements of tubular reabsorption of lysine have in some
urine collections suggested net secretion, The reabsorption defect
for arginine and ornithine and presumably for lysine remains
significant also when plasma concentrations of these amino acids
are increased, but at extremely high filtered loads, when plasma
concentrations are several millimolars, the tubular reabsorption of
arginine and ornithine reabsorption resembles normal. At these
very high filtered loads, selective transport probably becomes
unimportant and physical diffusion phenomena determine the rate
of absorption. A significant increase in plasma concentration and,
consequently, in the filtered load of one cationic amino acid leads
easily to net tubular secretion of the other two cationic amino
acids.

Blood Ammonia, Urinary Orotic Acid Excretion,
and Serum Urea

Blood ammonium concentration is normal (<70 uM) during
fasting, but is elevated (100 to 560 UM)after regular meals.**>
The extent of postprandial hyperammonemia depends on the
protein content of the meal. The ammonia values usually return to
the normal range 2 to 6 h later. Frequent ingestion of high-protein
foods, extensive fasting, acute infections (especially gastroenter-
itis), and severe physical or psychologic stress increase blood
ammonia in the patients and easily cause persisting hyperammo-
nemia, which does not disappear during fasting.

Urinary orotic acid is increased more frequently than blood
ammonia, suggesting that orotic acid is.a better indicator of urea
cycle failure in these patients than hyperammonemia.!346.!22-125
Urine samples collected during fasting frequently contain normal
amounts of orotic acid (< 0.03 pmol/kg/h, or <11 pmol/mmol
creatinine), but values are increased even during a self-chosen low-
protein diet (geometric mean,0,52; range 0,05 to 3.77 mol/kg/h
in 24-h pooled urine samples) and increase massively if the protein
intake is increased.!** Nitrogen loads given in the form of cow’s
milk protein (0.5 g/kg), ammonium lactate (2.5 mmol/kg) or
intravenous alanine (6.6 mmol/kg during 90 min) can be given
without clinical risk to the patients. In healthy subjects, blood
ammonia is stable after such loads, but blood ammonia and
certainly urinary orotic acid excretion increase in the patients ”
(geometric mean and range in the patients; 4.93, 1.61 to
11.19 umol/kg/h in 4- to 6-h pooled urine; 0.61; 0.10 to 7.22 in
1.5-h urine; and 3.32; 0.30 to 11.73 in 6-h urine after the three
loads, respectively), Another advantage in orotic acid measure-
ment is the stability of the compound: Urine samples can be sent
via post at room temperature for orotic acid measurement, but
blood ammonia has to be measured immediately.*!4

Serum urea concentration has been high-normal or even
slightly elevated during the first few months of life, but later it
has been consistently below the normal mean and often subnormal,
the mean of 126 determinations in the patients being 3.7 4M
(range, 1.5 to 8.5 WM; normal, 2 to 7 .M).?> Serum urea increases
slowly after nitrogen loading in the patients,®.3>

Other Laboratory Tests

Slight normochromic or hypochromic anemia with anisocytosis
and poikilocytosis is common.®49.637511 Most patients have
leukopenia, and the platelet count is decreased, in some young
patients not uncommonlyto less than 30 x 107/m3, Reticulocyte
countis often slightly elevated, and the osmotic resistance of the
erythrocytes, the red cell indexes, and the serumironlevel and iron
binding capacity are normal. In some patients, autoerythrophago-
cytosis or erythroblastophagocytosis has been observed in the bone
marrow,2°22325! and the number of megakaryocytes may be

Page 12 of 26

increased; in one patient the marrow was hypoplastic with
pathologic megaloblastic erythrocyte precursor forms, and in
another the marrow was dyserythropoetic, suggesting ineffective
erythropoesis.’* It is interesting that the changes in the peripheral
blood cells decrease in intensity during and after puberty,
and values in adults are usually within the range of healthy
subjects.

The blood pH and the serum concentrations of sodium,
potassium, chloride, calcium, and phosphate are normal. Serum
low-density lipoprotein (LDL) and high-density lipoprotein (HDL)
cholesterol values are often high in older children and adults,
probably because the patients replace a large part of their protein
calories by fat in the diet. In animals, high orotic acid
concentrations influence lipoprotein metabolism,!*® but the
possible link between orotic acidemia and hyperlipidemia in LPI
‘is unclear. The triglycerides are usually slightly elevated in the
patients. No constant abnormal peaks have been found in analyses
of organic acids in the urine.

Interestingly, several of the patients with different ethnic
backgrounds and all the Finnish patients have consistently had
significantly increased concentrations of lactate dehydrogenase
(LDH) andferritin in serum.2?75!27 All LDH isoenzymes, but
most gignificantly the liver isoenzyme, are affected; the values are
usually twoto five times higher than the upperlimit of normal, The
LDH and ferritin values increase further during complications of
the disease, including pulmonary alveolar proteinosis (see
“Complications and Autopsy Findings” above). Thyroxine-
binding globulin (I'BG) is also elevated in the patients, and,
consequently, measufements of total Ty give high values; free Ty is
normal, and the patients are clinically euthyroid.3495-128.129
Whether there is a general increase in hormone carrier proteins
oronly a specific increase in TBG is not known.

In two Japanese patients, growth hormone responsiveness to
glucagon, propranolol, arginine, and insulin was studied as a
possible cause fér the delayed growth and bone age of the
patients.>* The response to insulin was moderately decreased in
the one patient studied before arginine supplementation was
started, but all responses were normal when the patients had been
on arginine supplementation for 8 months.

Kekomiki and coworkers!*° confirmedthat the activities of the

urea cycle enzymes in liver biopsy samples of the patients were
normal, Glutaminase I activity, once suggested to be the basic
defect in patients with LPI,’°*!° has since been proyen to be
northal in both leukocytes and liver.'9! Likewise, the activity of
ornithine aminotransferase, the enzyme responsible for the main
catabolic pathway of ornithine, has been normal or slightly
elevated in the liver and cultured fibroblasts of the

patignts.>7-!52-53 The concentration of N-acetylglutamine and the
rate of its synthesis have not been measured in the patients, but the
efficient production of orotic acid by the patients!.22122134
strongly suggests that this cofactor and regulator of the carbamyl
phosphate synthase activity'’? is available in sufficient quantities.

PATHOPHYSIOLOGY

Normal Cellular Transport of Cationic Amino Acids
In normal physiology, cationic and other amino acids reach the
body only by passing through the intestinal wall in the process of
absorption. They do this mainly as free aminoacids butalso partly
as dipeptides and other small peptides, which then are hydrolyzed
to free amino acids at the luminal brush border and, predomi-
nantly, in the cytoplasm of the epithelial cells.‘°°!4! During
absorption, the amino acids first cross the luminal membrane of
the epithelial cell. A fraction of the amino acids is used in cellular
metabolismin the cytoplasm (“metabolic runout”),!4”!3 and the
remainder must cross the basolateral (antiluminal) membrane of
the cell to reach the body. In the cytoplasm, the amino acids may
also enter the subcellular organelles (mitochondria, lysosomes,
other vesicles, etc.), where some amino acids are metabolized. In
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adult intestine, only free amino acids, not peptides, are able to
cross the whole cell in absorption.

Absorption of the cationic amino acids lysine, arginine,
and ornithine has been extensively studied in the kidneys,
136.144-157 ingestine,58-16° and some parenchymal tissues!®! 16
of animals and human beings. Most studies have included
cyst(e)ine, because in cystinuria the transport of all four amino
acids is affected,!#*!5%.164-179 Ty the kidney, reabsorption occurs
along the full length of the nephron, The proximal segment of the
tubule receives the highest load of filtered amino acids and,
consequently, has to absorb a significant load quickly and
efficiently, whereas further down in the tubule a more selective
reabsorption system would be more profitable. Such axial
heterogeneity!**-!®° in absorption has indeed been demonstrated
for several amino acids, including the cationic amino acids, The
net handling of the cationic amino acids in the kidney and their
mutual interactions have been studied by administering amino acid
loads and then measuring the urinary excretion and renal
clearances of the amino acids,!7°!7!174.181-183 Microperfusions
of animal nephrons!49:'99-'77-178 and flux measurementsin nephron
segments or tubule fragments,!49-!5°-166.184 in renal cortical
slices,!48-!51152.166 in cultured tubule-cells,!*° and in isolated
vesicles prepared from the brush border!46&!59.172.186187 gy
basolateral cell membrane!>’ have been performed. The transport
of the cationic amino acids across the luminal membrane obcurs

via a shared, Na‘-dependent system. The system selective for the
cationic amino acids in the proximal convoluted tubule has high
capacity and low affinity,'°° whereas the system in the proximal
straight segment has low capacity and high affinity and is sharetl
with cystine.'?

At the basolateral membrane in the kidney tubules, the
transport of the cationic amino acids is not shared with cystine,
and both high- and low-affinity systems are used. The transport
from the cell to the pericellular space (efflux) occurs via Nat-
independent exchange diffusion, which may be shared with cystine
on the cytoplasmic surface, '43+!97)156

At the brush border of the intestinal epithelium, the cationic
amino acids are transported by a single Na‘*-dependent system,

which has high affinity and is shared by at cationic amino acidsand cystine, 188189
White and Christensen!and others!®!!68:185.190 have care-

fully characterized transport of cationic amino acids in cultured or
isolated cells using human fibroblasts,!6!!6819! permanent
hepatoma cell lines, rat hepatocytes,!©* and other cells.!8!9°
Transport of cationic amino acid into humanfibroblasts oceurs by
a saturable mediation, which they designated “‘system yt” (earlier
called Ly*). The system serves the flow of c-guanidino amino
acids and w, #-diamino acids. The uptake of cationic substrates by
system y? is Na*t-independent, pH-insensitive, stereoselective,
and inhibitable by neutral aminoacids in the presence of Na* ion.
This system is not shared with cystine.!®-!5% The uptake and efflux
of the substrates are strongly stimulated by cationic amino acids
inside and outside the cell, respectively. Arginine and homo-
arginine accumulate in human fibroblasts and can reach distribu-
tion ratios of more than 20 at physiological external amino acid
concentrations.!°! The driving force appears to be the transmem-
brane voltage.

In hepatomacell lines, the transport of cationic amino acids
occurs by the saturable mediation of the system y*.!© The influx
into hepatoma cells has all the characteristics seen also in the
system y+ of the fibroblasts, including strong stimulation by
cationic amino acids inside the cell, that is trans-stimulation. In
normal hepatocytes, no significant trans-stimulation was observed,
suggesting that the y* system is absent in these cells, The rate at
which arginineis transported at the hepatocyte plasma membrane
suggests that transport is the rate-limiting step in hydrolysis of
arginine by arginase.

Recently, a more detailed analysis of amino acid transport at
diverse cellular membranes has led to the discovery of at least
three separate transport systems for the cationic amino acids.a
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Furthermore, direct studies of some cationic amino acid transport
proteins has become possible after cloning of the respective genes
(see “Genetics”? below).

Mutationsin the Transport of Cationic Amino Acids

In a long series of studies, Segal and coworkers,!’° States and
coworkers, !®> and others!6164,165,169-175,192 have analyzed the
interactions of the cationic amino acids and cystine in transport
mutations, especially in the cystinuric kidney (see Chap. 191).
Scriver and coworkers have provided a detailed review of current
knowledge of the transport mutations in cystinuria and other
cationic aminoacidurias.!°

In classic cystinuria, reabsorption of cystine and the cationic
amino acids in the kidney tubules is selectively impaired,
occasionally to the extent that measurements show net tubular
secretion of cystine or lysine.'**!%3 In normal tubules, cystine,
lysine, arginine, and ornithine mutually compete for transport.
Intravenous loading studies in cystinuria suggest that the residual
reclamation of cationic amino acids and cystine follows rules of
competition similar to those in the normal tubules.'!74 An
absorption defect has also been found in the intestinal epithelium
in vivo!?> and in biopsy samples of the jejunum.'**:!69 Measure-
ment of unidirectional and net fluxes of cationic amino acids in

intestinal biopsy samples of patients with cystinuria clearly shows
that the transport defect is localized at the luminal membrane of
the epithelial cells.!°® Most likely, the efflux permeability of the
luminal membrane is increased, but the influx is normal.'®?

Js the transport defect in patients with LPI similar to that in
cystinuria? In their first report on LPI, Perheentupa and Visakorpi!
had access only to semiquantitative measurement of plasma and
urinary amino acids, and they regarded the urinary amino acid
excretion as identical to that in cystinuria. It soon became apparent
that cystine was excretedin significantly smaller quantities than in
cystinuria, and Kekomiaki and coworkers®® suggested that the
mechanisms of the transport defects differ in the two diseases.
Absorption of the cationic amino acids by the kid-
neys!0:15,25,121,156 and small intestine?27)24,33,55, 194-196 in LPI
has later been carefully characterized, In both organs, absorption
of lysine, arginine, and ornithine is defective. The slight increase
in renal cystine losses could be explained by the excessive tubular
lysine load and normal competition for absorption in the kidney
tubules. Oral loading with the dipeptide lysylglycine increased
plasma glycine concentrations properly, but plasma lysine
remained almost unchanged in the patients®> (Fig. 192-5). This
was in striking contrast to the control subjects, in whom
concentrations of both amino acids of the dipeptide increased in
plasma. LPI wasthus the first human disease in which a defect in
peptide absorption was recognized. Because the transport of
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Fig. 192-5 Representation of brush bordercells of jejunal mucosa,
showing absorption of diamino acids (here lysine, in free and
dipeptide form) and suggestedsites of defect in cystinuria and LPI.
Defective fluxes are indicated by dashed arrows. LYS = lysine.
(From Rajantie et al.5> Used by permission.)
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oligopeptidesis not shared with transport of free aminoacidsat the
luminal membrane of the enterocyte, the lysine-containing
dipeptide enters the cell normally in LPI. The absorbed peptides
are hydrolyzed to free amino acids mainly in the cytoplasm of the
enterocyte,!37-158.197 and they are able to cross the basolateral
membrane only as free amino acids. The missing increase in
plasma lysine after the lysylglycine load but normal increase in
plasma glycine showsthat the intracellularly released dipeptide-
derived lysine is unable to cross the basolateral (antiluminal)
membrane of the enterocyte and strongly suggests that the
transport defect in LPI is localized at this membrane in the
epithelia cells.

In vitro studies of unidirectional and net transport of cationic
amino acids in jejunal biopsy samples of the patients soon proved
even more directly that the transport defect is situated at the
basolateral (antiluminal) membrane ofthe epithelial cell.*’ These
in vitro results differed clearly from identical experiments in
cystinuria,!®’ where the abnormality in lysine transport was
located at the luminal membrane, and the defect in cystine
absorption could perhaps best be explained by increased efflux
permeability at the luminal membrane of the epithelium.
Interestingly, in an earlier study of cationic amino acid accumula-
tion in jejunal biopsy samples and uptake during intestinal
perfusion in LPI, no defects could be found.’ This failure is
understandable now, when the defect in LPI has been localized at
the antiluminal membrane, and we know that the epithelial cells in
LPI accumulate higher-than-normal concentrations of the cationic
amino acids (see below).

Rajantie and coworkers*® gave patients with LPI prolonged
intravenous infusions of citrulline and measured plasma and
urinary amino acids during the loading. Compared with controls,
the plasma citrulline concentration of the patients increased
normally, but urinary citrulline excretion increased excessively.
Rises in plasma arginine and ornithine during the loading were
subnormal, but massive argininuria and moderate ornithinuria
appeared (Fig., 192-6). The excretion rates of lysine and other
amino acids remained practically unaltered, thus excluding mutual
competition .as the cause for the increases. This finding is
compatible with a transport defect at the basolateral membrane
of the renal tubule cells and can be explained as follows: Citrulline
as a neutral amino acid does not use the cationic amino acid

transport system; citrulline is partly converted to arginine and
further to ornithine in the tubule cell as anintegral part of the
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Fig. 192-6 Suggested mechanism of tubular reabsorption of citrul-
line in human beings and of the pathophysiology of the massive
argininuria and moderate citrullinuria and ornithinuria in LPI. Bold
type and arrowsindicate increased concentrations and fluxes; thin
type and dotted arrows indicate decreased concentrations and
impaired fluxes. (From Rajantie et al5° Used by permission.)
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Table 192-3 Steady State Amino Acid Concentrationsin Intact
Cultured Fibroblasts of a Control Subject and a Patient with
Lysinuric Protein Intolerance|BE

Concentration Ratio

 

 

Amino Acid Control LPI

Lysine/alanine 0.23 + 0.007 0.35 + 0.014
Ornithine/alanine 0.11 + 0.009 0.19 + 0.008

Arginine/alanine 0.40 + 0.024 0,54 + 0,012
Leucine/alanine 0.30 + 0.016 0.31 + 0.0155EEASY

Note: Humanskin fibroblasts were maintained in culture medium 24 h prior to
harvest with a rubber policeman. Cells were resuspended in 1 ml phosphate-
buffered saline, sonicated, and deproteinized. The supernatants were assayed
for amino acid content with a Durrum D-500 amino acid analyzer. Values are
the mean + SEM, n=4. Amino acid values were normalized to fibroblast
alanine concentrations, which were 18 +: 1.3 and 17 + 1.2 pmol/mgprotein in
control and LPI cells, respectively. .

 

reabsorption process; in LPI, formed arginine and ornithine are
unable to exit at the antiluminal membrane, their intracellular

concentrations increase, and backflux (argininuria and ornithin-
uria) into the lumen occurs; high intracellular arginine and
ornithine concentrations inhibit citrulline metabolism in the tubule
cell; intracellular citrulline concentration increases, and leads to
citrullinuria. ‘

Reabsorption curves for arginine and ornithine have been
produced in patients with LPI by increasing the plasma
concentration of arginine or ornithine in a stepwise manner and
simultaneously measuring tubular filtration rate and plasma
concentration and,urinary excretion of the two amino acids,!7!
The curves were clearly below those of healthy control subjects at
all loads except at values close to the tubular reabsorption maxima
of the controls, where the patients’ curves approached those of the
control subjects. It is possible that at such filtered loads (at plasma
concentrations of several millimolars), active transport plays a

minor part, and physical factors regulate the amount of reabsorp-
tion. The extrarenal metabolic clearances of arginine and ornithine
by tissues, calculated from the same infusion experiments, were
significantly decreased in the patients.!°* This finding suggests
that besides the defect in epithelial transport, transport in LPI is
abnormal in other tissues as well.'°°

A direct proof of such an extraepithelial transport defect was
obtained in studies of Smith and coworkers,°* whoinvestigated
steady-state amino acid concentrations in intact fibroblasts (Table
192-3), and influx (Figs. 192-7 and 192-8), efflux, and trans-
stimulation of the transport of lysine and other cationic amino
acids and their nonmetabolized analogues!’ in cultured fibro-
blasts of the patients (Fig. 192-9), In trans-stimulation experi-
ments, the amino acid in question, or another amino acid which
uses the sametransport system, is present on the otherside of the
membrane than the labeled amino studied, Theinflux at the plasma
membrane was not different from controls in LPI; trans-stimulated
efflux was. A defect in frans-stimulation was found also in

fibroblasts of the heterozygotes with values about 50 percent of
that in homozygotes suggesting gene-dosage effect (Fig. 192-10).
The results also imply that the basolateral membrane ofepithelial
cells and the plasma membrane of parenchymal cells are
functionally analogous at least in transport of cationic amino
acids, but it may well be that this analogy is a general
physiological principle. Vesicles prepared from LPI fibroblast
plasma membranes failed to show a transport defect for cationic
aminoacids.”°° This finding possibly is explained by the fact that
the preparationof the vesicles favored equally formation of inside-
out and right-side-out vesicles. If both forms are present in equal
quantities, and the defect is only expressed in efflux, the sum effect
in the mixture of the vesicles will be the same as in controls.
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Fig. 192-7 L-Lysine uptake by cultured fibroblasts from a control
subject (opencircles) and a patient with LPI(solid circles). The cells
were incubated for 90 min at 37°C in buffer without arginine (A) or in
buffer containing 1 mM arginine (8), washed twice with PBS (37°C),
and then incubated for 1, 3, 5, or 10 min at 37°C in PBS containing
0.1 mM L-[*H]lysine. Data are means and ranges of two or three
measurements. (From Smith et al2° Used by permission.)

Smith and others”°! measured transport of the cationic amino
acids and their nonmetabolized analogues in isglated erythrocytes
of the patients. The mutant erythrocytes had identical transport
characteristics with the controls, and the authors concluded that
the mutant transporter is not expressed on the surface of mature
humanerythrocytes. The findings are in agreement with those of
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Fig. 192-8 Uptake ratios of the cationic amino acids versus
t-leucine at steady state in cultured fibroblasts of control subjects
and patients with lysinuric protein intolerance. The cells were
incubated for 10 min at 37°C in PBS containing 0.1 mM L-[*H]leucine
and (A) 0.1mM L-[“4C]lysine, (B) L-[“Clarginine, or (C)
L-[“C]ornithine. Each point represents a single measurement of
the net isotopic molar uptake ratio (cationic amino acid/leucine)in
paired contro! and LPI cell strains. The differences between control
and LPI cells for uptake of L-lysine (n = 13, p < 0.02), L-arginine
(n = 16, p < 0,01), and L-ornithine (n = 8, p < 0.01) are significant by
the Wilcoxon signed rank tests. (From Smith et al°® Used by
permission.)
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Fig. 192-9 Efflux of L-homoarginine from cultured skin fibroblasts
of a control and LPI cell line. The cells were incubated for 40 min at
37°C in buffer containing (A) 0.1 mM L-[*H]homoarginine and (8)
0.1 mM L-["4C]leucine. The time course of efflux was measured into
unlabeled incubation buffer (trans-zero condition, open circles) or
into buffer containing 1 mM unlabeled aminoacid (frans-stimulated
condition, solid circles). Time course for efflux from the cellular
pool is shown. Zero-time homoarginine content (100 percent value)
was 2.8 + 0.16 (control) and 2.9 + 0.29 (LP!) nmol/mgprotein; zero-
time leucine content was-8.5 + 0.37 (control) and 9.8 + 0.59 (LPI)
nmol/mg protein. The differencein the zero-time leucine contentfor
LPI and control cells was not significant. Each point represents the
mean and SEM of four determinations. (From Smith et al.°° Used by
permission.)

Gardner and Levy,?°? who noticed that the transport of dibasic
amino acids in human erythrocytes is temperature-dependent,
incapable of uphill transport, and not dependent on extracellular
sodium or potassium concentrations or on energy derived from
cellular metabolism. They further stated that lysine transport in
human erythrocytes comprises two saturable, carrier-mediated
processes operating in parallel: One is a high-affinity, low-capacity
process that predominates at low lysine concentrations; the otheris
a low-affinity, high-capacity process that predominates at higher
lysine concentrations. Further studies on cationic amino acid
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Fig. 192-10 Percent trans-stimulation of homoarginine efflux fromcultured skin fibroblasts of control cells and cells from homo-

zygotes and heterozygotes for LPI. The cells were preincubated for
40 min at 37°C in buffer containing 0.1 mM L-[*H]homoarginine and
0.1 mM L-[“C]leucine. The 1-min efflux of label was measured as
described in Fig. 192-9. “Trans-stimulation” refers to the difference
(increase) between frans-zero and trans-stimulated efflux, normal-
ized to zero-time cellular isotope. Each value represents the mean of
three or four determinations on onecell line; error bars indicate the
range. (From Smith et al.5® Used by permission.)
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transport in rabbit reticulocytes” and human erythrocytes?have
clarified details of the transport phenomena in these specialized
cells.

Subcellular Transport of Cationic Amino Acids
In the urea cycle, the urea molecule is assembled on an ornithine
backbone; cleavage of the urea from arginine regenerates free
ornithine. During the cycle, ornithine bas to pass from the
cytoplasm into the mitochondrial matrix to be carbamylated, and
the formed citrulline has to be exported back to the cytoplasm to
be further exposed by the enzyme argininosuccinic acid synthase.
Whether or not mitochondrial transport processes are involved in
the pathophysiology of LPI remains an open question.*°° In rat
liver mitochondria and in mitochondria of human cultured
fibroblasts, ornithine and citrulline transport has been relatively
well characterized. In the classic study of Gamble and Lehnin-
ger,"the entry of ornithine into the mitochondria ofrat liver was
mediated by a carrier that was respiratory-dependentand required
permeant proton-yielding anions for function.

Ornithine fluxes in mitochondria were earlier measuredin the

absence of active citrulline synthesis.2°7~?!® The study of Cohen
and coworkers?! avoided this pitfall: They analyzed the transport
phenomena during and withoutcitrulline synthesis in respiring rat
liver mitochondria. They were able to characterize both influx of
ornithine and efflux of citrulline in the mitochondria, When

respiring mitochondria were preloaded with cold ornithine and
then incubated in [H]ornithine, the mitochondria produced
citrulline of the same specific activity as that of external ornithine,
but ornithine in mitochondrial matrix remained unlabeled. The
concentration of ornithine in the matrix was also extremely low
when the ornithine concentration in the incubation medium was

less than 1 mM. Bothfindings imply that the ornithine molecule is
not transported into the matrix randomly, but is channeled to the
intramitochondrial enzymes for further processing to citrulline.
The importance, of ornithine catabolism by the matrix enzyme
ornithine aminotransferase for the net movementofornithine has
remained uncléar, but the activity in liver mitochondria is such that
all ornithine not immediately used in the urea cycle is
transaminated (see Chap. 85).

Studies of citrulline transport in rat liver mitochondria have
suggested that the transport mechanisms do not depend on
respiratory energy or the presence of permeant cations or
anions.2°°*!72!3 Cjtrulline transport occurs in liver mitochondria
but not in mitochondria of the heart.2°° Some studies have also

implied that an ornithine-citrulline antiporter exists in the ,
mitochondrial membrane,*!° but this finding may have been an
artifact caused by experimental circumstances in whichcitrulline
was not formed.?!!2!3

Recently, increasing evidence has accumulated suggesting that
mitochondrial ornithine transport is genetically altered in another
human urea cycle disease, the hyperornithinemia-hyperammone-
mia-homocitrullinuria (HHH) syndrome!!2:2!9:216.218-226 (see
Chap. 83). If the plasma membranes of cultured fibroblasts are
made permeable to amino acids by digitonin, accumulation of
labeled ornithine can be measured in the particulate fraction of the
cells, which mainly contains mitochondria.?*3?*4 Such studies
have suggested that ornithine accumulation in mitochondria is
decreased in fibroblasts and liver of patients with the HHH
syndrome,*70.221,223,224.227 Tf cultured HHH fibroblasts are incu-
bated with labeled ornithine, a subnormalfraction of label is found
in CO3, implying that ornithine is unable to enter the mitochondria
to be further metabolized.#15.216.218-221,225,227

A mitochondrial transport defect also has been proposed to
have a part in the pathophysiology of LPI,?°° This theory has been
based on biochemical results that speak against cytoplasmic
ornithine deficiency in this disease. First, biopsy samples from the
intestinal epithelium accumulate higher-than-normal concentra-
tions of the cationic amino acids in vitro.°? Second, LPI fibroblasts
also accumulate higher-than-normal concentrations of cationic
amino acids.*-? Third, direct measurements of concentrations
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Fig. 192-11 Hypothetical mechanism of the elevated plasmacitrul-
line concentration and the urea cycle failure in LPI. Bold type and
arrows indicate supranormal concentrations and fluxes; thin type
and dotted arrows, subnormal concentrations and impaired fluxes.
For simplicity, only those fluxes are shown that are present at the
“basolateral” ands mitochondrial membranes of the liver cells.
(From Rajantie et al.2°° Used by permission.)

of the cationic amino acids in liver biopsy samplesof the patients
contain normal or elevated concentrations of the cationic amino
Yeids, even though their plasma concentrations are decreased.?4:°
Fourth, there is evidence that citrulline formation is not impaired:
Plasma concentration of citrulline is constantly high-normal
or elevated in the patients;§#°415435 citrulline concentration is
hightnormal or increased in liver biopsy samples of the
patients;*+205 and the extrarenal metabolic clearance of citrulline
and conversion of citrulline to arginine and ornithine are
retarded*+(Fig. 192-11).

Tihese conflicting findings have been reconciled in a hypothesis
which suggests that in LPI a defect in the efflux ofthe cationic
aminoacids exists at the plasma membrane oftheliver cells or,if
the cells retain polarity, at the basolateral membrane, andthat the
transport defect is expressed also in the mitochondria.2°5 Such a
mitochondrial defect would further increase cytoplasmic concen-
trations of arginine and ornithine. Depletion of ornithine in the
mitochondria would lead to accumulation of carbamyl phosphate
and to hyperammonemia. This theory, though interesting, has
recently been questioned because the oxidation of ornithine in
cultured LPI fibroblasts proceeds normally.°?

System y* for the cationic amino acids is expressed on the
lysosomal membranes and used at least for influx of the cationic
amino acids,?*8 Normal lysosomes have active and selective efflux
mechanisms for cystine, sialic acid, and probably other sub-
stances®”9~24 (see Chap. 199). Efflux of other amino acids from
the lysosomesis strictly limited as is suggested by the disruption
of rat liver lysosomesif they are filled by passive diffusion with
amino acid methyl esters.**4 These esters are hydrolyzed by
lysosomal enzymes, but the liberated amino acids cannot readily
escape from the lysosomes, possibly becauseof their high polarity.
They accumulate in the lysosomes and may cause osmotic lysis of
the organelles. In LPI, the lysosomesor other vesicular organelles
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might function as a metabolically excluded pool of lysine and
other cationic amino acids, so that the actual cytoplasmic lysine
concentration would be relatively normal or even low. No direct
proof of such a transport defect has been obtained, but the
hypothesis is attractive,

Malfunction of the Urea Cycle
Patients with LPI have decreased nitrogen tolerance and exhibit
hyperammonemia after ingestion of even moderate amounts of
protein.8:!1,14,35,75,122 The urea cycle failure is clearly less severe
than in the “first” enzyme defects of the cycle, that is, in
deficiencies of carbamyl phosphate synthase, ornithine transcar-
bamylase, and N-acetylglutamate synthase, or even in a deficiency
of argininosuccinate synthase or lyase (see Chap. 85). Theclinical
impression is that the tendency to hyperammonemia in LPI
closely resembles that seen in patients with the HHH syn-
drome, 112,219,221 -223,226

Alreadyin thefirst description of the disease, Perheentupa and
Visakorpi! noticed that intravenous infusion of ornithine during a
loading with protein or intravenous L-alanine prevented the
hyperammonemia that otherwise followed the loadings.! An
identical effect has since been shown with arginine and citrulline
when given intravenously,®!1-14,35.123,195

Oral supplementation with arginine and ornithine has been
only minimally effective in these patients, because both amino
acids are poorly absorbed from the intestine and easily produce
diarrhea, !097:!%6.235 Obviously the absorption defect is not total
because a low-protein diet and arginine or ornithine supplementa-
tion have improved growth and decreased hyperammonemia in,
patients with LPI.o-®19,17,2832,63 4 few variant patients tolerate
arginine or ornithine supplementation well.'9!7832 Awrich
et al.!4 showed that the neutral amino acid citrulline, also an
intermediate in the urea cycle, when taken as an oral supple-
ment prevents hyperammonemia. It is well tolerated by LPI
patients,''° and its effect of preventing hyperammonemia in LPI
has now been well documented.®!-!2* As a neutral aminoacid, it

passes the cell membranes normally in LPI and is rapidly
converted in the body to arginine and then to ornithine.

Poorintestinal absorption, excessive loss in the urine, and low
plasma concentrations of the cationic aming acids arginine and
ornithine strongly suggest that the malfunctioning of the urea cycle
is caused by deficiencies of these urea cycle intermediates (Fig.
192-1), The finding that hyperammonemia produced by amino
nitrogen or protein loads could effectively be prevented by
simultaneous intravenous infusion of arginine or ornithine led to
the hypothesis that the malfunctioning of the cycle was cauged by
a deficiency of ornithine in the liver cell.:*?5° Even now, when
increasing evidence supports the view that the intracellular
concentration of the cationic amino acids is increased in these

patients in both epithelial and parenchymal cells,2+2°5. the
malfunction is best explained as a “functional deficiency” of the
intermediates. In reality, it is possible that enzymes of the urea
cycle are inhibited by an increased intracellular concentrationof,
lysine (see Chap. 85) or that a transport defect at the inner
mitochondrial membrane prevents the entry of ornithine into the
mitochondria, just as hypothesized in the HHH syndrome (see
Chap. 83). Such a defect would decrease the ornithine concentra-
tion in the mitochondrial matrix, decrease transcarbamylation, and
slow urea production. It is also possible that cytoplasmic
concentrations of the cationic amino acids actually are diminished
because of accumulation of these substances in lysosomes or some
other vesicular organelles. In such a case, cytoplasmic ornithine
concentration could be temporarily increased by supplementation
with arginine or ornithine. Similar genetic defects are known for
transporters in lysosomal membranes (see Chap. 199), These
defects all cause reduced efflux from the lysosomes; this is the
case at least in cystinosis and Salla disease. An efflux defect could
theoretically. explain pooling and cytoplasmic depletion of the
cationic amino acids in LPI, but our knowledge of amino acid
movements into and out of the lysosomes is too sparse, and no

*

Page 17 of 26

direct data to confirm the hypothesis of a lysosomal or vesicular
efflux defect exist.

Half of the urea nitrogen originates as free ammonium, which
enters the urea cycle by way of carbamyl phosphate synthesis, but
this nitrogen does not gain access to the liver cell as free
ammonium.*?7238 Animal experiments have suggested that the
amide nitrogen of glutamine is an important precursor of urea
nitrogen; glutamine functions as a transport and storage form of
ammonium ion to keep its tissue levels within tolerable ranges via
glutamine synthetase.'© The ammonium for carbamyl phosphate
synthesis is released from glutamine by intramitochondrial
glutaminase, which was found to be defective in the leukocytes
of one patient.!%?! The suspected defect in glutaminase led to an
interesting hypothesis of the mechanism of the transport disorder
in LPI,'® but later studies did not confirm the deficiency of
glutaminase in leukocytes or liver biopsy samples of other
patients,!3!

It is possible that during large nitrogen inflow — thatis, after
protein meals —intrahepatic glutamine synthesis serves to trap
free ammonium and amino groups from other amino acids. Plasma
glutamine is constantly high in LPI, and its fluctuations seem to be
related to the previous nitrogen loading. Exact knowledge of the

_nitrogen flow in the liver during protein absorption is lacking,
and the rate-limiting step in urea formation is not known. It
may well be that the rate-limiting step varies and depends on
several other factors, including the availability of the sub-
strates, 206208.213,214,217,239-241

Patients with LPI efficiently produce orotic acid after nitrogen
loading,?246!22 This cytoplasmic pathway could theoretically
serve as a means to excrete excessive nitrogen from the body via
carbamyl phosphate and aspartate, that is, the same substrates as in
the urea cycle.?4-243 The level of renal clearance and urinary
excretion of orotic acid is high, but the overall capacity of the
pathway is limited, and only relatively small amounts of excess
nitrogen can be excreted as orotate even’ during loading
conditions. '** It is interesting that uracil is also excreted in excess
in LPI.2?

Lysine Deficiency

Despite prevention of hyperammonemia by citrulline supplemen-
tation and a low-protein diet, several features of the disease have
remained unaltered in treated patients. Growth has not totally
normalized, bone age is delayed, liver and spleen are enlarged, and
liver pathology is unaltered.!!3° The hematologic abnormalities
have also persisted during therapy, osteoporosis persists, and the
patients are prone to develop life-threatening pulmonary alveolar
proteinosis or pulmonary cholesterol granulomas. These are
possibly signs of a continuing deficiency of lysine, whose
bioavailability is significantly reduced by the poor intestinal
absorption and heavy renal losses.#59!2!1°6 Tn addition to the
transport defects in the epithelial cells, which lead to poor net
reclamationof lysine in the body, the transport defect at the plasma
membrane of the parenchymal cells and the proposed transport
defects in cell organelles also may contribute to the suspected
lysine deficiency,*87°°

Lysine is an integral part of practically all proteins, Relatively
speaking, collagen is especially rich in lysine. The pathophysio-
logical mechanismsofthe often prominent osteoporosis in patients
with LPI have remained un- certain,°-® It may well be that the
osteoporosis is caused by lysine deficiency, which delays
formation of the bone matrix and is an important factor in poor
formation of other essential structural proteins and additional
proteins.***-48 Nothing is known of the acute or long-term effects
of intravenous lysine infusions or oral supplementation with
absorbable lysine derivatives in osteoporosis in LPI. Rajantie and
coworkers found that é-/-acetyllysine but not homocitrulline
efficiently increases plasma lysine in patients with LPI.?*?
Acetyllysine uses a transport system different from that of the
cationic amino acids, makingit suitable for oral use. Despite the
apparently fast metabolism of acetyllysine to lysine in human
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beings, its suitability for lysine replacement may be limited. In
mice fed synthetic amino acid diets, replacement of L-lysine with
é-N-methyl-L-lysine, ¢-N-dimethyl-L-lysine, or s-N-trimethyl-L-
lysine resulted in relative replacement values of about ;4, ae and
35) respectively, of the value obtained with the standard lysine
diet.2°° y-N-acetyl-L-lysine was not used by mice, and the
replacement value of the e-N-acetyllysine was about 3 percent
that of lysine. Replacement of the charged -amino groupin lysine
with a sulfur-containing group led to weight reduction. N-
phosphorylated lysine has not been tested in this system.”*!

Arginineis an essential amino acid in inborn errors of the urea
cycle and probably in growing children!!*!!> and some animals, at
least the cat.252:253 However, arginine deficiency is unlikely to play
a role in the symptoms in LPI because ample amounts of arginine
should be available during citrulline supplementation.!!1619°

Serum Ferritin, LDH, and TBG. Serum concentrations of
ferritin, LDH, and TBG have been consistently elevated in these
patients.2*35:75 The cause of the high concentration offerritin is its
decreased catabolism in the liver,!!!!*7 but the reason for this
decrease is not known. High ferritin and LDH values. have
increased further during acute illnesses (see “Complications and
Autopsy Findings” above). The increase in TBG and the
associated increase in total T4 has in some occasions led to

suspicion of hyperthyroidism in these patients.

GENETICS

The inheritance of LPI follows a pattern typical for an autosomal
recessive disease.*>> The incidence ofthe diseaseis 1 in 60,000 in
Finland, but the birthplaces of the patients’ grandparents are un-
evenly distributed in the country, and at least three large clusters of
families can be recognized.2*~53 Mostpatients inother countries
have been isolated cases!3—!5:+!819.22,23,27,28,30,31,33,44~-46,48-S2 oy

multiple affected -members of one family.177292632.3447,51
Extensive functional studies have suggested that transport of

amino acids into mammalian cells is mediated in different cell
lines ortissués by a number of carrier proteins with differing
characteristics.!6!~163.208.254-259 Competition assays have shown
that the cationic aminoacids lysine, arginine, and ornithine share
the same carrier(s), and that the kinetics of cationic amino acid
uptake are similar in many  tissues,!°!-163.258.260 A widely
expressed sodium-independent carrier system designated y* has
been extensively studied !®!~!69.258.260 Another carrier, system b>
is also Na*-independent and accepts both cationic and neutral
amino acids,?°°?5° Some mammalian cells express a third, Na*- -
dependenttransport process, designated B°-*.2°7>* The degree to
which each of these three systems is expressed varies widely
amongcell types.2°*

Recently, a cDNA encoding a retroviral receptor (murine
leukemia viral receptor RECI) was cloned from NIH 3T3
fibroblasts by expression in human bladdercarcinomacells, which
are normally resistant to the virus owing to absence of receptor.*5!
The cDNA encoded a 622-amino-acid protein with 12 to 14
potential membrane-spanning domains. The extent of homology
between the retroviral receptor and the arginine-histidine trans-
porters of Saccharomyces cerevisiae (permeases CAN-1 and
HIP-1)?5?-64 raised the possibility that the physiological role of
the receptor might be mediating cationic amino acid transport at
the cell membrane.?6.266 Indeed, this hypothesis was confirmed
by expression in Xenopus oocytes,*%?6° where the functional
characteristics of the transporter were similar to those of the
system y*, Studies using northern blotting showed expression of
mouse transporter RNA in a variety of tissues but not in the liver,
again supporting the identity with system y+.!6'258 This transport
protein has now been renamed MCAT-1 (mouse cationic amino
acid transporter-1) to better representits physiological function.26
Using mouse-human somatic cell hybrids, the human version of
the mouse REC-1 gene, ATRC1, was soon assigned to chromo-
some 13, and in situ hybridization localized the gene to 13q12-
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qi4.60 The locus showsrestriction fragment length polymorphism
with Tagl. Pairwise and multilocus linkage analyses have shown
that the ATRC1 locus is close to the locus ATP1AL1 (ATPase,
NatK",o-polypeptide-like 1) on one side and to the locus D1356
on the other side.°°

MCAT-1 is not expressed in freshly isolated rat hepatocytes or
in normal rodent liver,'©*?5%259 Purthermore, there are data
suggesting that murine hepatocytes are resistant to ecotropic
retrovirus infection, further suggesting that system yt is not
expressed in hepatic tissues.*©>268 However, the liver plays a
central role in balancing the peripheral amino acid supply after and
between meals, and the flux of amino acids between the liver and
other tissues is determined, in part, by the activity of specific
transport proteins. Recently, a cDNA was isolated from a murine T
cell lymphomacell line that encoded a protein related to MCAT-1,
named Tea (T cell early activation).2 Interestingly, the gene
encoding Tea was expressed not only in activated T and B
lymphocytes but also in liver. Hypothesizing that the Tea-encoded
protein might be the hepatic cationic aminoacid transporter, Closs
and coworkers*®? found another cationic amino acid carrier

(MCAT-2), which was closely related to Tea, was expressed in
mouse liver, and had the same substrate specificity as the carrier in
extrahepatic tissues. Furthermore, the MCAT-2 protein was
encodéd by the same gene as Tea, but differed in part of its
sequence, presumably as a result of alternative splicing. Functional
comparishns of the two transporters (the hepatic MCAT-2 and the
more witely expressed MCAT-1 or y+) in Xenopus oocytes
showed that, unlike in the extrahepatic transporter, arginine uptake
mediated by the MCAT-2 transporter is significant only at
substrate concentrations that exceed systemic levels in plasma;
its function is also less dependent on the intracellular concentra-
tion of the cationic amino acids. Thus, the properties of MCAT-2
suggest that it is the low-affinity transporter of cationic amino
acids known to be expressed in the rodent (and human)!”liver.
These properties enable hepatocytes expressing this carrier to
remove excess cationic amino acids from the blood without

interfering with their uptake by extrahepatic tissues.*°7
Cloning by expression in Xenopus oocytes has recently resulted

in the isolation of kidney and intestine-specific cDNA clones
‘walled rat D2,27° rat NAA-Tr,27! and rabbit rBAT.7’* These clones
have about 80 percent amino acid sequence identity and induce
high-affinity uptake into Xenopus oocytes of a broad spectrum of
amino acids including cystine, and dibasic and neutral amino
acids. These transporters are type II membrane glycoproteins and
exhibit similarity to o-glucosidases and to 4F2 cell surface antigen
heavy chain. The 4F2 protein also induces aminoacid uptake into
oocytes, but its substrate specificity is different.27°73-275 It may
well, be that D2, rBAT, and the 4F2 heavy chain are not
transborters as such but belong to a group of regulatory subunits
of heterooligomeric transporters or are independent transport
regulators.2”-272-274 Isolation of D2H, the human cDNA counter-
part of the rat D2, from a human kidney library, and expression of
D2H in Xenopus oocytes, showed that D2H induces uptake of
cystine as well as dibasic and neutral amino acids, Furthermore,
northern blot analysis demonstrated strong expression of D2H in
human kidney and intestine. Mouse-human somatic cell hybrids
showed that the human gene for D2Hresides on chromosome2.279

The genes for MCAT-1, MCAT-2, and the transporter
regulatory units are strong candidate genes for the LPI mutation(s).
Our increasing knowledge of the multiplicity and functional
diversity of the cationic amino acid transporter proteins and
transport regulatory proteins in mammalian tissues allows me to
predict that the LPI phenotype will be split into subgroups based
on different mutations in one or several transporters; furthermore,
mutations in genes encoding transport regulatory proteins may
also be involved in some families.

The hyperdibasic aminoaciduria type 1 described by Whelan
and Scriver®! showed autosomal dominantinheritance. Of the 33

subjects in the kindred, 13 had the trait. The suggestion that the
affected members of the kindred are heterozygotes of an
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autosomal recessive disease seems likely, even though no
confirmed homozygotes are known. The possibility exists that
the patient of Kihara et al.74 is a homozygote for thetrait, as has
been suggested by Bergeron and Scriver,'*} but this remains a
hypothesis. The original proposal by the authors that the carriers of
the trait could be heterozygous for LPIis at least equally attractive.

The expression of the mutant genein heterozygotes for LPI has
been only partially characterized.?°*5% The constant finding of
decreased epithelial transport of the cationic amino acids in the
homozygotes and, especially, the direct measurement of defective
cationic amino acid transport in cultured fibroblasts of homo-
zygotes and heterozygotes for LPI,** strongly support the view that
the mutation affects the transport protein at the basolateral cell
membrane of the epithelial cells and at the plasma membrane of
the parenchymal cells. Many LPI heterozygotes excrete slightly
increased amounts of the cationic amino acidsin the urine, butthis

has not been a constant finding.?°* The fact that the heterozygotes
have not shown signs and symptoms of protein intolerance
suggests that the urea cycle failure is a secondary consequence of

the primary defect.?”6 '

TREATMENT

Hyperammonemia, which occurs in the patients after high-protein
meals, during prolonged fasting, or during severe infections; can
now be effectively prevented and treated. A diet in which the
protein content has been moderately decreased —in children, to
1.0 to 1.5 g/kg/day and,in adults, to 0.5 to 0.7 g/kg/day —forms
the basis of successful treatment.!'!*35 Acute symptoms dis4
appear when the patients are on this diet, but, in many infants,
severe protein aversion leads to minimal energy intake as well, and
even though nausea and vomiting can be avoided, pediatric
patients usually cat very poorly during the first years of life.
Supplementation with arginine or ornithine hag been moderately
helpful in some patients,°-*:!4.!7.283 but the decreased intestinal
absorption of cationic amino acids limits their usefulness, and
supplementation often leads to osmotic diarrhea,>*!9%!°5 Citrul-
line is a neutral amino acid and uses another transport mechanism
at the cell membrane.It is readily absorbed from the intestine and
converted to arginine and then to ornithine ih the body, especially
in the liver. Citrulline supplementation guarantees an adequate
supply of urea cycle intermediates at the site of urea synthesis,
and, indeed, oral citrulline supplementation has proved ¢linically
to prevent hyperammonemiaas efficiently as intravenous arginine
or ornithine.!!!4!22 The dose ofcitrulline supplementation has
been 2.5 to 8.5 g (14 to 48 mmol) daily, divided into three to five
doses and taken with meals. The individual doses are first

calculated according to the protein content of the meals and then
adjusted according to the clinical and biochemicalresponsesofthe
patients, Most patients quickly learn to know how muchcitrulline
they need for a specific portion of each high-protein food.
Citrulline can be given as powder dissolved in juice or as pills
(ours have 0.414 g L-citrulline) or capsules.In acute hyperammonemiecrisis in LPI, the best treatment has
been total removal of protein and nitrogen from the nutrition.
Intravenous glucose should be given to supply as much energy as
possible. In hyperammonemia, we have also infused ornithine,
arginine, or citrulline intravenously, starting with a priming dose
of | mmol/kg in 5 to 10 min and then infusing at a rate of about
0.5 to 1 mmol/kg/h until the symptoms have subsided, Sodium
benzoate and sodium phenylacetate given intravenously or
orally!!3116.118119 appear clinically effective even though they
only minimally correct alanine-induced hyperammonemia.'*

Lysine has been givenorally to these patients, but its intestinal
absorption is poor and it causes diarrhea and abdominal pains.!! A
few patients have received lysine supplementation for longer
periods, but the evidence that lysine can correct signs of protein
malnutrition has not been convincing. It is interesting that acute
loads of e-N-acetyllysine, a neutral analogue of lysine and a
readily absorbed substance, increased plasma lysine concentra-

+"
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tions in the patients as well as in the control subjects.24?
Homocitrulline had no effect on plasma lysine. Because of the
limited availability and high price ofacetyllysine, it has not been
used as a long-term supplementin patients.?”” Its usefulness as a
replacement for lysine has recently been questioned.?>°

A potentially life-threatening complication of LPI is acute or
chronic pulmonary involvement, which may present as interstitial
changes on radiographs or as respiratory insufficiency and may
progress to pulmonary alveolar proteinosis or cholesterol granu-
lomas*!.52.63,75.78-80 (see “Complications and Autopsy Findings”
above). Occasionally, lung involvement maybe the presenting sign
of the disease.*%!52 One adult patient with acute respiratory
insufficiency was treated efficiently with high-dose prednisolone
immediately after the onset of pulmonary symptoms; the
symptoms subsided rapidly after initiation of the therapy. The
dose was soon tapered, but a 2.5-mg intermittent-day dose was
continued. A relapse 8 months later was again successfully treated
by increasing the prednisolone dose. The patient received
intermittent-day prednisolone for over 2 years, and has since
been symptom-free for over 5 years. However, several pediatric
deaths from pulmonary complications suggest either that it is
necessary to start the treatment early, or that the response may be

_ variable! 57,7589 Indeed, in two Italian patients aged 5 and 24
years, treatment with prednisolone had no effect on the
progressionof the pulmonary changes, and the effect was minimal
or absent also in an 11-year-old Arab girl>!9?

Glomerulonephritis and renal insufficiency, amyloid deposition
in the spleen and lymph nodes, and occasionally severe fatty
degeneration andcirrhosis of the liver appear to be not uncommon
in association with the pulmonary symptoms of LPI; the
potentially fatal syndromefits the criteria of the multiple organ
dysfunction syndrome.*!82 Currently, I have no suggestions for
specific treatment ofthis syndrome in patients with LPI.
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ADDENDUM

David Valle

In the interval since the appearance ofthis chapter in the seventh
edition of this book, the subject of amino acid transport has been
the subject of several reviews.78°-?®Additionally, many advances
have been made in our understanding of LPI, particularly in the
areas of the biochemistry and molecular biology of amino acid
transport and in delineation of the molecular basis of LPL. These
advances are summarized here.

Clinical Aspects

Additional cases of hemophagocytic lymphohistiocytosis compli-
cating LPI have been described.7***5* Some have improved in
association with immunosuppressive treatment?** but other regress
spontaneously.78° Thus, the role of immunosuppression for
treatment of this complication is uncertain.

Molecular Biology of Amino Acid Trcinsporters

Utilizing the Xenopus oocyte expression system to assay amino
acid transport, investigators have for some time known that two
homologoussurface glycoproteins, rBAT and 4F2hc, induce amino
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acid transport when expressed in oocytes.7®9-?8? These proteins
are only slightly hydrophobic, prompting the hypothesis that they
were subunits or modulators of amino acid transporters, This
hypothesis was supported by several observations including (a)
expression of rBAT or 4Fheinduces transportof several classes of
amino acids;289-28 (b) either rBAT or 4Fhe can be immunopre-
cipitated as a complex of +125 kDa in the absence of reducing
agents and as monomers of 85 kDa (rBAT or 4F2hc) and
40 kDa (unknown subunit) in the presence of reducing
agents;782.286 and (c) in oocytes, the transport activity is less
than predicted by the level of either rBAT or 4F2hc expression as if
activity is limited by an endogenous factor.7#”?88

A major advance in identification of the partners of rBAT or
4F2he in the heteromeric complex, came from the isolation by
Verrey and colleagues of a Xenopus cDNA,designated ASUR4,
that encodes a hydrophobic 12-transmembrane-domain protein
with homology to yeast and worm amino acid transport proteins
and to a partial length human cDNA knownas E16.7*? AZUR4 or
full-length E16 had no activity when expressed alone in Xenopus
oocytes. But, when co-expressed with 4F2he, they induced amino
acid transport to a much greater extent than that produced by
expression of 4F2he alone. The substrate specificity and Nat
dependence of the transport activity induced by co-expression of

' ASUR4 or E16 with 4F2he corresponded functionally to the
human system.**° These observations suggested that ASUR4 and
E16 encoded members of a family of peptides that formed the
small subunit (referred to as the light chain) of the heteromeric
complex with 4F2hc. Immunoprecipitation experiments confirmed
that the E16 (or AZUR4) peptide was covalently linked to 4F2he
and immunohistochemistry showed this association was required
for localization of the light chain in the plasma membrane. Based
on these observations, Verrey and colleagues proposed that
AZUR4 and E16 were members of a family of light chains that
heterodimerize with 4F2he to form amino acid transporters.?*?

Using a combination of degenerate primer PCR and homology
probing of the EST database, Palacin and colleagues identified two
newly recognized human cDNAs with homology to AZUR4,2%
Co-expression of either of these with 4F2hc in Xenopus oocytes
induced amino acid transport with characteristics of the y*L
system (exchanger activity mediating efflux of cationic amino
acids and influx of neutral amino acids plus Nat) and onthis basis
the cDNAswere designated y‘LAT-1 and y*LAT-2. The y*LAT-1
protein has 511 amino acids with 75 percent identity to the 515
amino acid protein encoded by ytLAT-2 and 51 percent identity to
E16, the third membrane of this family in humans. All three are
predicted to have 12 transmembrane domains. These investigators
showed y*LAT-1 associates covalently with 4F2hc to form a 135-
kDa complex that could be dissociated by reduction to yield a 40-
kDaprotein specific for y*LAT-1.29"! They suggest that y'LAT-
1, y*LAT-2 and E16 can each associate with 4F2he to form
heterodimeric amino acid transporters and that the variable light
chain confers the specificity of the transporter. The covalent link
between the light chain and 4F2he occurs in segments of the
peptides facing the extracellular space. These correspond to a
cysteine between the third and fourth transmembrane domains of
the light chain (C152 for y~LAT-1) and C109 of human
4F2hc,?999! Interestingly, two additional features of ytLAT-1
suggested it could be responsible for LPI: the y*LAT-1 structural
gene mapped to 14q11.2, the region implicated for LPI (see
below); and northern blot analysis showed high expression in
tissues involved in LPI (kidney, peripheral leukocytes, and lung).

Molecular Basis of LPI

The key first step in this success story was localization of the gene
responsible for LPI in the Finnish population to [4ql1.2 in a
linkage study of 20 Finn LPI pedigrees.2°? A second study
confirmed the same location for non-Finnish LPI.2°? This mapping
result provided a molecular signpost against which all candidates
could be tested,
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Recognition that the y'LAT-1 structural gene (designated
SLC7A7for solute carrier family 7, member 7) maps to the correct
location and encodes a subunit of a transporter with the expected
functional characteristics, made it an excellent candidate for LPI.
Torrents et al. surveyed SLC7A in 31 Finnish and 1 Spanish LPL
patients."°* They found a single Finnish mutant allele (1181-
2A >T) with an A >T transversion at position —2 of the acceptor
splice site in intron 6 of the SLC7A gene. This inactivates the
normal splice acceptor and activates a cryptic acceptor 10 bp
downstream with the result that 10 bp of the ORF are deleted and
the reading frame is shifted. All 31 Finnish patients and 10
obligate heterozygotes had this allele. In all but one instance, this
was on a commonhaplotype consistent with the expectation of a
founder mutation in the Finnish population. The one exception
appeared to result from a recombination between the haplotype
markers and the LPI locus. In contrast to the Finnish patients, the
Spanish LPI subject was a genetic compound for two SLC7A
mutations: a missense mutation, L334R (1287T > G); and a 4-bp
deletion (1291delCTTT). Expressionstudies in the oocyte system
confirmed that L334R inactivated transporter function.

Simultaneously, Borsani and colleagues used homology
probing with the E16 sequence to identify SLC7A7*°> indepen-
dently. They performed mutation analysis in four Finn and five
Italian LPI probands. They found 4 of the Italian probands were
homozygous for a 4 bp insertion (1625insATAC)that frameshifts
the reading frame at codon 462 and predicts translation
termination 13 bp downstream. The remaining Italian proband
was homozygous for a 543-bp deletion (197del543) that removes
the first 168 codons off the reading frame. They alsoidentified the
1181-2A >T mutation in their four Finnish LPI probands.

Together, the reports from these two groups confirmed SLC7A7
as the gene responsible for LPI. Subsequent studies have
delineated the organization of the SL.C7A7 structural gene, The
Finnish group finds 11 exons distributed over 18 kb of genomic
DNA,with the first two exons encoding 5’ untranslated sequence
and the open reading frame beginning in exon 3.2% The Italian
group did notidentify the most 5’ exon and therefore reports 10
exons with translation beginning in exon 2.*7” Together, the two

groups surveyed 36 non-Finnish LPI probands for SLC7A7utations, including patients of Japanese, Tunisian, Italian,
Spanish, Turkish, German, Canadian, Dutch, Norwegian, and
Swedish origin. The results are confused by differences in
numbering exons and cDNA residues but, in toto, there are at
least’5 missense alleles (MIL, GS54V, L334R, G338D, S386R), 3
nonsénse alleles (W242X, Y384X, R473X), 8 small insertions or
deletions, and 4 splice site changes for atotal of 20 alleles.2°°297
Five of these alleles were expressed in oocytes to determine their
functjonal consequences. Three of these (1291delCTTT,
1548delC, and the Finnish allele, 1181-2A>T) produced an
abnormal protein that did not localize to the plasma membrane. By
contrast, two missense alleles (G54V and L334R) produced an
abnormalprotein that correctly localized to the plasma membrane
but was functionally inactive.?°% Interestingly, both groups note
that patients with the same genotype at the SLC7A7 locus may
have quite different phenotypic severity. For example, in the
Finnish LPI patients, all with the same SLC7A7 genotype, the
severity ranges from nearly normal growth with minimal protein
intolerance to severe cases with organomegaly, osteoporosis,
alveolar proteinosis, and severe protein intolerance. Thus, there is
much work to be done to understand the pathophysiology of the
protean manifestations of LPI.
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