Pharmacokinetics of L-carnitine in patients
with end-stage renal disease undergoing
long-term hemodialysis

Levocarnitine [(R)-3-carboxy-2-hydroxy-N,N,N-

Objective: L-Carnitine is an endogenous molecule involved in fatty acid metabolism. Secondary carnitine
deficiency may develop in patients with end-stage renal disease undergoing long-term hemodialysis because
of dialytic loss. In these patients L-carnitine can be administered to restore plasma and tissue levels. The
objective of this study was to evaluate the pharmacokinetics of intravenous L-carnitine in patients under-
going long-term hemodialysis.

Methods: Twelve patients undergoing three dialysis sessions/week received L-carnitine intravenously (20
mg - kg1) at the end of each dialysis session for 9 weeks. Plasma samples were analyzed for L-carnitine,
acetyl-L-carnitine, and total carnitine by HPLC.

Results: Under baseline conditions, the mean + SD predialysis plasma concentration of L-carnitine was
19.5 + 5.6 umol /L, decreasing to 5.6 + 1.9 pmol/L at the end of the dialysis session. These concentra-
tions were substantially lower than endogenous levels in healthy human beings. Under baseline condi-
tions the extraction ratios of L-carnitine and acetyl-L-carnitine by the dialyser were 0.74 = 0.07 and 0.71
+ 0.11, respectively. During repeated dosing, there was accumulation of L-carnitine in plasma, and after 9
weeks of dosing, the predialysis and postdialysis plasma levels were 191 + 54.1 and 41.8 = 13.0 pmol/L,
respectively. The predialysis and postdialysis plasma levels of L-carnitine decreased once dosing was ceased
but had not returned to pretreatment levels after 6 weeks.

Conclusion: The study demonstrated that removal of L-carnitine by hemodialysis is extremely efficient and
that patients undergoing hemodialysis had plasma concentrations that were substantially lower than nor-
mal, particularly during dialysis. During repeated administration of L-carnitine, the predialysis and post-
dialysis concentrations of the compound increased steadily, reaching an apparent steady state after about
8 weeks. It is proposed that this accumulation arose from the distribution of L-carnitine into a deep tis-
sue pool that includes skeletal muscle. (Clin Pharmacol Ther 2000;68:238-49.)
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acids into the matrix of mitochondria, thereby deliver-
ing these substrates for 3-oxidation and for subsequent
energy production. Although L-carnitine is an impor-
tant component of the human diet, it is also synthesized
by the body, primarily in the liver and kidneys. In addi-
tion to L-carnitine, the total body carnitine pool com-
prises various carnitine esters, the most prominent of
which is the short-chain ester, acetyl-L-carnitine. The
ability of L-carnitine to accept (and donate) acyl-groups
from (and to) the corresponding acyl-coenzyme A
thioester is integral to the physiological functions of
the compound. More than 90% of the total carnitine
pool resides within skeletal and myocardial muscle,
with the remainder being present in the liver, kidneys,
and other tissues.2 This distribution pattern reflects the
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Table |. Demographic information and dosage and dialysis details for the 12 patients with end-stage renal disease

that completed the study
Target Duration Dialysis
weight Dose of dialysis blood
Patient Age (y) at (kg) at (umal) of session flow rate
Number screening screening L-carnitine (min) (mL/min)
1 30 Femae 46.5 5831 210 300
51 Femae 70.0 8685 210 350
3 53 Female 41.0 5087 180 400
4 66 Male 775 9677 240 250
5 53 Male 76.0 9429 240 350
6 28 Female 66.0 8189 210 300
7 61 Male 64.5 8065 270 300
8 59 Femae 63.0 7816 210 350
9 26 Male 59.0 7320 270 300
10 26 Male 56.0 6948 240 250
11 54 Femae 498 6203 240 250
12 55 Male 56.5 7072 240 300
Mean 47 60.5 7527 230 308

high requirement of muscle for fatty acid oxidation,
for which L-carnitine is mandatory. However, because
L-carnitine cannot be synthesized by muscle, the level
of the compound in this tissue must be maintained by
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» healthy human kidney acts to conserve the
s carnitine stores via carrier-mediated tubular
orption of L-carnitine and its esters. At normal
enous plasma concentrations (40 to 50 pmol/L),
tent of this reabsorption is greater than 90%.2
se it is alow-molecular-weight compound, L-car-

is efficiently removed by hemodialysis,3 and
ore patients with end-stage renal disease under-
long-term hemodialysis have low plasma concen-
ns of L-carnitine. In some studies, low levels of
itine in skeletal muscles have also been found, as
ed by Brass? and Vacha et al. 4 Although this sec-
y L-carnitine deficiency in patients undergoing
erm hemodialysisislikely to result primarily from

unrestricted loss from the body by the dialysis proce-
dure, an impairment of biosynthesis or areduced dietary
intake of L-carnitine resulting from the modified diet of
these patients may contribute to the deficiency. 58
L-Carnitine has been used both orally and intra-
venously for the treatment of primary and secondary
carnitine-deficiency syndromes, and a number of clini-
cal studies have been conducted to assess the benefits
of L-carnitine supplementation in patients undergoing
hemodialysis.2459 |n the United States, the compound
is currently approved for intravenous use in patients
with secondary carnitine deficiency caused by hemo-
dialysis. The recommended starting dose is 10 to 20

mg/kg after each dialysis session, decreasing to 5
mg/kg depending on predialysis levels. However,
although a number of studies have been conducted to
investigate the pharmacokinetics of L-carnitine in
patients undergoing hemodialysis®16 and in healthy
volunteers,17-20 there has not been a systematic investi-
gation of the pharmacokinetics of the compound under
baseline conditions in patients undergoing hemodialy-
sis and in the same patients after single and multiple
doses of L-carnitine.

The aim of this study was to evaluate the pharmaco-
kinetics of L-carnitine in patients undergoing long-term
hemodialysis for end-stage renal disease. The patients
were studied under baseline conditions (before the first
dose) and after single and multiple (9 weeks) intra-
venous administration of L-carnitine (20 mg - kg1). In
addition to intensive monitoring of the plasma and
dialysate concentrations of L-carnitine, acetyl-L-carni-
tine, and total carnitine under baseline conditions and
after the first and last dose of L-carnitine, blood sam-
ples were collected on a weekly basis before and after
dialysis throughout the study to follow the approach to
steady state. In a subgroup of patients, blood was also
collected for 6 weeks after cessation of dosing to assess
the washout pharmacokinetics of L-carnitine.

METHODS

This longitudinal study incorporated baseline obser-
vation, single- and multiple-dose administration of
L-carnitine, and awashout phase. Approval for the study
was obtained from the Human Research Ethics Com-
mittees of the University of South Australia and the
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Royal Adelaide Hospital, and the study was conducted
in accordance with the Declaration of Helsinki, as
revised. Subjects were required to provide written
informed consent before they were included in the study.

Study population

The patients (6 men, 6 women) had been on mainte-
nance hemodialysis for a minimum of 6 months and
were in a stable clinical condition, with uremia well
controlled by dialysis therapy. Demographic details are
presented in Table |. Before the study was begun, none
of the patients had been receiving L-carnitine supple-
mentation, either orally or intravenously. All patients
underwent three hemodialysis treatments per week
throughout the study.

Study design

Baseline. Patients were admitted to the study center
on the morning of the second dialysis session of week
1, having been instructed to fast overnight. Patients
were allowed to consume fluids within the limits of
their usual fluid restriction, and a standardized light
breakfast was provided before dialysis. Within 5 min-
utes after the end of hemodialysis, 0.1 mL - kg1 nor-
mal saline solution was administered intravenously. The
saline solution was administered over 2 minutes into
the venous return line after disconnection of the line
from the dialyzer. For the purpose of defining postdose
pharmacokinetics, time zero was taken to be the mid-
point of this 2-minute infusion period. Immediately
after administration of saline solution, the venous return
line was flushed with 5 mL sterile saline solution.
Blood samples (2 mL) were collected from the arterial
line (of the fistula) 5 minutes before the onset of
hemodialysis, immediately after the hemodialysis had
stopped (predose sample), and 5, 10, 15, 30, and 45
minutes, and 1, 2, 4, 6, 8, 20, and 44 hours after admin-
istration of saline solution. The 44-hour blood sample
coincided with the beginning of the third hemodiaysis
session of week 1. During this third dialysis session,
blood was collected simultaneously (within 10 seconds)
from the arterial and venous lines of the dialyser at
0.25, 0.5, 1, 2, and 3 hours. At the same times, 10 mL
dialysate was collected from the outflow of the dialyzer.

First dose of L-carnitine. A solution of L-carnitine
(Carnitor 1 gin 5 mL; Sigma Tau Pharmaceuticals, Inc.
Gaithersburg, Md), in a dose volume of 0.1 mL - kg1
(corresponding to a dose of 20 mg - kg-1), was admin-
istered intravenously at the end of the second dialysis
session of week 2 of the study. Patient restrictions and
the protocol for administration of the L-carnitine and
the collection of blood and dialysate samples was
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exactly the same as that for the administration of nor-
mal saline solution in the baseline period.

Multiple dose treatment. Starting from the third dial-
ysis session of week 2 until the first dialysis session of
week 10, within 5 minutes after the end of every
hemodialysis session (ie, three times a week), L-carni-
tine was administered intravenoudly at a dose of 20 mg -
kg1, as described above. At the second dialysis session
of weeks 3 to 9, blood samples (2 mL) were collected
before and after dialysis, with the postdialysis blood sam-
ple collected before L-carnitine administration.

Final dose of L-carnitine. The final dose of L-carni-
tine (20 mg - kg1) was administered at the second dial-
ysis session of week 10, as described above. Patient
restrictions and the collection of blood and dialysate
samples followed the same schedul e that was used for
the baseline period and the first dose of L-carnitine.

Washout evaluation. After the completion of L-car-
nitine administration, 6 volunteers (patients 7 through
12 in Table 1) participated in a washout evaluation.
Arterial blood samples (2 mL) were collected before
and after dialysis at the first and second dialysis ses-
sion of week 11 and the second dialysis sessions of
weeks 12, 14, and 16.

Analytical methods

Plasma and dialysate samples were analyzed for
L-carnitine, acetyl-L-carnitine, and total carnitine with
use of an HPL C procedure with fluorescence detection,
as described by Longo et al.16 The method involved
solid-phase extraction, derivatization of L-carnitine and
acetyl-L-carnitine with 1-aminoanthracene, separation
of the derivatives on a reverse-phase column, and
fluorometric detection. Total carnitine levels were
determined as L-carnitine after hydrolysis of the acyl-
carnitines contained in plasma and dialysate samples.16
The limits of quantification were 0.5 and 0.25 pumol/L
in plasma and dialysis fluid for L-carnitine and acetyl-
L-carnitine, respectively. During the analysis of study
samples, the accuracy for both analytes ranged from
—8% to 11%, and the reproducibility was within 9%, as
assessed by the repeated analysis of quality control
samples spanning the relevant concentration ranges.

Phar macokinetic analysis

For the purposes of defining pharmacokinetic parame-
ters, two specific intervals are defined; the interdialysis
interval and the intradialysis interval. The interdialysis
interval is defined as the time between the end of the
second dialysis session and the start of the third dialy-
sis session of week 1 (baseline), week 2 (first dose),
and week 10 (last dose). The parameters defined for the
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interdialysis period were the maximum observed
plasma concentration (C,,,5) and the time of its occur-
rence (t,a) and the area under the plasma concentra-
tion versus time curve from time zero (time of dosing)
until 44 hours after dosing (immediately before the next
dialysis session). This area (AUC¢"), was calculated
with the linear trapezoidal method. The differences
between the AUC¢* values obtained after the first and
last dose of L-carnitine and the corresponding value
obtained under baseline conditions were taken to rep-
resent the baseline-corrected areas.

Theintradialysis interval covered the time from the
start to the completion of the third dialysis session of
week 1 (baseline), week 2 (first dose), and week 10
(final dose). For L-carnitine and acetyl-L-carnitine, the
area under the arterial plasma concentration versustime
curve from the start until the end of dialysis (AUCS"
was calculated with the linear trapezoidal method; this
required the estimation of the predicted concentration
in arterial plasma at the end of dialysis (Cpgep) t0 esti-
mate the area under the curve from 3 hours until the
end of dialysis. The following equation was used to cal-
culate Cprep:

Corep = | - e KDIAL - TDIAL @

in which the zero-time intercept (1) and the intradialy-
sis rate constant (kp; 5 ) were estimated by use of In-
linear regression of the intradialysis arterial plasma
concentration versus time data, and T, 5, is the dialy-
sistime. The half-life of the substrate during the dialy-
sis session (typiaL) was calculated as 0.693/kp -

The instantaneous plasma clearance of each species
by the dialyzer at each collection time (CLia.) was cal-
culated with the following equation:

CLiDIAL = M )
ART
inwhich Qp 4 istheflow rate of diaysate, and Ciia and
Cirr are the concentrations of substrate in dialysate and
arterid plasma, respectively. The numerator of equation 2
is the instantaneous rate of excretion of substrate into
diaysate. The average plasma clearance value for each
subject during adialysis session (CL 5, ) was calculated
as the arithmetic mean of instantaneous clearance values.
The apparent volume of distribution of L-carnitine
and acetyl-L-carnitine during dialysis (V ), referenced
to arterial plasma, was estimated from the following
equation:

_ Clon

Vapp =

©)

kDIAL
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The amount of substrate eliminated from the body by
the dialyzer during an entire dialysis session (Aepa; )
was calculated by equation 4:

AepiaL = AUCRR - CLEA 4

The fraction of the dose of L-carnitine removed from
the body in the form of the selected substrate during a
single hemodialysis session was taken to be Aep a1
divided by the dose of L-carnitine administered. All
values were in molar equivalents.

Although the dialysis clearance of each compound
could be measured from plasma and dialysis concentra-
tion measurements (equation 2), the hemodialysis clear-
ance of each substrate with respect to blood (CL ) was
also calculated at each sample collection time:

CLi = Sarr (Cam = Chen) 5)
ART

in which Qugr is the arterial blood flow and Casr and
Clen are the arterial and venous plasma concentrations
at time i. Equation 5 assumes that the arterial and
venous blood flows are the same and that the blood-
to-plasma concentration ratio of the substrate does
not differ between arterial and venous blood. The
time-averaged blood clearance of each substrate by
hemodialysis CL %% was calculated from the follow-
ing equation:

_ Opgr - (AUCRE® -AUCR’®
AUCR&°

in which AUC%%° and AUCYE? are the areas under the
concentration-time curves between 0.25 and 3 hours,
for plasma derived from arterial and venous blood,
respectively. These area terms were estimated by use
of the trapezoidal method.

The extraction ratio of the substrate by the dialyzer
(Egia) Was taken to be the time-averaged blood clear-
ance by hemodialysis relative to the blood flow rate
through the dialyzer:

CLAY (6)

_ CLAY
Qarr

Egia )

Statistics

The Student t tests for paired data and ANOVA were
used, as appropriate, to determine whether there were
any differences between the plasma concentrations and
the pharmacokinetic parameters for each species dur-
ing the interdialysis and intradialysis intervals, with
P < .05 taken to represent statistical significance. All
data are presented as mean and standard deviation.
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Fig 1. Mean (n = 12) plasma concentration versus time profiles for L-carnitine (diamonds), acetyl-
L-carnitine (circles), and total carnitine (triangles) during the interdialysis interval under baseline
conditions (A) and after the first (B) and final (C) dose of L-carnitine (20 mg - kg-1).

RESULTS

Demographic information and details of dialysis for
the 12 patients who entered and completed this study
are provided in Table |. Patients 7 through 12 partici-
pated in the washout component of the study. An addi-
tional patient was enrolled but was withdrawn because
of an adverse event that was judged subsequently to be
unrelated to the study medication.

During the baseline period, a single intravenous dose
of normal saline solution was administered immedi-
ately after the second dialysis session of the week.
Before this dialysis session, the plasma concentration
of L-carnitinewas 19.5 + 5.6 pmol/L, and that of acetyl-
L-carnitinewas 7.2 + 1.9 pmol/L. At the end of the dial-
ysis session, immediately before the dose of normal
saline solution, the corresponding plasma concentra-
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Tablell. Mean + SD interdialysis pharmacokinetic parameters for L-carnitine, acetyl-L-carnitine and total carnitine*

First dose Final dose
Baseline of L-carnitine of L-carnitine
L-carnitine
AUCG* (umolL - h) 703 + 190 6592 + 1178 12093 + 2502t
Baseline-corrected AUC§* (umol/L - h) — 5889 + 1142 11390 + 2452t
Cinax (HmMol/L) 19+6 1139 + 240 1190 + 270
tmax (h:min) 40:24 £ 9:29 0:06 + 0:03 0:06 + 0:03
Acetyl-L-carnitine
AUCG" (umol/L - h) 241 + 63 1265 + 312 3234 + 820t
Baseline-corrected AUCG' (umol/L - h) — 1024 + 313 2993 + 810t
Crnax (LMOI/L) 7+2 36+ 11 90 + 22t
tmax (h:min) 40:24 £ 9:29 19:00 £+ 12:59 29:06 + 13:46
Total carnitine
AUCS* (umol/L - h) 1433 + 421 8406 + 1397 16444 + 36971
Baseline-corrected AUC§* (Lmol/L - h) — 6973 + 1339 15011 + 36271
Cinax (Hmol/L) 40+ 12 1235 + 233 1233 + 223
tax (h:min) 40:24 + 9:29 0:06 + 0:03 0:05 + 0:00

The interdialysis parameters shown relate to the pharmacokinetics of each species in the interval commencing immediately before dosing (at the end of dialysis)

until 44 hours after dosing (before the next dialysis session).

*Under baseline conditions and after the first and final dose of nine weeks of administration of L-carnitine at a dose of 20 mg - kg1, administered at the end of each

dialysis session.

Tindicates a statistically significant difference (P < .05) in the parameter between the first and final dose of L-carnitine.

Tablelll. Mean £ SD intradialysis pharmacokinetic parameters for L-carnitine and acetyl-L-carnitine*

First dose Final dose
Baseline of L-carnitine of L-carnitine
L-Carnitine
CL Biac (L/h) 78+ 17 75+20 81+18
CL A% (L/h) 134+10 134+17 135+13
EpiaL 0.74 + 0.07 0.73+ 0.08 0.73+ 0.08
tydial () 2.34+0.69 1.76 £ 0.47 1.98 £ 0.79
Ve (L) 257177 18.7+54 228+9.0
AepaL (umol) 250 + 76 758 + 268 2390 + 8567
Fraction of dose recovered by dialysis — 0.10+ 0.03 0.32 + 0.10F
Acetyl-L-carnitine
CL dia (L/hr) 82+27 89+ 30 9.2+18
CL A% (L/h) 130+ 22 127+15 125+13
EpiaL 071+0.11 0.69 + 0.10 0.68 + 0.10
tydial () 270+ 1.78 2.07 £ 0.56 2.04+0.62
Vaop (L) 29.4+179 26.5+10.5 26.7+ 89
AepaL (umol) 95+ 21 424 + 195 1210 + 473t
Fraction of dose recovered by dialysis — 0.06 + 0.03 0.16 + 0.05F

*Under baseline conditions and after the first and final dose of 9 weeks of administration of L-carnitine at a dose of 20 mg - kg1, administered at the end of each
dialysis session. The parameters relate to the pharmacokinetics of each species during the hemodialysis session that was conducted 44 hours after dosing with normal

saline solution (baseline) or L-carnitine (first dose and final dose).

tindicates a statistically significant difference (P < .05) in the parameter between the first and final dose of L-carnitine. For all other parameters, there was no signifi-

cant difference among the three study periods.

tions of L-carnitine and acetyl-L-carnitine were 5.6 +
1.9 and 2.3 + 0.9 umol/L, respectively. Fig 1 shows the
mean plasma concentration versus time profiles for
each species during the 44-hour period after the dose
of normal saline solution. The mean pharmacokinetic

parameters for this “interdialysis’ phase of the baseline
period are given in Table 11.

Pharmacokinetic parameters for the hemodialysis
session studied under baseline conditions (commenc-
ing 44 hours after the dose of normal saline solution)
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Fig 2. Mean (n = 12) plasma concentration versus time profiles for L-carnitine (diamonds), acetyl-
L-carnitine (circles), and total carnitine (triangles) during the hemodialysis session that was con-
ducted 44 hours after dosing with normal saline solution, corresponding to baseline period (A), and
44 hours after the first (B) and final dose of L-carnitine (C).

are summarized in Table |11, and mean concentrations
in plasma obtained from blood entering (arterial) and
leaving (venous) the dialyser, and outflow dialysate, are
presented in Fig 2. The arterial and venous plasma lev-
els of al species were found to decline in a log-linear
manner during hemodialysis. The dialyser extraction
ratios for L-carnitine and acetyl-L-carnitine, were
0.74 + 0.07 and 0.71 + 0.11, respectively. The appar-
ent volume of distribution values for L-carnitine and

acetyl-L-carnitinewere 25.7 £ 7.7and 29.4 + 179 L,
respectively (Table I11), and during the dialysis proce-
dure, the mean amount of L-carnitine and acetyl-L-
carnitine removed via the dialysate was estimated to be
250 and 95 pmol, respectively.

After the first intravenous dose, the plasma concen-
trations of L-carnitine increased substantially (Fig 1),
and the C,,, value was 1139 + 240 pmol/L (Table I1).
The plasma levels then decreased rapidly, halving
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Fig 3. Mean (n = 12) predialysis (open symbols) and postdialysis (filled symbols) plasma concentra-
tions of L-carnitine (A), acetyl-L-carnitine (B), and tota carnitine (C) under baseline conditions (week
1 and 2), during L-carnitine administration at dose of 20 mg - kg2 after each dialysis session (weeks
3 through 10) and for 6 weeks after cessation of L-carnitine administration (in 6 of 12 patients only).

within 1 hour and reaching a mean of 318 pmol/L after
4 hours and 68.4 umol/L at 44 hours (ie, immediately
before the next dialysis session). During this same
period, the plasma concentrations of acetyl-L-carnitine
increased steadily, reaching a mean value of 29.2
pmol/L after 44 hours. The area-under-the-curve for
L-carnitine during the interdialysis period was about 9
times higher than the corresponding value measured

under baseline conditions. The first dose of L-carnitine
also produced a fivefold increase in the AUCE' value
for acetyl-L-carnitine (Table I1). The pattern for total
carnitine was, in essence, a reflection of what was
found for L-carnitine (Fig 1).

The mean C,,,, value for L-carnitine, observed after
the final dose (1190 pmol/L) was not significantly dif-
ferent to that observed after the first dose (1139
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pmol/L). However, from 15 minutes until 44 hours after
dosing, the plasma concentrations of L-carnitine were
significantly higher (P < .05) than those encountered
after the first dose (Fig 1). The uncorrected and base-
line-corrected area-under-the-curve values for L-carni-
tine after the final dose were about twice those observed
after the first dose (Table 11). For acetyl-L-carnitine,
there was a clear increase in the interdialysis plasma
concentrations during long-term administration of
L-carnitine (Fig 1).

The pharmacokinetic parameters for the hemodialy-
Sis sessions that were conducted 44 hours after the first
and final doses of L-carnitine are given in Table I11. The
various dialysis clearance parameters were not signifi-
cantly different to the corresponding values reported
under baseline conditions. However, the amount of
L-carnitine recovered in dialysate after the last dose of
L-carnitine represented about 32% of the dose, compared
with about 10% after the first dose (P < .05). For acetyl-
L-carnitine, the amount recovered in dialysate after the
last dose of L-carnitine represented 16% of the dose,
compared with about 6% after the first dose (P < .05).

The predialysis and postdialysis arterial plasma con-
centrations of L-carnitine, acetyl-L-carnitine, and total
carnitine, as determined on a weekly basis throughout
the study, are presented in Fig 3. For the 6 patients who
participated in the washout phase of the study, the mean
predialysis L-carnitine concentration observed 6 weeks
after L-carnitine administration was discontinued (43.4
pumol/L) was significantly higher (P < .05) than the cor-
responding concentration under baseline conditions
(19.5 pmol/L). Similarly, for acetyl-L-carnitine, the plasma
concentration 6 weeks after cessation of L-carnitine (16.9
pmol/L) was significantly higher (P < .05) than the
baseline value (7.23 pmol/L).

DISCUSSION

This study was conducted in 12 patients who had
received at least 6 months of hemodialysis for the man-
agement of end-stage renal disease. In all cases, the pre-
dialysis plasma concentration of L-carnitine, under
baseline conditions, was less than 30 umol/L. During
dialysis there was a marked reduction in the plasma
levels of L-carnitine, and the mean postdialysis concen-
tration was 5.61 pumol/L. In the subsequent 44-hour
interdialysis period, the plasma levels of L-carnitine
returned to the predialysis level (Fig 1). The average
plasma concentration of L-carnitine during the inter-
dialysis period, calculated by dividing the mean AUC¢*
value (703 pmol/L - h) by the time interval (44 hours),
was 16 pmol/L. In contrast, the normal plasma concen-
tration of L-carnitine in healthy individuals is reported
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to be in the range of 40 to 50 umol/L .21 For example,
in six healthy subjects with a mean age of
47 years, the plasma concentration of L-carnitine was
47 + 6.3 pmol/L, whereas the mean plasma concentra-
tion in four subjects with symptomatic primary sys-
temic carnitine deficiency was 13 + 6.8 umol/L.22 This
study confirms the results of earlier studies reporting
low plasma levels of L-carnitine in patients undergoing
hemodialysis who were not receiving L-carnitine sup-
plementation.2:4.9.13-15

The low plasma L-carnitine concentrations in the
patients undergoing long-term hemodialysisis likely to
be partly due to the efficient removal of the compound
via hemodialysis. Thus the extraction ratio of the com-
pound, which represents the fractional removal of
L-carnitine from blood during a single passage through
the dialyser, was about 70%. This efficient removal has
been reported previously423.24 and is not unexpected
given that L-carnitine is a low-molecular-weight com-
pound that does not bind to plasma proteins.z

The apparent volume of distribution of L-carnitine
during hemodialysis was estimated from the decline in
the arterial plasma concentrations of L-carnitine during
the dialysis procedure. The derived value during the
baseline period (25.7 L) represents the apparent vol-
ume of body fluid that isin rapid equilibrium with the
plasma component of circulating blood. However,
because the total body store of L-carnitine is located
primarily in a deep tissue compartment (muscle tissue)
that equilibrates very slowly with L-carnitine in
plasma,2:26 the true equilibrium volume of distribution
with respect to plasmais likely to be much larger. For
instance, in a healthy 70-kg man, the total amount of
carnitine in the body is about 128 mmolZ; therefore,
assuming an average plasma concentration of 40
pmol/L, one would estimate a true steady-state volume
of distribution with respect to plasma of about 3200 L.
However, because the movement of L-carnitineinto and
out of the deep compartment, representing muscle, is
very slow, the volume of this deep compartment would
not influence intradialysis plasma concentrations of
L-carnitine. This explains why the apparent volume of
distribution measured in this study is substantially
lower than the expected value.

During the baseline dialysis session, the total amount
of carnitine lost from the body as L-carnitine and acetyl-
L-carnitine was about 345 pmol. Although this amount
represents a significant fraction of the carnitine in the
rapidly equilibrating pool of the body, it isonly a small
fraction of the total body content (128 mmol2 in a
healthy adult, although it may be significantly lower in
patients undergoing long-term hemodialysis). There-
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fore, even though hemodialysis does cause a dramatic
reduction in the L-carnitine and acetyl-L-carnitine lev-
elsin plasma, asingle dialysis session would not result
in a significant loss of carnitine from the body. How-
ever, the summed effect of repeated hemodialysis in
patients with end-stage renal disease could lead to a
depletion in skeletal muscle stores of L-carnitine and
its esters that may lead to a secondary carnitine defi-
ciency.2 This is in keeping with the observation that
skeletal muscle concentrations of L-carnitine decreased
significantly after 4 months of long-term hemodialysis
in patients not receiving L-carnitine supplementation.4

The interdialysis plasma concentration versus time
profile for L-carnitine, under baseline conditions, shows
that the depleted L-carnitine plasma levels are slowly
restored during the interdialysis interval (Fig 1). This
restoration is likely to be due to L-carnitine moving into
plasma from organs of synthesis and storage, although
dietary intake is aso likely to be important.

The administration of the first dose of L-carnitine (20
mg - kg1) resulted in a substantial increase in the
plasma concentrations of the compound. The plasma
levels observed are comparable to those reported pre-
viously after the intravenous administration of similar
doses of L-carnitine to healthy subjects.16 Although a
formal pharmacokinetic evaluation of the interdialysis
disappearance profile of L-carnitine was not conducted,
the logarithmically transformed plasma concentration
versustime profiles suggested two or three distinct com-
ponents. This multiexponential behavior of L-carnitine
has been observed previously in healthy individuals who
were given bolus doses of the compound?7.18.26.27 and
is believed to be due to the fact that L-carnitine distrib-
utes into rapidly and slowly equilibrating tissue pools.
Acetyl-L-carnitine is formed intracellularly via the
ubiquitous enzyme acylcarnitine transferase.1.28 The
fact that there was a progressive increase in the plasma
concentrations of acetyl-L-carnitine during the inter-
dialysisinterval is therefore in keeping with the con-
cept that a component of the dose of L-carnitine must
have distributed into cells and become incorporated into
the total body carnitine pool.

During repeated administration of L-carnitine, there
was a progressive increase in the predialysis and post-
dialysis plasma concentrations of L-carnitine and
acetyl-L-carnitine (Fig 3). This slow accumulation is
consistent with the fact that the administration of L-
carnitine results in a net movement of the compound
into a compartment that is in slow equilibration with
plasma. It is important to recognize that the turnover
time for L-carnitine in skeletal muscleisin the order of
191 hours,26 and therefore slow equilibration is to be
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expected on pharmacokinetic grounds. Toward the end
of the treatment period, the plasma concentrations of
both L-carnitine and acetyl-L-carnitine had stabilized,
suggesting that an apparent steady-state condition had
arisen at thistime (Fig 3). The approximate steady-state
predialysis and postdialysis plasma levels of L-carni-
tine were 190 and 40 umol/L, respectively, whereas the
corresponding plasma levels of acetylL-carnitine were
about 80 and 17 pmol/L.

The pharmacokinetics of L-carnitine after the final
dose followed a pattern similar to that observed after
the first dose (Fig 2), but the baseline-corrected area-
under-the-curve values increased twofold and threefold
for L-carnitine and acetyl-L-carnitine, respectively. This
result signifies that accumulation of both species occurs
during repeated administration, and, on the basis of
previously published kinetic models,26 most of this
accumul ation would be due to the prolonged retention
of the compound in skeletal muscle. However, it is
interesting to note that the C,,,,, value for L-carnitine
after the final dose was not significantly different to
that determined after the first dose. This is because the
postdialysis plasma concentrations of L-carnitine, dur-
ing long-term administration, are low relative to the
concentrations that arise immediately after dosing of
the compound via an intravenous bolus.

The sum of L-carnitine and acetyl-L-carnitine elimi-
nated via dialysate after the last dose of L-carnitine rep-
resented about 48% of the dose, compared with about
16% of the dose after the first dialysis session. This
increase was due to the higher plasma concentrations
of L-carnitine and acetyl-L-carnitine concentrations
entering the dialyser after multiple dosing, because the
clearance of both compounds by the dialyser remained
unaltered (Table I11).

During the washout phase of this study, the predialy-
sis and postdialysis concentrations of L-carnitine and
acetyl-L-carnitine decreased with time. However, even 6
weeks after the last dose of L-carnitine, the plasma lev-
els of both compounds were significantly higher than the
respective baseline concentrations. This finding is sig-
nificant because it suggests that a significant portion of
the administered L-carnitine had distributed into a com-
partment that can replenish plasma levels once adminis-
tration is discontinued. Our current understanding of the
distribution of carnitine within the body indicates that
skeletal muscle represents the major slow-equilibrating
pool of endogenous L-carnitine,12.26,28 and it is possible
that the slow progressive increase (during dosing) and
decrease (on cessation of dosing) in the concentrations
of L-carnitine in plasma reflects the slow movement of
the compound into and out of skeletal muscle. One
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would anticipate that had the washout component of the
study continued indefinitely, L-carnitine concentrations
would have returned to their pretreatment plasmalevels.

Collectively, the study has provided a number of
important findings. First, the study confirms that the
removal of L-carnitine and acetyl-L-carnitine by hemo-
didysisis extremely efficient and that the hemodialysis
procedure causes a substantial reduction in the plasma
concentrations of L-carnitine and acetyl-L-carnitine. After
dialysisthe plasmalevels of L-carnitine and acetyl-L-car-
nitine are restored by what islikely to include movement
of the compound out of slowly-equilibrating tissue
stores. Second, the repeated administration of L-carni-
tine, given at adose of 20 mg - kg after each hemodial-
ysis session, results in accumulation of L-carnitine and
acetyl-L-carnitine in plasma, reaching an apparent steady
state after about 8 weeks. Finally, on cessation of L-car-
nitine administration, the predialysis and postdialysis
plasma levels of L-carnitine and acetyl-L-carnitine
decrease progressively but do not return to pretreatment
levels after 6 weeks. It is suggested that during this
period there is movement of L-carnitine out of a slowly
equilibrating pool (probably muscle) into a pool that is
in rapid equilibrium with plasma
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