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Defective urinary carnitine transport in
heterozygotes for primary carnitine

deficiency
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Purpoese: Primary carnitine deficiency is an autosomal recessive disorder caused by deizctive carnitine

transport and manifests as nenketotic hypogiycemia or skeletal or heart myapathy, Methods: To define the

mechanisms producing partiely reduced plasma carnitine levels in the parents of affectsd patients, we

examined carnitine transport 1 vivo and in the fibroblasts of a new patient and his heterczygous parents,

Results: Kinetic analysis of camitine transport in fibroblasts revealed an absence of satrable carnitine

transport in the proband’s cells and a partially impaired carnitine transport in fibroblasts rom both parents,

whaose cells retained normal K-, values toward carnitine (6-9 1M) but recuced Vinay At S12ady state, normal

fibroblasts accumulated carniting te a concentration that was up to 80 times the extrace:'ular value (0.5

wM). By contrast, cells fromn the proband had minimal carnitine accumulation, and cells <om both parents

had intermediate values of camitine accumulation, Plasma carnitine levels were slightly 2elow normal in bath
.

heterozygous, yet clinically normal, parents and in the paternal grandfather and the maternal grandmother.

To define the mechanism procucing partially decreased carnitine levels, we studied uringry carnitine losses

in heterozygous parents compared with controls. Urinary losses increased linearly (P < 0.05) with plasma

carnitine {evels in normal controls. When urinary carnitine losses were normalized to plasma carnitine leveis,

a significant difference was observed between controis and heterozygous individuals

{P < 0.01). Conclusions: These results indicate that fibroblasts from heterozygotes for crimary carnitine

deficiency have a decreased capacity to accumulate carnitine and that heterozygotes have increased urinary

iosses, which may contribute *o their reduced plasma carnitine levals.
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INTRODUCTION

Primary carnitine deficiency {OMIM #212140) is
a rare autosomal recessive disorder caused by defec-
tive carnitine transport. Affected children present
early in life with nonketotic hvpoglycemia or at 2 to
3 years of age with skeletal or heart myopathy. Their
plasma carnitine levels are markedly reduced (less
than 10% of controls) and there are no consistently
abnormal organic acids in the urine, excluding sec-
ondary carnitine deficiency.! Atfected patients waste
carnitine in urine and their fibroblasts share the
defective carnitine transporter with the kidney,>?
This disorder responds promptly to dietary carni-
tine supplementation, which results in correction of
metabolic abnormalities and even reversal of skele-
tal and heart muscle abnormaiities.’ More than 20
children with this disorder have been reported.™* In
several families, undiagnosed siblings of affected
patients have died of hypoglyeemia, sudden infant
death syndrome, or intractable cardiomyopathy.'
Heterozygotes for this condition have partiafly
reduced plasma carnitine levels. although the mech-
anism at the basis of this phenomenun remains
unclear. In one family, partial zarnitine deficiency
tlevels reduced to abuut 50% of controls) in the het-
erozvgous brother of an affected patient has been

associated with hypertrophic cardiomyopathy, sim-
tlar to but less severe than that seen in hemozygous
patients.” It is not known if such & presentation in
the heterozygote was related to partial carnitine defi-
ciency and impairment of fatty acid oxidation.
Carnitine can be synthesized 5v the human body
or obtained from diet. Significant carnitine synthe-
sis from lysine and methionine has been demon-
strated in lver and kidneys, but not in heart or skeleta’
muscles, which depead on carnitine transport fos
fatty acid oxidation.! Carnitine is present mostly in
beef meat (5.5 pmol/g), with reduced amounts in
pork (1.5 wmol/g) and chicken 0.2 pmol/g). Dairy
products contain some carnitine (0.2 umol¥mL in
whwole milk), whereas fruits and vegetables (exclud-
ing asparagus) contain negligible amounts { <0.0035
wmol/g)." Carnitine is lost in urine and also is
secreted in the bile, where millimolar concentration:
of carnitine conjugates are present and are clinically
useful for the postmertem diagnosis of sudden infant
death caused by inherited disorders of fatty acid oxi-
dation.'* The quantitative contribution of biliarv
excretion to total carnitine losses in humans remains
unclear.'! In healthy individuais, consumptions of
very limited amounts of carnitine, as in strict vege-
tarians, does not result in severe carnitine defticiency.,
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However, there is a report of fulminant neonatal
death in a child with primary carnitine deficiency
born to a heterozygous vegetarian mother,'” con-
firming the interaction of the diet with the genetic
background in precipitating this inherited condi-
tion. It is not known if the association of a low-
carnitine diet with heterozygosity for primary car-
nitine deficiency can produce carnitine depletion
and impaired oxidation of fatty acids,

In this study, we investigated the mechanism pro-
ducing partial carnitine deficiency in heterozygotes
by characterizing carnitine transport in fibroblasts
and in the kidneys of parents of an affected patient.
Our results indicate that increased urinary losses
may be responsible for the partial reduction in plasma
carnitine levels.

MATERIALS AND METHODS

Subjects

The proband, a white male, was born at term after
an uneventful pregnancy o healthy, unrelated par-
ents. A cesarean section was performed for breech
presentation. His birth weight was 3.59 kg and he
had a normal neonatal course. At 5 weeks of age, he
started vomiting and having abdominal pain, which
were ascribed to a milk allergy, and was switched to
a protein hydrolysate formula (Alimentum). He had
continuows episodes of upper respiratory tract infec-
tions that required therapy with multiple antibiotics
and placement of myringatomy tubes in both ears
at 7 months of age. At § months of age, during an
upper respiratory tract infection, he became irrita-
ble and refused feedings. Subsequently, he became
lethargic, prompting admission to a regional hospi-
tal for possible meningitis. During the hospital stay,
he was lethargic and irritable, with findings consis-
tent with bacterial etitis media and right lobar pneu-
monia. He also had hepatomegaly, hypoglycemia
with low glucose levels in the cerebrospinal fluid,
mild anemia, and hyperammonemia (up to 135 pM,
normal: 9-33 pM) with mildly elevated liver func-
tion tests. This suggested a diagnosis of Reye’s syn-
drome. An electroencephalogram had abnormal
results, suggesting diffuse disturbance of brain func-
tion with intact brainstem functioning. A computed
tomography scan of the brain revealed prominence
of the ventricular system. Biochemical evaluation
indicated nonspecific abnormality of plasma and
urine amino acids and the presence of dicarboxylic
acids in the urine, interpreted as secondary to the
presence of medium-chain triglycerides in the for-
mula. He responded positively to intravenous fluids
and glucose and was discharged home on a reduced
protein formula because of the hyperammonemia.
He was referred to a geneticist for a possible defect
in the urea cycle.

Genetic evaluation at 9 months of age showed a
child of appropriate weight and height, with normal
developmental milestones, but slightiy reduced mus-
cle tone. Biochemical evaluation indicated persis-
tent hyperammonemia, normal plasma amino acids
and urine orotic acid. Plasma camnitine levels returned
extremely low, with an apparently normal urinary
carnitine excretion, which, however, was extremely
elevated because of the low plasma carnitine levels
(Table 1}.

The child was given carnitine supplements that
were gradually increased to 180 mg/kg per day. This
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Table 1
Plasma and urine carnitine in a family with primary
carnitine deficiency

Plasma Urine Fractional loss
carnitine carnitine {% of tiltered
{rM) (nmol/mg creatininge) load)
Proband 1 216 92
Mother 21 128 3
Father 24 253 4.5
Controls 30-70 50-400 <5

Cnly totai carnitine (free + acylcarnitine) is reported.

caused a progressive normalization of the
hepatomegaly, the hyperammonemia, and the liver
function tests. The parents also noted that the child
became much more active and had a reduction in
the frequency and severity of infections. Repeated
carnitine determinations demonstrated normaliza-
tion of plasma carnitine levels, with urinary carni-
tine excretion increasing 30 times above the normal
range, suggesting a carnitine transport defect. At 21
months of age, a skin biopsy was obtained and defec-
tive carnitine transport was confirmed in fibroblasts.

Family history was significant for the absence of
consanguinity. There was a history of allergy in the
father and his brother. There was a strong history of
heart disease on the side of the maternal grandmother
whose aunt died at the age of 56 with a cardiomy-
opathy described as “unusual type” by the family car-
diologist because it did not respond to conventional
inotropic therapy. There was no history of hyper-
tension or increased cholestero! levels in family mem-
bers with heart problems.

Echocardiograms of both parents performed at
ages 33 and 36 years in the mother and father, respec-
tively, revealed structurally normal hearts with nor-
mal ejection fractions of 669 and 69%, respectively.

Methods

Skin biopsies were obtained from the proband and
both parents after receipt of informed consent to con-
firm the diagnosis of primary carnitine deficiency.
Control fibroblasts and fibroblasts from a positive
control with primary carnitine deficiency (GM 10665}
were obtained from the Coriell Instirute for Medical
Research, Camden, NJ. Fibroblasts were grown in
Dulbecco’s medified minimal essential medium sup-
plemented with 15% fetal bovine serum.

Carnitine transport was measured with the
cluster-tray method"? described previously for sugar
and amino acid transport.'*!% Cells were seeded in
24-well plates {Costar, Acton, MA) and grown to
confluence, The medium was replaced twice a week
and 24 hours before the transpert experiment. On
the day of the experiment, cells were washed twice
and incubated at 37°C in Earle’s balanced salt solu-
tion containing 5.5 mM b-glucose and supple-
mented with 1% bovine serum albumin for 90
minutes. This procedure was performed to depiete
intracellular stoves of carnitine and amino acids, to
minimize possible trans-effects.’® Cells were then
incubated for the indicated time in the presence of
carnitine (0.5 M, 6.5 wCi/mL). The transport reac-
tion was stopped by rapidly washing the cells 4 times
with ice-cold 0.1 M MgCl.. Intracellular water
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containing radicactive carnitine was extracted with
0.5 mL of ethanol, which was added to 4 mL of scin-
tillatica fluid and counted ina beta-counter {Beck-
mann _3 7500). The proteins inside each well of the
24-wel plate were determined using a modified
Lowry procedure.' In parallel plates, intracellular
water content was determined using the equilib-
rium cistribution of 3-O-methyl-p-glucose, ' which
is reached in 10 minutes in human fibroblasts.* The
average water content for all cell strains used in this
study was 7.05 + 0.82 pL/mg of cell protein.

Kinetic analysis of carnitine transport was per-
forme< using nonlinear regression analysis of the
data (aZer correction tor nonsaturable uptake mea-
sured zt 1-10 mM cold carnitine) according to a
Michaslis-Menten equation and parameters
expressad as means T 95% confidence intervals.

Plasma and urine carnitine were measured by a
radiochemical method according to standard pro-
cedures.’® Urinary carnitine losses were measured
for 2 hours with midpoint plasma sampling. The
fractioral loss of carnitine in the urine was measured
by dividing urinary carnitine (in micromoles) for
the ameunt of carnitine filtered during the urine col-
lection ime. Glomerular filtrate was estimated from
creatinine clearance. Healthy volunteers, enrolled
after the institutional review board’s approval and
informed consent (HIC No. 334-97), were similar
to the parents in age {range, 23-48 years) and
included six females and five males. They had no his-
tory of heart or kidney disease.

Linesr regression was performed according to
standard procedures using Excel, and significance
was determined by analysis of variance.

RESULTS

Time course of carnitine accumulation by control
and transport-defective fibroblasts

Figure 1 shows the accumulation of carnitine by
human dbroblasts. In normal cells, total carnitine
uptake panel A} was linear up to 4 hours. Carni-
tine nonsaturable uptake, measured in the presence
of 1 mM celd carnitine (panel B), increased up to
L3 minutes atter which equilibrium (ie., extracel-
lular concentration) was approached and only a
minimaj increase in intracellular carnitine accu-
mulatior was observed. Normal fibroblasts had sig-
nificant mediated carnitine accumulation (i.e., the
dirference between total uptake and uptake in the
presence of 1 mM cold carnitine} even at the short-
est point tested {1 min) {(panel C). However, at this
short time interval mediated transport was only
about 3376 of total transport. This fraction increased
to 38, 33, and %3% of total transport at 15, 60, and
240 minutes, respectively.

In fibroblasts with defined carnitine transport
denciency {GM 10663), there was no significant dif-
ference between carritine transport in the absence
or presence of 1 mM cold carnitine. Carnitine trans-
port trom Rbroblasts of our proband was similar to
the positive control, contirming a diagnosis of pri-
mary carnitine deficiency.

Kinetic constants for carnitine transport by
human fibroblasts

Primary carnitine deficiency is transmitted as an
autosomi recessive trait, and heterozvgotes have par-
tally reduced plasma carnitine Tevels and 4 partia]
impaireeent of carnitme transpoet Theretore, we

measure! the kinetics of carnitine transport by fibrob-
fasts fromm our patient and both of his parents (Fig.
2). Kinetc analysis showed marked impairment of
saturablz ;arnitine transport in the praband’s fibrob-
lasts and oartially impaired carnitine transport in
fibroblasss frorm both parents, whose cells retained a
normal A, toward carnitine {6-9 M) but reduced
Vinax (FIi£. 2A). The partial impairment of carnitine
transport in both parental cells further confirmed
the autosomal recessive inheritance of this condition.

Although it is well known that fibroblasts and tis-
sues trom Homozvgous patients have reduced accu-
mulatioz of carnitine, there arz limited data on the
etfect of “eterozygosity (L.e., the presence of only one
functions gene for the carnitine transporter) on car-
nitine aczamulation in cells or tissues.”® Therefore,
we examined a timecourse of carnitine accumnula-
tion to determine whether, at equilibrium, cells from
the heterozygous parents accumulated the same
amount of carnitine as controls. Figure 2B shows
that carnitine reached equilibrium after about 30
hours in control cells when the carnitine gradien:
(infout; became about $0. By contrast, cells homozy-
gous for 1ae carnitine transporter defect had mini-
mal carnitine accumulation even after 34 hours. Cells
from botx heterozygous parents reached an appar-
ent equiiidrium after 30 hours, but the level of car-
nitine inside the cell was about one half of that of
control ceils.

Urinary carnitine losses in heterozygotes for
primary carnitine deficiency

Table © reports plasma and urinary carnitine in
the patiert and in his parents at diagnosis, Urinary
carnitine in nmol/mg of creatinine) seemed normal
both in patient and pavents. However, after calculat-
ing the amount of carnitine fltered during urine col-
lection ard the fraction of carnitine lost in the urine,
results revzaled that the proband lost more than 90%
ot filterec carnitine whereas both parents’ losses wer.
in the high normal range. For other types of kidne:
transporters, such as the Na-glucose symporter defec-
tive in remal glveosuria, glucose is lost in the urine
when the dltered load exceeds the capacity for tubu-
lar resorpion.® The fltered load increases with the
plasma concentration uf the sclute, Therefore, we
plotted :2e urinary losses of carnitine as a function
of plasma carnitine levels to determine whether there
was an inctease in urinary losses with the increase ir
plasma concentrations {Fig. 3). These studies wer
performed with different control subjects and with-
our increasing carniting concentration in the same
subiect, exvlaining the scatter of the data obtained.
There was . statistically significant {P < 0.05) increase
in the urirary loss of carnitine in nermal subjects as
the plasms concentration of carnitine increased.

To comrensate for the physiological increase in
urinary fosses expected at higher plasma concen
trations, we divided the fractional carnitine loss (.
percent of Zitered load) for the plasma carnitineg ¢on
centration in mM in controls and bath parents
fpanel B . Atter this normalization, urinary carni-
tine losses by both parents were two to three limes
these of contrals and dittered significantly 1P = 0,01
trom the zarmal range.

Primacy carnitine deficienov, st reported &
PITI T  autesornal recesive sorder G



impaired carnitine transport, The defect atfects renal
tubular epithelial cells and is also expressed in fibrob-
lasts.™ This disorder does not seem to affect the liver
whose carniting stores are normalized to near nor-
mal after carnitine supplementation, in contrast with
the muscles which remain carnitine depleted.? In
this study, we characterize carnitine transport and
accumulation in heterozygotes for primary carni-
tine deficiency.

Fibroblasts from our patients failed to accumu-
tate carnitine, resembling cells from another patient
with the same syndrome (Fig. 1. Kinetic analysis
revealed absent saturable carnitine transport in
fibroblasts from the proband and reduced Vv, for
carnitine transpott in cells from both parents (Fig.
2A). The 50% reduction in V., is consistent with a
reduced number of membrane carnitine transporters
in fibroblasts from both heterozygous parents and
has been reported previously in other families.2?
However, it was unclear whether the reduced num-
ber of membrane transporters had any effect on
intracellular carnitine content. Qur data show that
fibroblasts from both parents had a reduced ability
to concentrate carnitine reaching only half of the
steadv-state levels of contraol cells (Fig. 2B}. The mech-
anism producing a decreased steady-state level of
carnitine in fibreblasts from heterozygous parents
is probably related to the decreased Vi for carni-
tine transport. When a specific gradient is reached
in heterozygous cells, the efflux of carnitine through
diffusion and other less specific transporters equals
the decreased influx caused by the partially reduced
number of transporters.

Heterozygates for primary carnitine deficiency
have partially reduced plasma carnitine levels (Table
1}. The mechanism at the basis of this phenomenon
is unclear because common measurement of urinary
carnitine excretion and its normalization to creati-
nine cannot distinguish heterozygotes from controls
{Tabie 1}. In healthy individuals, urinary carnitine
losses increased significantly with elevation of ptasma
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FIg- 1  Time course of carnitine accumulation by normal and
transport-Gefective human fibroblasts. Confluent cells were washed
and inguhated for 90 rinutes in Earle's balanced salt salution con-
taining p-gucose (3.5 mM) and supplemented with 1% bovine
serum albumin. Cells were then incubated for the indicated times
with "H-carnitine (0.5 1M, 0.3 WCiymL) in the absence (panel A}
of presence ‘panel B) of 1 mM cold carnitine, included ro assess
nonsaturabie carnitine uptake. Mediated transport {panel C) was
abrained bv subtracting the nonsaturable camponent from total
transport Zach point is the mean of triplicates = 3D.
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Fig. 2 Carnitine transport by fibroblasts from a family with primary carnitine deficiency. {A) Kinetic analysis of carnitine transport in
fibroblasts fram the proband and his parents. Note the more severe impairment of carniting transport in the mother's compared with the
futher's ibroblasts. Paints are means of triplicates and are corrected for nonspecific uptake [ measured in the presence of 10 mM cold car-
fitine. Lines represent the best fit of data to a Michaelis-Menten cquation. { B1 Time course of carnitine {05 M) accurnulation by human

fibroblasis. Points are means = 5D of triplicates,
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Fig. 3 Urinary carnitine losses as a function of plasma carnitine concentration in normal subjects and in heterozvgotes for primary
carnitine deficiency, {A) Urine was collected for 2 haurs and plasma creatinine and carnitine levels were determined at midpoint. Con-
trols wete apparently healthy individuals (ages, 23--48 years} with no history of renal or heart disease. The fraction of carnitine lost was
calculated by dividing the amount of urinary carnitine by the amount of carnitine filtered by the kidney in the 2 hours of the collectien
{obtained from creatinine clearance}. {B) Fractional losses of carnitine in the urine {percent) were normalized for the plasma carnitine
leve! (M), For controls, the average is shown te the right of individual points with the 99% confidence interval.

carnitine levels (Fig. 3A). When the fraction of car-
nitine lost in the urine was calculated and normal-
ized to plasma carnitine levels, heterozygotes had
indeed increased urinary carnitine losses (Fig. 3B).
This need for normalization indicates that at the same
plasma carnitine levels, heterozygotes have increased
urinary losses compared with controls, In renal gly-
cosuria, two different types have been defined based
on a decreased threshold for excretion {type A) or on
decreased maximal capacity of resorption {type B).*
Formal renal titration curves are needed to define
which one of these two mechanisms impairs carni-
tine resorption in heterozygotes for primary carni-
tine deficiency. In addition to the renal mechanism,
we cannot exclude the contribution of increased
intestinal losses to partial carnitine deficiency.!!
Although fecal carnitine excretion was determined
in one study,? its value is unclear because of the trans-
formation of carnitine by Escherichia colf and other
intestinal bacteria, which, unlike mammalian cells,
have the capacity to metabolize carnitine.*

The lower capacity to accumuiate carnitine com-
pounded with the reduced plasma carnitine levels
may lead te reduced availability of intracellular car-
nitine and pose a risk for heterozygotes for tissue
carnitine deficiency. In physiclogical conditions, car-
nitine paimitvltransferase-1 is the rate-limiting step
for fatty acid oxidation. It is possible that the reduced
levels of carnitine may become rate limiting in con-
ditions such as fasting when carnitine palmityi-

transterase-1 is fully stimulated. Tn these conditions,
the limited capacity to oxidize tatty acids during star-
vation may have some effects on heart or muscle
function in heterozygotes. Transient cardiomyopa-
thy, possibly precipitated by recurrent attacks of vorn-
iting and consequent starvation, has been described
in the heterozygous brother of a patient with pri-
mary carnitine deficiency.? Less information is avail-
able concerning the role of heterozygosity tor
carnitine deficiency in adult-onset heart disease. The
family history of our patients is intriguing because
cardiomyopathy and heart disease, not explained by
commen risk factors, were prevalent in the mater-
nal side of the pedigree. Echocardiograms performed
in both parents {ages, 33 and 36 years) with partial
carnitine deficiency were normal, indicating that
modest reductions in carnitine levels do not affect
heart function. However, we cannot exclude the pos-
sibility that heterozygosity for the carniting trans-
port defect may contribute to more severe carnitine
deficiency when a suboptimal diet or a concomitant
ailment is superimposed. Therefore, further studie:
are needed to define whether partial carnitine defi-
ciency contributes to the increased incidence of heart
disease in this family.
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