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Summary: Lysinuric protein intolerance (LPI} is an autosomal recessive
disease characterized by defective transport of cationic amino acids. Patients
have an increased incidence of fractures and their skeletal radiographs show
osteoporosis. The aim of the study was to characterize the osteopenia in LPIL.

Twenty-nine Finnish LPI patients (age range 3.7-44.4 years) were screened
for parameters of bone metabolism. Morphometric analysis of bone was carried
out in specimens of 9 patients. Collagen synthesis was studied with cultured
skin fibroblasts (4 patients) and collagen fibril sizes (3 patients) were measured
using electron microscopy.

Most histological bone specimens (8/9) showed osteoporosis. Osteomalacia
was excluded. Routine clinical laboratory tests were unrevealing. The concentra-
tions of free hydroxyproline and type III procollagen N-propeptide in serum
and the urinary excretion of hydroxyproline were increased in almost all patients
during their growth and in about half of adult patients. Collagen synthesis in
LPI fibroblast cultures was significantly decreased compared with that in age-
matched controls at 5 (p < 0.01), 14 (p < 0.01) and still at 30 years (p < 0.01),
whereas no difference was observed at the age of 44 years (p = N.S.).

Osteoporosis in LPI might reflect defective matrix protein synthesis caused
by protein deprivation and deficiency of cationic amino acids. Increased collagen
turnover can also contribute to the osteoporosis.

Lysinuric protein intolerance (LPI; McKusick 222700) is an autosomal recessive
disease in which the transport of cationic amino acids lysine, arginine and ornithine
is defective (Simell et al 1975; Rajantie et al 1981; Simell 1989). To date, about 80
LPI patients have been diagnosed worldwide, 38 of them in Finland, where the
prevalence of this disease is 1 in 60000. The urinary excretion of the cationic amino
acids in LPI is markedly increased, whereas their plasma concentrations are normal
or low. The patients cannot tolerate usual amounts of dietary protein and often
present with hyperammonaemic episodes. Other signs of LPI are retarded growth,
muscular hypotonia and enlarged liver and spleen.

Osteopenia is an outstanding feature in the clinical picture of LPI and it can even
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be the main sign of the disease (Carpenter et al 1985). In our previous study
(Svedstrom et al 1993) 29 Finnish LPI patients had 57 fractures during a mean
follow-up time of 18.1 years. Two-thirds of the fractures occurred in patients before
the age of 15 years and most fractures in childhood were caused by minor trauma.
Thirteen of the 29 patients studied showed signs of osteoporosis in skeletal
radiographs.

The aim of the present study was to characterize the type and possible pathogenetic
mechanism of osteopenia in LPI. Our hypothesis is that dietary protein restriction
and the suggested defect in cationic amino acid transporter protein in LPI cause a
functional deficiency of essential cationic amino acids, decreased matrix protein
synthesis and impaired capacity for maintenance of normal bone remodelling.

METHODS

Patients: The study group consisted of 29 Finnish LPI patients (12 men and 17
women), age range 3.7-44.4 years (mean 21.3 years). The diagnosis of LPI was based
on massively increased urinary excretion of lysine, arginine and ornithine, their
decreased concentrations in plasma, increased concentration of ferritin in serum,
increased activity of lactate dehydrogenase in serum, postprandial hyperammonaemia
and clinical findings of LPI (Perheentupa and Simell 1974). In addition to LPI,
one patient had congenital rubella syndrome, one had hypothyroidism, one had
rheumatoid arthritis, one had a history of stroke and five patients were hypertensive
needing medication. All patients used L-citrulline 0.1-0.5 g/kg for improvement of
urea synthesis and protein tolerance (Rajantie et al 1980; Mizutani et al 1984).
Calcium intake was at least 1 g/day. Supplements were used, if necessary.

Laboratory investigations:  All patients underwent extensive biochemical screening
reflecting bone metabolism. Serum calcium, phosphate, magnesium, alkaline phos-
phatase, creatinine, total protein, albumin, lactate dehydrogenase, oestradiol, testo-
sterone, cortisol, thyroid-stimulating hormone, parathyroid hormone, vitamin D
metabolites, osteocalcin, calcitonin and free hydroxyproline and urinary excretion of
calcium, phosphate and hydroxyproline were measured using standard automated
methods. Carboxyterminal propeptide of type I procollagen (PICP) and aminotermi-
nal propeptide of type III procollagen (PIIINP) in the serum were measured by
radioimmunoassay (Trivedi et al 1989; Melkko et al 1990). The results were compared
case by case to age-related reference values.

Bone histomorphometry: Bone biopsy specimens were taken from 9 patients (4 men
and 5 women, aged 14-44 years). Adult patients were given tetracycline 25 mg/kg/per
day for two 3-day periods with a 14-day interval. The biopsy specimens were obtained
in patients under local anaesthesia from the posterior iliac crest. The volumetric
density of trabecular bone and osteoid seams, surface area per tissue volume, extent
of osteoid along bone surfaces, extent of bone surfaces covered with osteoblasts,
extent of bone surfaces covered with osteoclasts, mean trabecular plate thickness and
osteoid seam width were measured. Bone specimens obtained at autopsy were used
as controls in this part of the study (Hoikka and Arnala 1981).
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Collagen synthesis by cultured skin fibroblasts: Collagen metabolism was studied in
4 LPI patients aged 5, 14, 30 and 44 years and compared to controls matched for
age and sex. Fibroblasts were cultured from forearm skin biopsy specimens. Cells
(passages 3—10) were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum, 50 ug/ml ascorbic acid, 100 U/ml penicillin and 100 pg/ml
streptomycin. Cultures were regularly screened for mycoplasm infection (Chen 1977).

Cell lines from patients and controls were used for the determination of total
protein and collagen synthesis. Fibroblasts (250 000) were plated on 8.9 — cm? plastic
Petri dishes. Eight to ten parallel cultures were analysed in each experiment. Confluent
cultures were labelled with Dulbecco’s minimal essential medium containing
[3H]proline 20 or 50 uCi/dish without serum but containing sodium ascorbate
50mg/L. Media were collected after 24 h and dialysed against water until free from
non-incorporated radioactivity. The cells were washed with PBS, supplied with
protease inhibitors (40 mmol/L phenylmethylsulphonyl fluoride and 40 mmol/L p-
chloromercurobenzoate), collected with a cell harvester and dialysed against water
as above. Dialysed samples were hydrolysed for 3h in 6 mol/L HCI at 130°C and
used for the determinations of hydroxyproline (Juva and Prockp 1966). Parallel
dishes were used for counting of the cells.

Radioactivity was measured using a liquid scintillation spectrometer. The mean
values of total protein synthesis (total *H-radioactivity) and collagen accumulation
(hydroxyproline radioactivity) were measured and the ratios were compared using
Student’s paired t-test. The activity of prolyl 4-hydroxylase was measured (Pihlaja-
niemi et al 1991) using the same cell lines.

Electron microscopy of collagen fibrils: Collagen fibrils in skin specimens of three
LPI patients (ages 4, 30 and 44 years) were studied by morphometry and compared
to controls matched for age and sex.

Skin biopsy specimens were fixed in 5% glutaraldehyde in 0.16 mol/L s-collidin-
HCI buffer (pH 7.4), postfixed in 1% OsO, and 1.5% potassium ferrocyanide,
dehydrated through a graded series of ethanol and embedded in epoxy resin
(Glysidether 100, Merck Co. Darmstadt, Germany). Samples were examined in a
JEM-100C (JEOL, Tokyo, Japan) transmission electron microscope. The diameters
of 200 collagen fibril cross-sections in reticular dermis were measured from electron
micrographs (magnification x 54000) in each analysis.

Informed consent for the studies was obtained from all patients or their guardians.
The study was approved by the Ethics Committee of the University of Turku and
the University Central Hospital.

RESULTS

Laboratory investigations: The results of routine clinical laboratory tests reflecting
calcium metabolism were unrevealing. Most patients showed normal concentrations
of calcium (29 patients of 29 studied), phosphate (28/29) and magnesium (28/28) in
serum, as well as normal daily urinary excretion of calcium (26/27) and phosphate
(27/27). Serum oestradiol (10/10), testosterone (6/6), thyroid-stimulating hormone
(29/29), cortisol (21/21), vitamin D metabolites (1,25-(OH),-D (27/27); 25-OH-D
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(27/27); 24,25-(OH),-D (18/18)), parathyroid hormone (27/27), calcitonin (27/27) and
osteocalcin (27/27) concentrations were also within the normal range.

The daily urinary excretion of hydroxyproline was most markedly increased during
the active growth period (6/10); small children showed only moderately increased
values. About half of the adults with total bone maturation (6/15) also showed
increased excretion (mean of all adults 212 + 103 umol/m?, reference range for adults
60—180 umol/m?). The serum hydroxyproline concentrations were increased in almost
all (7/8) patients in the active growth spurt. Also, 10 of 14 adults showed increased
concentrations (mean of adults 20 + 9 umol/L, reference range for adults 5-
12 ymol/L). The serum concentration of carboxyterminal propeptide of type I
procollagen (PICP) was normal in all patients (20/20). The aminoterminal propeptide
of type III procollagen (PIIINP) was normal in all child patients and again increased
in the active growth period (4/7), and in adults (10/11; mean of adults 6.50 + 2.18 ug/L,
reference range for adults 1.70-4.20 ug/L).

Serum alanine aminotransferase activity as well as albumin, protein and creatinine
concentrations were normal in all patients (29/29). The activity of lactate dehydro-
genase (mean 2760 + 1210 U/L, reference range for adults 200-400 U/L) and serum
concentration of ferritin (mean 3260 + 6507 ug/L, reference range for adults 13-
230 ug/L) were massively increased in all patients (29/29).

Histomorphometry of bone: Eight of the nine patients studied showed histological
evidence of osteoporosis; five of them had severe and three had mild disturbances.
Only one patient showed normal histomorphometric findings. The mean trabecular
bone volume and osteoid volume were markedly reduced. Tetracycline labels in the
biopsy samples were barely identifiable and double lines were not detected. The
number of osteoblasts and osteoclasts was low. The extent of osteoid along the bone
surfaces was normal or decreased in all specimens (Table 1).

Collagen metabolism: Collagen synthesis (the ratio of hydroxyproline radioactivity
to total protein radioactivity) in LPI fibroblast cultures was significantly decreased
compared with that in age-matched controls at the ages of 5 (p < 0.01), 14 (p < 0.01)
and 30 years (p < 0.01), whereas no difference was observed at the age of 44 years
(p = N.S)) (Table 2). There was no difference in the total radioactivity between LPI
and control cultures.

The activity of prolyl 4-hydroxylase in LPI fibroblasts was moderately decreased
compared with controls (Table 2).

The morphometric analysis of skin collagen fibrils showed no differences between
patients and controls (Table 3).

DISCUSSION

The patients with LPI have an increased incidence of fractures and their skeletal
radiographs show morphological abnormalities and signs of osteoporosis. However,
no correlation was found between fracture incidence and radiologically abnormal
bone structure (Svedstrom et al 1993). The histomorphometry of bone in 8 patients
of the 9 studied showed signs of osteoporosis. The normal or reduced extent of
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Table 3 Mean diameters of collagen fibrils in
reticular dermis of patients with LPI and controels

Age Diameter
(years) (Mean £ SD; nm)
LPI 1 4 99.2 + 5.8
Control 1 4 105.5 + 5.8
LPI 2 30 102.7 + 5.8
Control 2 30 99.5 + 4.6
LPI3 44 102.8 + 4.3
Control 3 45 975+ 4.4

osteoid along the bone surfaces excludes osteomalacia as a cause of osteopenia. The
weak labelling after tetracycline exposure indicates severely impaired new bone
formation. The histological findings resemble those of malnourished rats (Shieres et
al 1980) and rhesus monkeys (Jha et al 1968), which also show reduced quantity of
compact bone, osteoid, osteoblasts and osteoclasts as well as failure to incorporate
tetracycline label in a normal way. Again, no correlation was found between the
severeness of histomorphometric findings and the number of fractures or osteoporotic
changes detected in radiographs.

As aetiological factors for osteoporosis we could exclude the common causes of
increased bone resorption, ie. hypocalcaemia, hyperparathyroidism, vitamin D
deficiency, hyperthyroidism and hypercortisolism. Further, serum concentrations of
oestradiol, testosterone and calcitonin, all important regulators of bone formation,
were within the normal range.

LPI patients develop spontaneous aversion to protein at an early age. During the
whole growth period they have to balance adequate caloric and protein intake and
hyperammonaemia. Although r-citrulline increases their protein tolerance, the daily
protein intake is often lower than the recommended 0.8—1.2 g/kg. Protein deficiency
is relatively most severe during the active growth period, which is also reflected in
skeletal findings and fracture incidence. Besides protein deprivation, deficiency of a
single essential amino acid also affects protein synthesis. Rats suffering from dietary
lysine deficiency show marked retardation of bone growth (Likins et al 1957).
Although the plasma concentrations of cationic amino acids in LPI are normal or
only slightly decreased, the transport defect reduces their availability for protein
synthesis. Since bone is constantly a highly active tissue, alterations in protein
synthesis are prone to have skeletal manifestations (Robey 1989; Boskey 1990).

The proportion of dairy products and meat in the diet of patients with LPI is very
small and most patients need supplementation to get the recommended minimum
daily intake of 800 mg calcium (Consensus Development Conference 1991). Despite
the supplementation, insufficient intake of calcium cannot be excluded as a contribu-
ting factor to the genesis of osteoporosis in LPL

Immobilization leads to osteoporosis, whereas exercise has been shown to increase
bone mass in osteoporotic women (Rigotti et al 1984). All our patients are physically
active except one, who suffered a stroke and hemiplegia at the age of 33 years.
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Several studies suggest an altered collagen metabolism in osteoarthritis and
osteoporosis (Gevers and Dequeker 1987; Jimenez 1991), and decreased synthesis of
collagen has been reported to be associated with aspartylglucosaminuria, another
inherited metabolic disease with skeletal manifestations (Ndnt6-Salonen and Penttinen
1982). Mutations in procollagen type I gene cause ostcogenesis imperfecta and have
been detected in some other inherited disorders resulting in structural or functional
abnormalities of connective tissue (Holbrook and Byers 1982; Prockop and Kivirikko
1984; Kuivaniemi et al 1991). In LPI the decreased hydroxyproline biosynthesis as
a measure of collagen and the decreased activity of prolyl 4-hydroxylase might reflect
a generally impaired matrix protein synthesis.

The concentration of free serum hydroxyproline (Minisola et al 1985) and its
urinary excretion (Epstein 1988) correlate with the rate of collagen degradation. As
hydroxyproline is a neutral amino acid, its renal tubular reabsorption in LPI is
unaffected. Our patients were also hospitalized for 24 hours on a gelatin-free diet
before urine collection to reduce the day-to-day variation of hydroxyproline excretion
(Gasser et al 1979). The increased serum hydroxyproline concentrations and increased
daily urinary excretion in LPI patients suggest increased collagen degradation.

Collagen propeptides have been suggested to regulate collagen synthesis by
feedback inhibition (see Fouser et al 1991 for references). The serum concentrations
of type I procollagen carboxyterminal propeptides were normal, suggesting no major
alteration in type I collagen synthesis. Theoretically, however, their uptake from the
circulation by liver endothelial cells (Bentsen et al 1990) could be affected. Type 111
collagen is detected in bone in only marginal amounts, and the increased serum
concentrations of aminoterminal propeptide of procollagen type III in adults might
indicate increased turnover of soft-tissue collagen due, for example, to inflammatory
processes (Risteli and Risteli 1990). All LPI patients show hepatomegaly; severe
pulmonary and hepatic complications are common, and the massively increased
activity of lactate dehydrogenase might reflect general cell damage. The PIIINP
concentration might thus be increased because of its defective uptake by the receptor-
mediated endocytosis of liver cells (Smedsréd 1988).

Patients with LPI show extensive variation in the severity of organ-specific
manifestations of the disease, suggesting the possible existence of more than one
mutation. Among the other inborn errors of metabolism in Finns, aspartylglycosami-
nuria is caused by practically one single mutation (AGUg;,), whereas gyrate atrophy,
another Finnish metabolic disease, has been shown to be caused by several mutations
(Brody et al 1992).

After excluding the well-known causes of secondary osteoporosis we suggest that
osteoporosis in LPI reflects defective extracellular matrix protein synthesis due to
dietary protein deprivation and functional deficiency of cationic amino acids. The
accumulation of bone collagen is decreased during the growth period and collagen
turnover might also be increased.
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