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Abstract. Chronic hemodialysis (HD) leads to significant iosses of carnitine from plasma and muscle. Because
L-carnitine is important in the production of energy from fatty acid oxidation (FAQ) in muscie, we examined the role
of carnitine replacement by administering therapeutic doses of intravenous carnitine to 14 male patients receiving
HD. Placebo or carnitine was given 2 g L.v. 3 times weekly for 6 months in a double-blind manner. To evaluate
long-term toxicity of carnitine, all patients subsequently received ! g i.v. carnitine for |0 months. Patients were rated
for muscle strength each week, After 6 months, definite improvement in strength occurred in 4 of 7 carnitine-treated

patients and in none of 7 controls. During the subsequent

10 months of carnitine administration, no adverse effects

were noted and muscle strength improved in 9 of 14 patients. Muscle biopsy was performed in 13 patients before and
after the first 6 months of treatment and in 6 healthy controls. FAO and carnitine were measured in each muscle

biopsy. FAO was significantly lower in both carnitine-
controls. Although carnitine therapy increased the muscle
muscle FAO did notincrease significantly and never reach
ultrastructure were not specific for HD myopathy, Carn

weakness related to HD.

Introduction

L-Carnitine is a quaternary amine which plays an
important rele in f-oxidation of fatty acids (FAO) [1, 2].
Carnitine is an absolute requirement for the transport of
long-chain fatty acids from cytoplasm into the matrix of
mitochondria, the site of FAQ [3]. Carnitine is essential in
those tissues which preferentially use fatty acids for their
energy needs, especially skeletal muscle and myocard-
ium f4, 5]. Because the kidney is a major site of carnitine
biosynthesis {6, 7], carnitine production may be reduced
in end-stage renal disease. Carnitine is lost from plasma
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and placebo-treated HD patients compared to healthy
concentration of carnitine 3-fold in muscle of HD patients,
ed the level of healthy controls. Muscle histopathology and
itine may be useful in treating some patients with muscle

during hemodialysis (HD) and is lower in skeletal muscle
of patients with end-stage renal disease than in healthy
controls [§-10).

Carnitine in doses of 3 g/day may be associated with
increased platelet aggregation and plasma triglyceride
levels (11). Therefore, in this study, only 2 g 3 times weekly
was given followed by g 3 times weekly after 6 months.
Since D, L-carnitine may provoke a myasthenic-like syn-
drome [12-14], only L-carnitine was used in this study.
Because depletion of plasma and muscle carnitine is
much greater with HD than with peritoneai dialysis, and
because skeletal muscle carnitine deficiency is more se-
vere with long-term HD than with peritoneai dialysis [9],
only patients receiving HD were selected. Although
blood and muscie levels of carnitine have been shown to
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Fig. 1. Rating scales for muscle strength (left) and for activity (right) in hemodialysis patients during the carnitine study. All assessments
of patient activity were done by one of the authors (J.G.) in conducted interviews.

increase after carnitine treatment in HD patients, histo-
logic improvement may not be seen on muscle biopsy[15].
Therefore, an assay for muscle FAQ was also performed.
To evaluate the clinical benefits of carnitine therapy on
dialysis patients with myopathy [16, 17], we aiso assessed
muscle weakness and level of daily motor activity.

Methods,

Fourteen patients were evaluated in this double-blind, paraliel,
placebo-controlied trial. Criteria for patient selection included
presence of muscle weakness, long-term HD, and stable medical
status. Approval from the Committee for the Protection of Human
Subjects, Vanderbilt University, and written informed consent from
each patient were obtained. Placebo or carnitine, supplied by A.H.
Robins Co., Richmond, VA, was given intravenously at2g 3 times a
week following each HD for 6 months. To evaluate the long-term
safety of carnitine, all patients were subsequently given no carnitine
for I month, and then all received carnitine | giv.3times a week for
an additional 10 months, This lower dose was chosen because 2 gi.v.
3 times a week was found to produce twice normai levels of muscle

carnitine in this study. The code for the placebo-controiled phase of
the study was not broken untit the biochemical and histologic data
were compiled for both phases of the study, but to insure safety,
reports were given to the investigators that some unidentified pa-
tient's plasma carnitines were several times normat. Complete blood
counts and serum studies for electrolytes, calcium, phosphate, albu-
min, GOT, LDH, BUN, and creatinine were done by automated
methods at monthly intervals, Electracardiograms (ECG} were per-
formed monthly by Phone-a-gram System, provided by America’s
ECG Network, San Francisco, Calif., USA.

Muscle biopsies were taken from the vastus iateralis by a staffl
surgeon in |3 patients both before and after the initial 6 months of
therapy. One of the 14 participants refused muscle biopsy. Biopsies
were taken in a similar manner from 6 healthy, untreated volunteer
controls who had no known illnesses. Only 4 patients, all of whom
were in the initial placebo group, agreed to a third muscle biopsy at
the end of 10 months of carnitine, Muyscle was analyzed for carnitine
and FAO levels. Histochemical stains were graded and electron
microscopy was performed.

Because removal of ascorbate and vitamin B by HD may also
play a role in decreased carnitine biosynthesis since these vitamins
are required along with iron in carnitine production [18], all of our
patients received supplemental ascorbate, vitamin B and iron. All
patients also received testosterone enanthate, 200 mg i.m. every 2-4
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Table 1. Comparative listing of raw data for muscie biopsy grade, muscle carnitine leve (nM/mgnon-col}

aclivity scores

agen protein, NCP, and patient

Patient Muscle biopsy Muscle carnitine Patient activity
grade nM/mg NCP score
baseline 6 months 10 months baseline 6 months baseline 6 months change
Placebo group
AW v v v 16.6 23.7 4.1 29 1.2
BH Va v v 24,5 K RY 2.9 3.0 -1
CC II Iv 111 17.9 14.7 2.8 1.4 1.4
QJ v 11t v 15.1 12.6 38 3.1 q
WE v v 12.6 303 2.0 1.9 .1
ME v v 12.6 25.1 5.0 4.9 A
CH no biopsy 4.0 4.4 -4
Mean 8.3 22,0 3.5 3.1 A48
5D 5.6 7.8 1.0 1.24 b
Carnitine group
BW v v 13.6 57.1 4.0 13 7
BF {1 11 12.6 53.7 3.8 2.0 1.8
cw Vb Vb 16.9 42.0 4.0 1.5 235
Hi v I 15.5 41.0 16 t.7 1.9
Jw [ v 20.3 829 34 1.6 1.8
WH v Y 22.0 53.5 2.2 2.3 .
SJ Va v 19.7 37.7 2.5 1.7 .8
Mean 17.2 52.6 34 2.0 1.3
SD 3.56 15.3 0.73 0.65 0.85

weeks, to stimuilate red blood cell production. Patients were dia-
lyzed in the hospital in a uniform manner using an acetate dialysate
with [35 mEq/| Na*. Hypotension was treated with saline infusion
until symptoms resolved and the patient’s biood pressure normal-
ized.

Biochemical Studies

FAQ was measured using |-"“C-paimitic acid, modified K rebs.
Henseleit phosphate bufter, ATP,CoA and muscte homegenate[l9],
Muscle homogenates were prepared using sucrose to protect mito-
chondria {20, 21]. “CO, was collected and measured in a liquid
scintillation counter and DPM calculated. Carnitine-stimulated
FAO was measured by adding €Xxogenous carnitine to a final con-
centration of 0.5 m M. Protein determination was carried out accord-
ing to the microbiuret method of Goa [22). Sample testing was
carried out in duplicate.

Total muscle carnitine was measured before the treaiment pe-
riod, after the initial 6 months of therapy (n=13) and after the
subsequent 10 months of therapy (n v 4) using the method of Ceder-
blad and Lindstedt [23). Biopsied muscle was homogenized in water
followed by alkaline hydrolysis of acetyl carnitine and acyl carni-
tine. Extraction of muscle was performed with perchioric acid. The
Supernatant, containing free, short-chain, and long-chain carnitine
esters, was then used. Samples were incubated in HC.acetyl CoA
and carnitine acyl transferase, The radioactive acetyl carnitine was
séparaled using a Dowex 2x 8 column and counted [23). Total
carnitine was expressed as nanomoles per milligram of noncollagen
protein in muscle [24]. Plasma carnitine was measured by the same

method. Plasma aluminum was measured by flameless atomic ab-

sorption spectrometry,

Calif,, USA.

and plasma immunoreactive parathyroid
hormone was determined by radioimmunoassay for the N-
end using a kit provided by Nichols Institute,

terminal
San }uan Capistrano,

Muscle Architecture

Histochemical staining of muscle was performed according to
the method of Dubowitz [25]. Hematoxylin and eosin, modified
Gomori trichrome, NADPH-tetrazotium reductase, succinic dehy-
drogenase, actomyosin ATPase, periodic acid-Schiff, oil red 0, acid
phosphatase and myophosphorylase stains were completed on each
muscle. Biopsies were reviewed in a blind manner and were graded
according 10 the following criteria: | = normal; 2 =increased varia-
tion in fiber sizes and type II fiber atrophy; 3 = features of grade 2
plus increased central nuclei {>3%) and increased connective tjs.
sue; 4 ={features of grades 2 and 3 plus histochemical alteration of
the intramyofibrillary network including one or more of the follow-
ing: moth-eaten fibers, wharled fibers, non-specific interruption of
the intramyofibrillary network, or target fibers; 5=necrosis and
phagocytosis either mild, Sa, or severe, 5b.

For electron microscopy, small (2-3 mm diameter) cylinders of
muscle were fixed in phosphate-buffered 1% osmium tetroxide,
dehydrated in a series of graduated ethanoli solutions, transferred to
propylene oxide and embedded in Epon 812, Sections were post-
stained with uranyl acetate and lead citrate and examined in a Jeol
100 CX electron microscope. X-ray microanalysis was performed
usinga TN 2000 energy dispersive detector and analyzer(26](Tracor
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Northern, Madison, Wisc.). The specimen was placed in a graphite
holder, tilted 30°, and analyzed at an accelerating voltage of 60kV. A
Jeol JEM-100 CX Temscan scanning electron mICroscopy unit-was
used on spot mode to selectively analyze myofibrillar inclusions.

Patient Assessment

Carnitine mediates lipid metabolism so that improvement in
performance is more likely to be reflected by resistance to fatigue
over hours. Therefore muscie performance could not be assessed on
the basis of the usual standardized measures typified by the Medical
Research Council [27] defining strength graded 1-5. Hence, a scale
was designed to rate overall activity over the course of a day.

Patient activity was assessed once weekly according to criterta
shown in figure 1. Limitation of daily motor activity was rated by a
member of the research team who interviewed the patients weekly
(JG). Scores were given on the following scale: 1 =normal daily
activity: 2 =can do most but not all activities: 3 =can do necessary
duties but avoids optional activities: 4 = limited to0 very basic activ-
ity {i.e. personal toilet and transfer to chair); 5= incapacitated and
bed-bound. Data were gathered from the first 2 weeks of the study,
prior to treatment, and the last 2 weeks of the 6-month placebo-con-
trolled phase of the study. Daily scares far 2 weeks before and then
after treatment were recorded as integers -5 and averaged.

Statistics

Statistical analysis of data included paired and unpaired Stu-
dent’st tests for parametric data. For nonparametric data, Wilcoxon
signed rank, Wilcoxon rank sum and Spearman’s rank correlation
tests were used where indicated below.

Resuits

Intable I, all raw data are tabulated. By the Wilcoxon
signed rank test, there was no difference in patient activ-
ity at the beginning of the study with mean grades of 3.5
for those on carnitine and 3.4 for those on placebo. A
lower score indicates better muscle activity. Following 6
months of treatment, mean daily activity score was 3.1 for
the placebo group and 2.0 for the carnitine group. The
mean gain of the placebo group was 0.48, whereas the
carnitine group had a greater mean gain at 1.3. By the
Wilcoxon signed rank test, significance was closely mis-
sed. There-was, however, a cluster of ¢lear responders, 4
of the 7, in the carnitine group who improved daily
activity by 2 or nearly 2 grades (fig. 2). Neither the other 3
in the carnitine group nor any of the 7 in the placebo
group improved to that degree. This suggests that there
are two groups of HD patients, one that is improved by
carnitine therapy and one that is not. it is also possible
that significance would be reached if patient numbers
were greater.

Each HD treatment produced approximately a 50%
decline in plasma carnitine levels, dropping from a mean
of 7020 to a mean of 33+ 1l nM/m) in patients on
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Fig. 2. Results of muscle strength rating after 6 months of
treatment. Results are tabulated as the change in muscle strength.
Note the clustering of responders in the carnitine group who im-
proved by 2 grades or more,
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Fig. 3. Muscle carnitine concentrations are shown for patients at
baseline, after 6 months of placebo, after 6 months of carnitine, and
fallowing 10 more months of carnitine, and for controls. Numbers of
patients are shown in parentheses. The bars represent the
means £ 8D. At 10 months only 4 patients, all from the initial
placebo group, agreed to a third muscle biopsy.

placebo and from a mean of 894+15 to a mean of
375+134 nM/mi (p <0.001) in those receiving carnitine.
Four weeks following cessation of the initial 6 months of
therapy, patients who had received carnitine had sus-
tained plasma carnitine levels 3-fold higher (185 +96.8
nM/ml) than those who had received placebo (60 £17.5
nM/ml) (p <0.01). Following the subsequent 10 months
of carnitine therapy (I g i.v. 3 times a week), plasma
carnitine was 857 £294 nM/ml in patients who had in-
itially received carnitine and 493 + 115 n M/ ml in patients
who had originally received placebo (p <0.01). Plasma
carnitine levels differed between these two groups prior
to the finzl 10 months of therapy: [85+96 nM/ml for
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Fig. 4. Comparison of in vitro muscle FAD in three groups
before and after carnitine stimulation. Percent stimulation is shown
beneath each set of treatments and was similar in all three groups. p
values are given for differences between unstimulated and stimu-
lated values.

carnitine-treated versus 58 +24 nAM/ml for placebo-
treated (p <0.04). Tissue saturation is the likely source
for the continuing high plasma levels of carnitine, and it
is probable that the initial carnitine group had main-
tained tissue saturation once carnitine was begun.

Skeletal muscle carnitine concentrations are shown in
figure 3. Prior to therapy, HD patients had significantly
lower values than controls: 17.8 + 4.6 nM/mgnon collagen
protein (NCP) for HD patients compared with 31.2+7.4
nM/mg NCP for healthy controls (p <0.001). Patients
who received carnitine for the 10-month second phase of
the study had increased muscle carnitine, 62+23.9
nM/mg NCP which was three time the baseline value and
twice that of healthy controls (p <0.04). It is notable that
both muscle carnitine and level of patient activity in-
creasedinthe carnitine group comparedtoplacebo.

FAQ in muscle homogenates was significantly higher
for healthy controls compared to the patients on placebo
(1,487 £267 vs. 638+ 285 dpm/mg protein; p <0.003)
(fig. 4). Although muscle FAQ for the patients who re-
ceived carnitine was greater than for patients on placebo
(906 + 294 vs. 639 + 285 dpm/mg), the difference was not
statistically significant. Carnitine-stimulated FAO was
determined by adding exogenous carnitine to the incuba-
tion mixture and this activity was compared for healthy
controls, patients on placebo, and patients who received
carnitine (fig. 4). The percent stimulation of FAO by
€Xogenous carnitine was similar for al} three groups,

Microscopic examination of each muscie biopsy was
graded as to the severity of pathologic and histochemical

Fig. 5. Electron micrograph of degenerating muscle fiber. The
fiber on the left shows dissolution of sarcomere structure. A large
subsarcolemmal pool of glycogen is present.

Fig. 6. Electron micrograph of muscle fiber with central necrosis.
The vacuole borders abruptly on normal-appearing muscie sarco-
plasm, without an intervening zone of filamentous and mitochon-
drial degeneration. x 4,000.

changes. Biopsies showed a spectrum of changes ranging
from histologically and ultrastructurally normal to biop-
sies with numerous atrophic, degenerating or necrotic
fibers. Degenerating fibers showed dissolution of myo-
plasmic filaments and loss of filaments with pallor of
sarcoplasmic staining. Electron microscopy of these fib-
ers showed that some contained prominent, irregular
bodies with contents of heterogeneous electron density
(fig. 5). X-ray microanalysis of these structures showed
only lead and osmium attributable to specimen fixation
and staining. This technique is capable of detecting all
elements in the specimen heavier than fluorine (atomic
number9) (27]. In the more severe cases, an unusual form
of central fiber degeneration was seen (fig. 6). These
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fibers contained central vacuoles with glycogen, lipid,
degenerating membranous whorls and other cytoplasmic
debris. These vacuoles bordered abruptly on adjacent,
normal myoplasm.

Although excess content of neutral lipid has been
described in cases of carnitine deficiency, this abnormal-
ity is difficult to quantify by either light or electron
microscopy. We did not find that muscle histology was
useful in diagnosing a carnitine-deficient state. Muscle
biopsies did not show any consistent changes following 6
months or 10 months of carnitine therapy in either group
of patients. The sole value of muscle biopsy in the evalua-
tion of weakness in uremic patients is to exclude other
possible causes of myopathy. Carnitine deficiency can-
not be diagnosed without biochemical analysis. In our
study, the severity of changes on biopsy did not correlate
with the degree of weakness nor activity limitation using
Spearman’s rank correlation test. In fact, one control
patient, who was thought to be heaithy on clinical exami-
nation, actually had myopathic changes on muscle histol-
ogy. Despite this, muscle FAQ and muscle carnitine
levels for this individual were similar to those of other
healthy controls.

Patients who had high plasma aluminum levels had
somewhat lower muscle FAO activity than did patients
with normal serum aluminum levels (631290 vs.
1,079 £497 dpm/mg protein) but not significantly so.
Serum PTH levels had no relation to muscle FAQ in our
patients. Long-term L-carnitine therapy produced no
changes in other serum chemistries, hematologic vaiues
or ECG’s.

Discussion

Whether carnitine is an essential nutrient in man has
recently been questioned and discussed [28, 29]. Because
hemodialysis membranes are very permeable to com-
pounds with a molecular weight under 300, dialysis pa-
tients may be at special risk of carnitine deficiency. The
smali molecular weights of carnitine (161), of its essential
amino acid precursor lysine (146), and of the co-factors
ascorbate (176) and pyridoxine (205) may predispose
dialysis patients to carnitine deficiency (8-10}. The renal
diet consists of 45 g of protein of which 3 g is lysine. The
combination of marginal dietary carnitine caused by
low-protein diets and reduced carnitine biosynthesis may
not be sufficient to meet the requirements of dialysis
patients who have enhanced losses of these smail-molec-
ular-weight nutrients through the dialysis membrane [8,

34]. It appears that tight regulation of plasma carnitine is
at the expense of tissue stores, especially muscle, in this
group of patients,

Although one short-term (6 week) study did not find
obvious deficiency of carnitine in the muscle of hemodi-
alysis patients [30], our results demonstrated that muscie
carnitine concentrations in HD patients were half those
of healthy controls. Although a previous study {10] had
shown that 6 g/day of oral D, L-carnitine did not increase
muscle levels of this nutrient, our HD patients responded
to 2 g i.v. thrice weekly of L-carnitine by tripling their
muscle carnitine concentrations. Plasma carnitine levels
in these patients were still twice normal after carnitine
had been discontinued for | month, defmonstrating a
marked capacity for tissue storage of supplemented carn-
itine in HD patients.

This is the first report to our knowledge, of FAO
determinations in skeletal muscle of uremic patients,
Tissue FAO may be an indirect measure of the presence
of carnitine in otherwise healthy individuals, but in our
HD patients, FAO levels did not correlate with muscle
carnitine levels. FAO could be stimulated by adding
carnitine in vitro both in healthy controls and dialysis
subjects. Patients who showed improvement in muscle
strength during this study had greater baseline and carni-
tine-stimulated FAQ activity in muscle samples taken
following 6 months of carnitine than did patients
not showing improvement in strength. Despite muscle
carnitine levels that were twice those of healthy
control subjects (fig. 3), muscle FAQ activity in carni-
tine-treated HD patients was still significantly less
than in controls at baseline and following in vitro
stimulation by carnitine (fig. 4). Although carnitine must
be important in muscle function, these results demon-
strate that even supraphysiologic concentrations of
carnitine do not restore uremic skeletal muscle to a
normal state,

[mprovement in motor performance is the clinical
objective for administering carnitine therapy. During the
first 6 months of treatment, there was z clear clustering in
the carnitine group where 4 of 7 patients improved by 2
grades in their muscie activity scores. Furthermore, after
10 months of carnitine therapy, 9 of 14 patients improved
by at least one grade compared with initial values. These
results suggest that there are two subgroups of HD pa-
tients with muscle weakness: one group in which carni-
tine deficiency constitutes a major cause for the weak-
ness, and a second group in which carnitine deficiency is
not a major cause of muscle weakness. Muscle weakness
in these latter patients may be attributable to other
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metabolic abnormalities invelving utilization of fatty
acids, to mitochondrial membrane dysfunction or to
other factors,

We also looked at histoiogic changes in muscle before
and after prolonged carnitine administration. The most
common microscopic abnormality described in uremic
muscle is type {1 fiber atrophy [31, 32], and this'was found
in all of our patients. In our study, 5 of 13 patients (38%)
had muscle necrosis on biopsy, a figure which agrees with
a previous study of HD patients {33]. Numerous lipid
droplets were found in some biopsies, as has been re-
ported in carnitine deficiency [34], although carnitine
deficiency may be present when excess neutral lipid
staining is not recognized on histology. Additionally,
muscle degeneration due to any cause may result in
accumulation of neutral lipid in some muscle fibers while
other fibers are depleted of lipid stores. This is presu-
mably due to defects in metaboiic systems, probably
involving mitochondria, which utilize lipid for energy
production. Lipid storage in muscle is also influenced by
the state of nutrition and physical exertion at the time of
the biopsy. In none of our patients, except those with
overt necrosts, could excess neutral lipid, as seen on oil
red O staining and by electron microscopy, be determined
with certainty. Biochemical analysis is essential in
determining abnormalities of lipid metabolism since
stored neutral lipids are difficult to quantify morphologi-
cally.

Ultrastructural examination of degenerating and atro-
phic fibers showed filamentous dissolution and disap-
pearance similar to changes reported by Bundschu and
Scholte [35] for muscle biopsies from patients with
chronic renal failure. Some of these atrophic fibers con-
tained accumulations of heterogeneous, irregular bodies
with the vitrastructural appearance of tertiary lysosomes
(fig. 5). Bregman et al. [36] described similar inclusions in
muscle fibers of chronic hemodialysis patients with iron
overload myopathy and found histochemically demon-
strable iron in these inclusions. However, in our patients,
no iron was detectable in these inclusions by energy-
dispersive X-ray microanalysis, a technique much more
sensitive than histochemical stains [27]. In the more se-
vere cases, there was an unusual form of central muscle
degeneration with membranous whorls, glycogen, and
cytoplasmic debris (fig. 6). These structures resembled
the central autophagic vacuoles seen in target fibers, but
lacked the margin of degenerating muscle filaments and
mitochondria found in target fibers [37] usually asso-
ciated with denervation. Membranous whorls and gly-
cogen-containing vacuoles have been described in mus-

cle biopsies from dialysis patients [38], but these were
isolated subsarcolemmal structures in contrast to the
large, central, heterogeneous vacuoles seen here. Because
there are no specific histologic and electron-microscopic
changes in muscle that are diagnostic of carnitine defi-
ciency, biochemical confirmation is necessary.

In conclusion, long-term supplementation of chronic
HD patients with intravenous L-carnitine, 1-2 g after
each dialysis, increased plasma and muscle carnitine
levels to supranormal values in all patients. Nine of 14
treated subjects noted increased muscie strgngth, Muscle
FAQ activity was improved in 6 of these 9 patients.
L-carnitine administration at this dosage resulted in no
noticeable adverse side effects. A therapeutic effect of
carnitine on myocardial ischemia [35-41}, ventricular ar-
rhythmias [42), or anemia [43] was not demonstrated in
our study by routine hematologic and ECG testing. Par-
enteral L-carnitine supplementation may improve mus-
cle strength and function in a subgroup of HD patients
with muscle weakness,
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