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Abstract

11 children with either cystinosis or Lowe's syndrome had a
reduced content of plasma and muscle carnitine due to renal
Fanconi syndrome. After treatment with oral L-carnitine, 100
mg/kg per d divided every 6 h, plasma carnitine concentrations
became normal in all subjects within 2 d. Initial plasma free
fatty acid concentrations, inversely related to free carnitine
concentrations, were reduced after 7-20 mo of carnitine ther-
apy. Muscle lipid accumulation, which varied directly with du-
ration of carnitine deficiency (r = 0.73), improved significantly
in three of seven rebiopsied patients after carnitine therapy.
One Lowe's syndrome patient achieved a normal muscle car-
nitine level after therapy. Muscle carnitine levels remained low
in all cystinosis patients, even though cystinotic muscle cells in
culture took up L-I3Hlcarnitine normally. The half-life of
plasma carnitine for cystinotic children given a single oral dose
approximated 6.3 h; 14% of ingested L-carnitine was excreted
within 24 h. Studies in a uremic patient with cystinosis showed
that her plasma carnitine was in equilibrium with some larger
compartment and may have been maintained by release of car-
nitine from the muscle during dialysis. Because oral L-carnitine
corrects plasma carnitine deficiency, lowers plasma free fatty
acid concentrations, and reverses muscle lipid accumulation in
some patients, its use as therapy in renal Fanconi syndrome
should be considered. However, its efficacy in restoring muscle
carnitine to normal, and the optimal dosage regimen, have yet
to be determined.

Introduction

Carnitine, or 13-hydroxy-y-trimethylaminobutyric acid, is a
small molecule synthesized in the liver, kidney, and brain from
two essential amino acids, methionine and lysine (1). Carni-
tine is required for the transport of long-chain fatty acids into
the mitochondrial matrix, where the fatty acids are catabolized
by ,B-oxidation in a process that produces energy for cellular
metabolism (1, 2).

Carnitine deficiency in man can be systemic or limited to
the muscle compartment. In systemic carnitine deficiency, ep-
isodes of weakness and encephalopathy can resemble those of
Reye syndrome. Renal tubular reabsorption of carnitine may
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be mildly impaired (3). Muscle, serum, and liver carnitine
levels are all generally low in systemic carnitine deficiency (4).
In contrast, only muscle carnitine levels are low in muscle
carnitine deficiency. Muscle cannot synthesize carnitine, but
receives its supply from the circulation, normally by a carrier-
mediated transport system (5), This process is defective in
muscle carnitine deficiency (6), which is characterized clini-
cally by muscle weakness.

Certain types of carnitine deficiency occur because of inor-
dinate losses ofcarnitine, as in disorders oforganic acid metab-
olism (2) or in hemodialysis patients (7, 8). Recently, carnitine
deficiency has been recognized as a concomitant of renal Fan-
coni syndrome (9, 10), a generalized transport defect in tubu-
lar reabsorption of small molecules. In Fanconi syndrome pa-
tients, free carnitine, which is normally 97% reabsorbed by
renal tubules (4, 9), is excreted in excess amounts resulting in
low plasma carnitine levels and total body carnitine depletion.
Because the supply of carnitine to the muscle is impaired,
muscle carnitine levels are low and a characteristic accumula-
tion of lipid droplets develops (9), apparently reflecting defi-
cient fatty acid oxidation.

The major identifiable cause of the renal Fanconi syn-
drome in children remains nephropathic cystinosis (1 1, 12), a
lysosomal storage disorder due to defective lysosomal mem-
brane transport of the amino acid cystine (13, 14). Cystinosis
patients have plasma and muscle carnitine deficiency during
the time that they have renal Fanconi syndrome, i.e., after
their first year of life. By - 10 yr of age, end-stage renal disease
generally leads to renal transplantation (15), which cures renal
Fanconi syndrome and plasma carnitine deficiency (9).

We studied the efficacy of oral L-carnitine therapy in pre-
transplant patients with cystinosis. Our results suggest that
L-carnitine supplementation should be considered in the
treatment of children with cystinosis and renal tubular Fan-
coni syndrome.

Methods
Subjects. All subjects were inpatients at the National Institutes of
Health Clinical Center. Except for subject No. 15, all children with
nephropathic cystinosis who had not received a renal transplant were
receiving chronic oral cysteamine (16), a cystine-depleting agent,
under a protocol to study its efficacy in preserving renal function (17).
Pretransplant cystinotic children were also receiving supplemental ci-
trate, potassium, phosphate, and calcium as needed (1 1). The Lowe's
(oculocerebrorenal) syndrome patients were receiving citrate and
phosphate. Posttransplant cystinotic patients were taking prednisone,
azathioprine, and a variety of antihypertensive medications. The
13-yr-old cystinotic patient receiving daily peritoneal dialysis (see Figs.
6 and 7) had a serum creatinine of 12 mg/dl and had been dialyzed for
the past 3 yr. Informed consent was obtained from all patients or their
parents before study.
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Methods. Free and total carnitine in plasma, urine, and peritoneal
fluid were assayed as previously described (9), according to a modifica-
tion of the procedure of McGarry and Foster (18). Muscle carnitine
was determined as described (19). Plasma free fatty acids, measured
after an overnight fast (12-14 h), were determined by the method of
Tserng et al. (20). Lipids were determined after an overnight fast using
the Gilchem reagent system (Gilford Diagnostics, Cleveland, OH).
Triglyceride and cholesterol assays were performed using the enzy-
matic production of a formazan or quinoneimine dye, followed by
absorbance measurement at 500 nm (21, 22) and HDL cholesterol
levels were determined after dextran sulfate precipitation (23). The
lipoprotein cholesterol levels were then calculated as previously out-
lined (24). Control values are those established by the Lipid Research
Clinics (25).

Open muscle biopsies were taken from the quadriceps muscle ex-
cept in subject No. 23, in whom the biceps was biopsied.' A needle
biopsy was performed in subject No. 3. The biopsies were fresh-frozen
in isopentane, cooled to - 160°C in liquid nitrogen, and processed for
muscle histochemistry as described (26).

All the biopsy specimens, i.e., those obtained from all subjects
before and after oral L-carnitine therapy, were stained with oil-red-O in
two batches. Normal controls and two patient specimens were stained
in both procedures, and gave similar results each time. To quantita-
tively compare the extent of lipid droplet accumulation in different
biopsies, a lipid droplet index was determined. Biopsies were coded
and scored for lipid droplets by four independent observers, who ex-
amined at least three fields for each biopsy under 40X magnification.
Fields were chosen to show muscle fibers cut in cross-section rather
than longitudinally. For each field, the number of fibers containing
lipid droplets and the total number of fibers were determined. The
ratio (f) gave the percentage of fibers with lipid droplets, and provided
a normalization for the fact that younger patients have smaller fibers,
more fibers per field, and therefore, more fibers with lipid droplets. For
the fibers with droplets, the average number of droplets per fiber (d)
was estimated. Each observer then assigned to each biopsy a lipid
droplet index, I = (fX d) X 100, a parameter which reflected both the
proportion of fibers with droplets and the number ofdroplets per fiber.
The mean coefficient of variability for a single observer examining
several fields was 35%; the mean coefficient of variability for a single
biopsy examined by four observers was 36%. The normal control index
was 1.3±0.6 SD. (See Fig. 4 for examples of stained biopsies and their
lipid droplet indices.)

For in vitro carnitine uptake studies, muscle was placed into mini-
mal Eagle's medium containing 10 mM glutamine, 10% fetal calf
serum (Gibco, Grand Island, NY), penicillin (100 U/ml), streptomycin
(100 Ag/ml), and mycostatin (3 Ag/ml). After dissociation by repeated
enzyme digestion and physical agitation (27, 28), the cells were seeded
and grown in 25 cm2 flasks to 60% confluence and stimulated to fuse
into myotubes by the addition of2% horse serum for 7 d. Muscle cells
from both normal and cystinotic subjects were incubated at 37°C in
the presence of 50 AM L-[3H]carnitine (Amersham Corp., Arlington
Heights, IL; final specific radioactivity, 20 mCi/mmol) with or without
1 mM cysteamine. After 2 h the cells were washed twice with ice-cold
phosphate buffered saline, harvested with trypsin/EDTA (Whittaker
M. A. Bioproducts, Walkersville, MD) for4 min at 37°C, and collected
by centrifugation at 2,000 g for 5 min. The cell pellet was dissolved in 1
ml of 0.1 N sodium hydroxide and radioactivity was determined by
liquid scintillation counting. An aliquot was assayed for protein using
the bicinchoninic acid method (29).

Liquid L-carnitine (100 mg/ml) was a product of Sigma-Tau, Inc.,
Holmdel, NJ. Carnitine was administered at 100 mg/kg per d in di-
vided doses given every 6 h.

Results

Baseline parameters. 21 children with nephropathic cystinosis
and renal tubular Fanconi syndrome had plasma free and total

carnitine deficiency of varying degrees (Table I). Two brothers
with Lowe's syndrome manifested mild carnitine deficiency.
Of the 21 pretransplant cystinotic patients, 10 had normal
lipoprotein profiles, 8 had type IV hyperlipoproteinemia, 2
had a type IIa pattern, and 1 had a type Ilb profile. Mean total
serum cholesterol, which increased in the cystinotic children as
a linear function of age (data not shown), was at the upper
limit of normal; an elevated VLDL cholesterol concentration
accounted for most of this increase in total cholesterol. Mean
serum triglyceride and plasma free fatty acid concentrations
were approximately twice normal.

All seven posttransplant cystinotic patients, who no longer
manifested renal Fanconi syndrome, had normal plasma car-
nitine levels (Table I). Serum cholesterol and triglyceride ele-
vations persisted in these patients, but fasting free fatty acid
concentrations were generally normal. The mean free fatty
acid concentration was significantly less in posttransplant pa-
tients than in pretransplant patients (P < 0.001).

Considering all cystinosis patients, plasma free fatty acid
concentrations were inversely related to plasma free carnitine
concentrations (Fig. 1). The plasma free fatty acid values of
two Lowe's syndrome patients with carnitine deficiency (sub-
jects 22 and 23, Table I) were consistent with the relationship
observed among the cystinotic patients (Fig. 1).

L-Carnitine therapy. One Lowe's syndrome and 11 cysti-
nosis patients with muscle carnitine deficiency received oral
L-carnitine at 100 mg/kg per d, given in divided doses every 6 h
for up to 20 mo. All the children with cystinosis were also
taking 60-89 mg/kg per d of oral cysteamine, a cystine-deplet-
ing free thiol (16, 17). Plasma concentrations of free and total
carnitine, measured 5 h after a dose of carnitine, rose to
above-normal levels within 2 d ofthe initiation oftherapy, and
were maintained for at least 12 mo (Fig. 2). Growth rate and
mean serum VLDL cholesterol concentration did not differ
before and after carnitine replacement (Table II). However,
serum triglyceride concentrations increased in all patients and
the mean plasma free fatty acid concentrations fell signifi-
cantly with carnitine therapy in the nine children for whom
paired data were available (520±71 vs. 334±34 g/ml,
mean±SE, P < 0.05).

Muscle carnitine deficiency was present in all patients be-
fore carnitine therapy (Table II). Muscle free carnitine values
ranged from 5.2 to 11.4 nmol/mg noncollagen protein (nor-
mal, 22.7+5.0 SD, n = 6), and averaged 37% of normal. There
was considerable fluctuation in muscle free carnitine before
and after carnitine replacement, and only subjects 6 and 23
exhibited substantial free carnitine repletion in their muscles.
Changes in total muscle carnitine levels, which before carni-
tine supplementation averaged 10.5±2.5 (SD) nmol/mg non-
collagen protein (normal, 27.9+7.7), mirrored the changes in
free carnitine.

The number of lipid droplets seen after oil-red-O staining
of each muscle biopsy was used as a gauge of the functional
severity of muscle carnitine deficiency. A lipid droplet index
(see Methods) was assigned to each biopsy in a blinded fashion;
the higher the index, the greater was the lipid accumulation.
Before carnitine therapy, the lipid droplet index, based upon a
single determination in 11 different children with cystinosis,
varied linearly (r = 0.73) with age (Fig. 3). Because this dis-
order is one in which renal Fanconi syndrome begins at a
discrete age, 6-12 mo, the lipid droplet index appeared to be
related to the duration of renal Fanconi syndrome and, there-
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Table L Plasma Carnitine, Cholesterol, Triglycerides, and Free Fatty Acids ofPatients with Cystinosis and Oculocerebrorenal Syndrome

Plasma

Carnitine Cholesterol*
Serum Free fatty

Subjects Age Cr Free Total Total VLDL LDL HDL Triglycerides* acids

yr-mo mg/dl

Normal controls
n
Mean (SD)
Range

Cystinotics, prerenal
transplant

I
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Mean
SD

Oculocerebrorenal
syndrome

22
23

Cystinotics, postrenal
transplant

24
25
26
27
28
29
30

Mean
SD

nmol/ml nmol/ml mg/dl mg/dl

15 15
42.0±9.0 52.3±11.4 161
26-66 33-84

1-0 0.5
1-9 0.6
2-0 0.6
2-8 0.8
3-2 0.5
3-4 0.6
4-8 3.0
4-9 0.8
5-7 0.7
6-2 0.8
6-7 0.7
6-8 0.8
7-1 0.6
7-7 0.7
8-5 1.9
9-1 1.7
9-6 0.7
10-0 1.7
10-5 1.0
11-3 3.7
12-6 4.4

8 12
10 17
6 15
8 23
4 12
16 25
14 31
18 29
18 25
7 10

17 20
12 13
9 13
13 23
26 34
15 19
9 12
9 14

29 39
16 21
13 26

13.2
6.3

20.6
8.1

10-3 1.4 12 33
13-5 1.4 17 24

13-2 1.1
15-0 0.9
19-2 2.2
19-5 0.9
19-6 1.0
23-10 1.1
24-10 1.1

43.9
9.0

119-190

110
120
130
175
123
163
224
213
193
218
140
163
164
248
191
286
249
182
224
222
186

mg/dl mg/dl mg/dl

11 105
5-25 60-140

16 57 37
39 46 34
33 65 32
17 91 67
17 42 48
15 105 43
25 133 66
29 136 48
28 91 74
51 125 42
16 74 50
19 87 57
27 72 64
26 152 69
26 98 67
20 185 81
18 153 78
39 90 54
37 132 55
38 113 71
32 100 53

48 65
30-70 33-114

79
197
166
87
83
78
124
145
141
256
80
94
138
131
129
103
90
194
184
189
161

187 27 102 57 136
47 10 38 15 49

296
347

37 42 163
57 65 166
52 68 194
40 49 181
50 60 225
34 42 347
37 52 223

54.0
10.6

214
64

23 250 74 114

33 68 62 161
25 92 49 125
82 76 41 413

45 246 56 225
20 133 69 102

41 123 55 205
25 73 11 125

* Normal values are for 9,514 children up to 14 yr of age (25).

fore, the duration of carnitine deficiency. Photographs of rep-

resentative muscle biopsies from patients of different ages

demonstrated the increase in extent of lipid droplet accumula-
tion (Fig. 4, A-C). The lipid droplet index was compared be-

fore and after carnitine therapy in the seven children who
underwent repeat muscle biopsies. In three patients, (No. 6, 9,
and 23), the index decreased significantly; in subjects 4, 8, and
10, it did not change significantly, and in subject 12, it rose
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/ug/ml

7
191±52
124-257

405
394
666
467
521

367
301

343
493
220
477
295

874
797
397
339
240

447
183

436
322

204
116
201
97

241

296

193
75
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Figure 1. Relationship between plasma fasting free fatty acid concen-
trations and endogenous free carnitine levels in 23 cystinosis patients
before carnitine therapy. Each closed circle represents one cystinotic
individual not receiving carnitiiie replacement; patients with normal
carnitine levels are postrenal transplant. For each discrete range of
carnitine values (abscissa), the mean free fatty acid concentration is
given by an open circle. Bars give SE. The line represents the best
least-squares fit (r = 0.98) for the mean free fatty acid levels. For pa-
tients with normal carnitine concentratiolls, plasma free fatty acid
levels were Also normal.

markedly (Table II). For subjects 8 and 9, the amount of lipid
droplets before and after carnitine replacement is illustrated by
photographic comparison of simultaneously stained biopsies
(Fig. 5, A-D).

Kinetic studies. To investigate the clearance ofexogenously
administered L-carnitine from the plasma, carnitine-deficient
cystinotic patients were given a single oral dose of the com-
pound. In three children who received 25 mg/kg L-carnitine,
peak plasma levels of free (31 uM) and total (48 MM) carnitine
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Figure 2. Plasma free and total carnitine concentrations after chronic
oral L-carnitine replacement in 12 Fanconi syndrome patients.
Plasma was obtained 5 h after a dose (100 mg/kg per d) of L-carni-
tine givei1 every 6 h. Points represent means of at least four different
patients' values for free (solid circle) and total (open circle) plasma
carnitine. The 1- and 2-mo points are means of three values. Bars
give SE. Above-normal plasma carnitine levels were achieved within
2 d of initiation of therapy.

were achieved within 3 h (Fig. 6), and these levels fell accord-
ing to first-order kinetics (data not shown). In two children
who received 50 mg/kg, a similar pattern was observed but
with higher peak levels of free and total carnitine (41 ,uM and
86 ,M, respectively). The difference in total plasma carnitine
concentration between the two doses was largely a conse-
quence of an increase in acyl, rather than free, carnitine con-
tent. For both free and total carnitine levels after either dosage,
the plasma half-life for carnitine averaged 6.3 h.

In contrast to these Fanconi syndrome patients, a 13-yr-old
anuric cystinotic girl on chronic peritoneal dialysis (10 h/d),
given a single oral bolus of 50 mg/kg L-carnitine, displayed a
higher peak plasma level of both free and total carnitine (Fig.
6). She maintained a high plasmna level for at least 9 h after the
dose. This 38.4-kg girl was not dialyzed during that period, but
did undergo peritoneal dialysis for 10 h (- 1.9 liters in each of
five consecutive 2-h dwells), beginning 13 h after L-carnitine
ingestion. This dialysate contained 296 ilmol of carnitine or
7.7 ,umol/kg body wt. In contrast, the two Fanconi syndrome
subjects (No. 3 and 13), who also received 50 mg/kg L-carni-
tine, lost 59.0 and 32.0 ,mol/kg oftotal carnitine, respectively,
in their urine over the same time period, indicating that the
diminutions in their plasma carnitine levels resulted mainly
from urinary losses (Fig. 6).

Further evidence implicating urinary loss of carnitine as
the cause of carnitine deficiency was derived from measure-
ment of the urinary carnitine excretion in chronically supple-
mented patients. The 11 children who received oral carnitine
every 6 h for over 2 mo excreted 6-23% (mean±SD,
14.0±5.4%) of the ingested dose, which was 6.2-13.5 mmol/d
(Table III). The average amount of carnitine excreted by these
patients increased 10-fold after carnitine replacement was ini-
tiated, and the mean fractional excretion of free carnitine in-
creased from 32.6±7.9% SE to 75.9±10.0% SE.

The high level of urinary excretion of carnitine interfered
with attempts to determine whether there was equilibration
between the plasma and other potential compartments in car-
nitine-supplemented patients. This problem was circumvented
by further study of the anuric patient on peritoneal dialysis.
On four separate occasions, this patient was given single oral
boluses of 0, 12.5, 50, and 100 mg/kg of L-carnitine just after
her nightly peritoneal dialysis. 14 h later, her plasma carnitine
was measured and the 10-h peritoneal dialysis treatment was
begun. The 8-10 liter dialysate volume was assayed for total
carnitine, which increased linearly with plasma total carnitine
at the initiation of dialysis (Fig. 7). An equilibrium was appar-
ently reached between the plasma and the peritoneal fluid
during each 2-h pass. In addition, the total amount ofdialysate
carnitine was compared with the total blood content of carmi-
tine at the start of dialysis, e.g., plasma concentration X body
weight X 8% blood volume X 83% plasma (the hematocrit was
17%). The mean ratio of dialysate to total blood content of
carnitine was 1.83±0.18 (SD) (n = 4). Because dialysis re-
moved more carnitine from the plasma than the plasma origi-
nally contained, there must have been another larger carni-
tine-containing compartment in equilibrium with the plasma.

In vitro studies. Cultured muscle cells from a patient with
cystinosis were studied to determine whether carnitine uptake
was abnormal. Uptake of [3H]carnitine by normal muscle cells
increased linearly for at least 2 h. Fused cystinotic myotubes
took up radioactive free carnitine at a normal rate when ex-
posed to a concentration typically present in plasma (50 IM)
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Figure 3. Muscle lipid droplet index as a function of age in 11 carni-
tine-deficient children with cystinosis before L-camitine replacement.
The lipid index is defined in Methods. Numbers refer to subjects
listed in Table I. The linear relationship between lipid droplet index
and age follows the equation y = 2.07x + 0.66 (r = 0.73).

(Table IV). In both normal and cystinotic cells, carnitine up-

take proceeded at a normal rate in the presence of 1 mM
cysteamine, which is - 20 times the plasma concentration
achieved in vivo by oral administration of standard doses of
cysteamine in cystinotic children (30).

Clinical effects. Five of the 11 patients (No. 4, 9, 11, 12,
and 23) treated with oral L-carnitine for over 2 mo had an

increase in physical activity subjectively noted by their par-

ents. For example, some children played longer and kept up
better with their friends in running. Two (No. 11 and 16) had
nausea and vomiting which required lowering of the carnitine
dose to 60-80 mg/kg per d. Eight of the 11 children (all except
No. 4, 18, and 23) had a fishlike odor to their breath, skin, or

urine, as previously described (31).

Discussion

Because children with renal tubular Fanconi syndrome mani-
fest plasma and muscle carnitine deficiency (9, 32), we inves-
tigated the biochemical and clinical responses ofthese patients
to oral carnitine therapy. Oral carnitine administration rapidly
repleted plasma free and total carnitine. The peak plasma level
achieved was directly related to the oral carnitine dose. Fasting
plasma free fatty acid levels were inversely correlated with
plasma carnitine concentrations (Fig. 1), a relationship pre-
viously reported among fasting normal subjects (33). With
carnitine therapy, our deficient patients exhibited a significant
decrease (520 to 332 ,ug/ml) in their mean plasma free fatty
acid concentration (Table II). A similar response has been
observed in carnitine-supplemented uremic patients, whose
plasma free fatty acids fell from 352±124 (SD) mmol/liter to
255±91 mmol/liter (34).

Carnitine supplementation did not favorably alter the
serum cholesterol and triglyceride elevations in our patients.
In fact, whereas the cholesterol levels were largely unchanged
by treatment, serum triglycerides increased even more with
carnitine therapy (Table II). Previous studies of lipid responses
to carnitine replacement have largely involved hemodialysis
patients. In three separate investigations (7, 8, 35), total serum

cholesterol was unchanged after normalization of plasma car-
nitine levels, although one study reported an increase in HDL
cholesterol (7). Moreover, the serum cholesterol abnormalities
in our patients would be expected to remain unchanged be-
cause postrenal transplant cystinotics, who no longer have
carnitine deficiency, showed lipid abnormalities similar to
pretransplant patients (Table I). Cholesterol alterations may be
intrinsic to the disease cystinosis rather than to carnitine defi-
ciency, just as cholesterol abnormalities in hemodialyzed pa-
tients appear secondary to uremia and not carnitine defi-
ciency. Serum triglyceride levels in hemodialyzed patients
have been reported to decrease (7, 8), remain unchanged (36),
or increase (35) after carnitine supplementation. It has been
suggested that a rise in serum triglycerides may result from
increased hepatic triglyceride synthesis due to increased avail-
ability of fatty acid substrates after carnitine repletion (35).

Although physical activity was subjectively increased in
five of 11 carnitine-treated children, growth rates did not im-
prove (Table II), and there was no ostensible increase in mus-
cle mass. Whether these parameters will improve after longer-
term carnitine repletion remains to be determined.

In most cases, carnitine therapy did not replete muscle
carnitine but it did significantly decrease the accumulation of
lipid droplets in three of seven subjects after 7-14 mo of sup-
plementation. The muscle biopsies of subjects 9 and 23 re-
turned completely to normal on carnitine therapy. Plasma
carnitine deficiency probably existed in the patients with cys-
tinosis from 1 yr of age (Table I), i.e., the onset of renal Fan-
coni syndrome, and muscle carnitine deficiency was present
by 2 yr of age (Table II). If so, the biopsied cystinotic patients
had had carnitine deficiency for 2-6 yr at the start of carnitine
therapy. Their initial 60% depletion ofmuscle carnitine (Table
II) was associated with lipid droplet accumulation, the extent
of which was directly related to the duration (Fig. 3) rather
than the degree (Table II) of carnitine deficiency. It was en-
couraging, then, that a partial or complete resolution of the
lipid accumulation was observed in any of the six rebiopsied
cystinotic patients, in whom muscle histology should have
been worsening. The changes in the lipid droplet index were
not related to staining artifacts, because all the biopsy speci-
mens were stained simultaneously on two different occasions,
and the number of droplets was counted by four independent
observers each time. The worsening of the lipid accumulation
in patient 12 may have been related to her diet. Her mother
stated that the child had been consuming large quantities of
butter and other fats, and she gained weight at a rate of 4.3
kg/yr. Her ability to catabolize free fatty acids may have been
overwhelmed despite what appeared to be adequate carnitine
replacement. A high-fat diet has been shown to increase carni-
tine clearance in humans (36) and to decrease muscle carnitine
levels in rats (37).

The repeat biopsy of the biceps muscle from the Lowe's
syndrome patient (No. 23) not only lost its lipid droplets, but
also exhibited a return to a normal muscle carnitine level. It
seems unlikely that this finding was observed merely because
the biceps rather than the quadriceps was biopsied, because all
muscles should have equal access to the circulation's carnitine
supply. The patient had had renal Fanconi syndrome and rela-
tively mild carnitine deficiency for an unknown period of
time, with a low fractional excretion of free carnitine in the
unsupplemented state (9), and a low percentage excretion of
his ingested dose (Table IV). With lower renal losses, delivery
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Figure 4. Transverse fresh-frozen sections
of muscle biopsy specimens obtained be-
fore caritine therapy and stained with oil-

- red-O. The number of lipid droplets in-
creased with age, as illustrated for patients
3 (A, age 2, lipid droplet index 2.4), 12 (B,

v ~~~~~age6%, lipid droplet index 10.9), and 17
(C, age 9¶4, lipid droplet index 24.0). All
specimens were stained simultaneously
and photographed at the same magnifica-
tion (400X), demonstrating the age-related
increase in muscle fiber size as well.
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of carnitine to his muscles through the plasma may have been
more effective than for the cystinotic patients. During the
Lowe's syndrome patient's relatively long period of carnitine
replacement, the supplemental carnitine may have first func-
tioned biochemically to mobilize his free fatty acids and lipid
droplets. Then it may have begun to replete his large muscle
carnitine reservoir. In most other subjects, the second phase of
muscle carnitine repletion may not have yet begun.

In other reported cases of carnitine deficiency treated with
oral carnitine, muscle carnitine repletion was also variable.
Hemodialysis patients with myopathic changes treated with
oral L-carnitine for 8 wk exhibited a restoration oftheir muscle
carnitine levels to normal (38). A 23-yr-old woman with mus-

cle carnitine deficiency recovered clinically after 8 mo of DL-
carnitine therapy, but her posttreatment muscle carnitine level
was not reported (39). An 11-yr-old boy with systemic carni-
tine deficiency was treated with DL-camitine daily for 5 mo.

Whereas plasma carnitine was normalized and the patient im-
proved clinically, muscle carnitine remained extremely low
(40). A 20-yr-old woman with systemic carnitine deficiency
showed only a partial repletion of muscle total carnitine after 4
mo of oral L-camitine supplementation (41). Another patient
with a Reye syndrome-like illness became clinically normal,
but muscle biopsies taken 9 and 13 mo after the start of DL-
carnitine therapy revealed persistent carnitine depletion (42).
Similar results were reported in a 4-yr-old girl with systemic
carnitine deficiency (31). Finally, two Japanese siblings with
lipid storage myopathy and hypertrophic cardiomyopathy ex-

perienced remarkable improvement in muscle strength after
oral DL-carnitine. But despite normalization of plasma levels
and slight improvement in muscle lipid droplet accumulation,
muscle carnitine levels remained at their extremely low initial
levels (43). These published experiences are consistent with
our findings of partial improvement in muscle histology and
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Figure 5. Transverse frozen sections of oil-red-O-stained
muscle biopsies from patients 9 (A and B) and 8 (C and
D) before (A and C) and after (B and D) carnitine ther-
apy. The lipid droplet index normalized completely in
patient 9 (14.9 to 0.4) after therapy but did not change
substantially in patient 8 (5.7 to 8.6). All biopsies were
stained simultaneously and photographed at identical
magnification (400X). Vacuoles in (B) are freezing arti-
facts.

variable muscle carnitine repletion in Fanconi syndrome pa-
tients treated with oral L-carnitine.

It is possible that the failure to eliminate lipid droplets and
replete muscle carnitine in most of our treated patients was
due to the effects of cysteamine on carnitine transport into
muscle. However, in vitro studies showed no intrinsic defect in
transport of camitine into cystinotic muscle cells, nor did the
cysteamine taken by these patients impede uptake into the
muscle cells. The disulfide cystamine has been shown to in-
hibit carnitine uptake into other human cells (44), but only at
concentrations (0.75-1.5 mM) at least ten times the peak con-
centration of cysteamine (54 MM) achieved by typical oral ad-
ministration of cysteamine (30). Our data on the velocity of
[3H]carnitine uptake into muscle cells are in excellent agree-
ment with those of Rebouche and Engel obtained under es-
sentially identical experimental conditions (45). Because these
in vitro studies do not exactly mimic the in vivo condition,

impaired transport of carnitine from blood to muscle, whether
due to cysteamine or cystinosis itself, remains a possible
though unlikely impediment to muscle repletion in our pa-
tients. Alternatively, carnitine may be metabolized more rap-
idly in cystinotic compared with normal muscle cells.

But the most likely possibility appears to be that the enor-
mous ongoing renal losses of carnitine suffered by renal Fan-
coni syndrome patients prevented muscle repletion. Whereas a
patient on dialysis maintained her peak plasma carnitine level
for several hours (Fig. 6) and lost 7.7 Amol of carnitine/kg
daily in her dialysate, two cystinotic patients with Fanconi
syndrome lost plasma carnitine with a halftime of 6.3 h and
excreted in their urine 32 and 59 gmol of carnitine/kg daily.
This degree of urinary carnitine loss resulted in the excretion
of - 14% of orally administered carnitine by treated patients
(Table III). In comparison, 12 normal individuals given 2 g of
oral L-carnitine had plasma carnitine half-lives approximating
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Figure 6. Plasma carni-
tine concentrations
after a single dose of L-
carnitine in children
with cystinosis and
renal Fanconi syn-
drome or undergoing

60 | _ _ peritoneal dialysis.
Three cystinosis pa-
tients with renal Fan-

40 g S § // ~ < coni syndrome received
a single oral dose of 25

20'§// = = mg/kg L-carnitine, and
plasma free (m) and total
(o) carnitine concentra-

0 2 4 6 8 10 12 tions were measured.
TIME AFTER DOSE (h) Two cystinosis children

with renal Fanconi syn-
drome received 50 mg/kg, with determinations of free (a) and total
(o) plasma carnitine. One girl with cystinosis and uremia, on chronic
peritoneal dialysis, took 50 mg/kg L-carnitine and had free (-) and
total (A) plasma carnitine levels measured. She was not dialyzed dur-
ing the period of this study. Where applicable, each point represents
the mean of two or three patients' values.

15 h, and excreted 7±1% of the ingested carnitine in the urine
during the 24 h after its administration (46). The twice-normal
percent excretion of ingested carnitine in the urine of Fanconi
syndrome patients is especially high because these individuals
had a total body depletion of carnitine and might have been
expected to retain a greater percentage of ingested carnitine on
that basis.

In addition, the ingested carnitine dose may be poorly ab-
sorbed in the intestine or may be rapidly degraded (6) by bacte-
rial flora in the gut (47). Carnitine transport in the human
intestine proceeds by a combination of saturable and nonsatu-
rable processes (48), as it does in the rat (49). In that animal,
the percentage of gastrointestinal absorption within 30 min of
carnitine administration decreased with the log of the amount

Table III. Daily Urinary Excretion ofCarnitine before and after
Chronic Oral Carnitine Replacement in 1I Children with Renal
Fanconi Syndrome

Urinary excretion of carnitine
Excretion of

L-Carnitine Before After replacement
Subject dosage replacement replacement dosage

mmol/d mmol/d mmol/d %

4 6.2 0.07 1.07 17.3
6 7.4 0.08 1.12 15.1
8 8.7 0.14 2.01 23.1
9 9.9 0.10 1.25 12.6
10 9.9 0.03 1.25 12.6
11 11.7 0.17 2.44 20.9
12 11.2 0.20 2.03 18.1
16 9.4 0.15 0.81 8.6
17 11.2 0.17 0.66 5.9
18 13.6 0.08 1.39 10.2
23 18.6 0.19 1.69 9.1

Mean±SD 0.13±0.06 1.43±0.55 14.0±5.4
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Figure 7. Relationship between carnitine concentrations in plasma
and peritoneal dialysate in a 13-yr-old girl with cystinosis. The 38.4-
kg patient received peritoneal dialysis for 10 h on four separate occa-
sions. Her plasma total carnitine was measured just before dialysis,
and the carnitine concentration in the 8- 10-liter dialysate was also
assayed. Different concentrations of plasma carnitine were achieved
by administering 0, 0.5, 2.0, or 4.0 g of L-carnitine orally to the pa-
tient 13-14 h before the dialysis period. The line represents the best
least-squares fit for the data (r = 1.00).

of intraluminal carnitine given. The percentage absorption
was 80% at 1-10 nmol L-carnitine but only 5% at 0.1-1 mmol
(50). A typical 10-kg cystinotic child would receive 1.5 mmol
L-carnitine per dose. If we assume similar kinetics of absorp-
tion in humans and rats, total intestinal absorption of carni-
tine in our patients, even considering the larger volume oftheir
intestinal lumens, could approximate only 15-20%. If so, then
the difference between losing 7% of an ingested dose in the
urine (46) and losing 14% (Table III) becomes substantial. In
fact, it may represent an eightfold difference in amount of
ingested carnitine retained between normal individuals (15
- 7 = 8%) and Fanconi syndrome patients (15 - 14 = 1%).
This could seriously hamper attempts to replete the muscle
compartment, whose deficit amounts to several millimoles of
carnitine in our patients.

Another factor may contribute to the failure to replete
muscle carnitine in Fanconi syndrome patients. Evidence sug-
gests that tissue, plasma, and dialysis fluid carnitine levels are
in equilibrium (Fig. 7), and that carnitine can be actively re-

Table IV. Cysteamine Effects on Carnitine Uptake by Normal
and Cystinotic Myotubes in Culture

Myotube culture Carnitine uptake

nmol/mg protein per h

Normal control 0.17
+ cysteamine (1 mM) 0.14
Cystinotic control 0.24
+ cysteamine (l mM) 0.23

Normal and cystinotic (subject No. 9) myotubes were exposed to 50
,uM [L-3H]carnitine in the presence or absence of 1 mM cysteamine.
After 2 h at 37°C, the cells were washed and carnitine uptake mea-
sured. Results are means of duplicate determinations.
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leased from tissue stores into the plasma pool during dialysis
(51, 52). This suggests that, in patients losing plasma carnitine
rapidly through the kidneys, carnitine may be released from
muscle to achieve a normal plasma level, as proposed by Re-
bouche and Engel (6). If so, then the normal plasma levels seen
in our carnitine-treated patients reflect a process of supplying
muscle at some times but draining muscle at others. Under
these circumstances, one might expect it to be difficult to re-
store to normal a large carnitine compartment, i.e., the muscle
which contains 92-97% of whole-body carnitine stores (6),
through a constantly leaking small-bore spiggot, the blood-
stream.

We conclude that oral L-carnitine therapy in Fanconi syn-
drome patients increased plasma carnitine levels and cleared
free fatty acids from the plasma. However, the resolution of
muscle lipid droplets and the restoration of muscle carnitine
levels to normal has not been demonstrated in the majority of
cases. A long-term trial of oral carnitine therapy, administered
at increased dosages and frequencies, is required to determine
whether such a favorable outcome can be achieved.
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