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Summary

Background L-carnitine levels decrease rapidly and steadily with duration of hemodialysis, and carnitine de-
pletion can impair response to recombinant human erythropoietin (fHuEPO). The study hypothesis was that
L-carnitine supplementation during the first year of hemodialysis would improve this response.

Design, setting, participants, & measurements From October 2006 through March 2010, this multicenter,
randomized, double-blinded study assigned 92 incident hemodialysis patients to receive placebo or 1 g of
intravenous L-carnitine after each dialysis session for 1 year. The primary outcome measure compared the groups
for rHUEPO resistance index (EPO-RI), defined as weekly rHuEPO doses (IU/kg body weight divided by he-

moglobin level) (g/dl).

Results In the L-carnitine group, carnitine concentration increased from a mean = SD of 79%51 umol/L to

258+137 umol/L; in the placebo group, it declined from 6825 umol/L to 5324 umol/L (interaction group X
time, P<<0.001). Carnitine deficiency affected about 30% of the patients in the placebo group during the study
period. EPO-RI varied from 15.8+11.3 to 9.5+5.8 IU/kg per g/dl in the placebo group and from 20.6+12.8 to
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15.6+15.9 IU/kg per g/dl in the L-carnitine group, for a mean variation of —3.94=12.5IU/kg per g/dl and
—2.98*15.51U/kg per g/dl, respectively (P=0.7). After adjustment for baseline characteristics, the EPO-RI course
was similar in each group (difference between groups, P=0.10; interaction group X time, P=0.9).

Conclusions Carnitine levels decrease by about 11%=*33% during the first year of hemodialysis. Treatment of
incident hemodialysis patients with L-carnitine does not improve their response to rHuEPO.
Clin ] Am Soc Nephrol 7: 1836-1842, 2012. doi: 10.2215/CJN.12431211

Introduction

Carnitine is a hydrophilic amino acid that acts as a
cofactor of long fatty-acid metabolism and has an
indirect role in glucose metabolism. This small mol-
ecule (162 D) is freely filtered by the glomerular
membrane and reabsorbed by the proximal tubule via
organic cation carnitine transporter 2 receptors,
with a renal clearance of about 1-3 ml/min. In con-
trast, hemodialysis commonly clears carnitine at
about 100 ml/min (1). Plasma carnitine levels de-
crease, on average, by about 80% at the end of a di-
alysis session (2). This plasma depletion is restored
after the session, from cellular storage, endogenous
synthesis, and food intake. However, endogenous
synthesis is altered by the dialysis of cofactors of car-
nitine synthesis, including vitamin B6, niacin, vitamin
C, lysine, and methionine, and by protein malnutri-
tion. Consequently, carnitine depletion develops rap-
idly after the start of hemodialysis and increases with
duration of dialysis (3—6). Additionally, free carnitine

Copyright © 2012 by the American Society of Nephrology

is dialyzed at a higher rate than is acyl-carnitine, and
carnitine/acyl-carnitine translocase activity may de-
crease. Both mechanisms tend to invert the plasma
acyl/free carnitine level, which can exceed 0.4 (7).
Several carnitine effects might influence response
to recombinant human erythropoietin (rHuEPO). Car-
nitine participates in the deacylation and reacylation
processes that remodel erythrocyte phospholipid
membranes, stimulates erythropoiesis at high concen-
trations (>200 wmol/L), increases the survival time
of erythrocytes, and reduces oxidative stress via
heme oxygenase 1 and inflammation (8-14). Observa-
tional studies initially described an inverse correlation
between rHuEPO dose and carnitine level (15,16).
Randomized, controlled studies and a meta-analysis
suggested that L-carnitine supplementation might
have a positive effect on response to EPO in long-
term hemodialysis patients (17-21). Each of these
studies included around 30 patients or fewer, highly
selected for probable rHUEPO resistance secondary
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to carnitine deficiency, defined by a free carnitine level <30
pmol/L (or total <40 umol/L) (22). These results led to the
recommendation of L-carnitine treatment in hemodialysis
patients for symptoms potentially related to carnitine de-
ficiency, such as hyporesponsive rHuEPO-dependent ane-
mia (23). The evidence supporting these recommendations
is weak, however, and the pediatric recommendation stip-
ulates that there is currently insufficient evidence to
suggest a role for carnitine therapy in children with CKD
stage 5D (24).

Our hypothesis was that early, prophylactic L-carnitine
supplementation could prevent carnitine deficiency, improve
rHuEPO responsiveness, and so minimize the need to in-
crease rHUEPO doses.

Materials and Methods

Patients were eligible if they had started long-term
hemodialysis <6 months before the study started or after-
ward and were older than age 18 years. Exclusion criteria
were pregnancy, cancer, expected life expectancy <6
months, and documented carnitine deficiency. After pro-
viding written informed consent, eligible patients were
randomly assigned in a 1:1 ratio with a centralized ran-
domization list stratified according to center. Patients were
assigned to receive 1 g intravenous L-carnitine at the end
of each dialysis session or double-blinded placebo treat-
ment for 1 year after randomization. Monthly patient mon-
itoring included treatment, clinical events, red blood cell
transfusion, dialysis sessions with symptomatic intradia-
lytic hypotension (necessitating a stop to ultrafiltration, the
Trendelenburg position, or saline infusion), and midweek
predialysis laboratory tests. Additionally, patients had
centralized measures of total carnitine, free carnitine, and
serum albumin measured by nephelometric methods ev-
ery 3 months and a lipid profile every 6 months. Forty-one
patients completed a dietary questionnaire, and 66 the
Short Form-36 (SF-36) questionnaire; 30 of the latter also
completed the SF-36 at study end.

This trial named CARNIDIAL was funded by the
Ministry of Health. Patients were enrolled from October
2006 through March 2010. Sigma-Tau provided L-carnitine
and placebo without charge. The study was approved by
the Paris public hospital agency (Assistance Publique
Hopitaux de Paris) ethics committee (NCT 00322322).

Outcomes

The primary outcome measure was whether the change
in the rHuUEPO resistance index (EPO-RI) during the study
period differed between the placebo and the L-carnitine
groups. EPO-RI was defined as the mean weekly rHuEPO
dose (calculated from monthly dose IU per kg body
weight) divided by hemoglobin (g/dl).

Secondary outcomes included the percentages of pa-
tients with resistance to rHUuEPO (doses >300 IU/kg per
week), with red blood cell transfusion, and with dialysis
sessions complicated by symptomatic hypotension; total
and free carnitine levels; lipid profiles; and physical and
mental status, as evaluated by the SF-36 questionnaire.

Statistical Analyses
We estimated that with a total of 110 patients (55 in each

group), the study would have 90% power to detect a 30%
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reduction in the EPO-RI, assuming a 1-year increase of 5%
in the placebo group, an annual dropout rate of 30%, and
use of a mixed linear model of repeated data with a two-
sided « level of 0.05.

Patients” characteristics were described at baseline and
compared between groups with the ¢ test for normal quan-
titative variables, the Mann-Whitney test for non-Gaussian
quantitative variables, and Fisher exact test or chi-squared
test for qualitative variables. The variation of the EPO-RI
during the 1-year study period was compared between
groups with a mixed linear model, with the treatment ef-
fect characterized by a group X time interaction and the
time effect assumed to be linear. A pattern-mixture model
was fitted to verify that withdrawals and dropouts did not
affect the results. Box-Cox transformation of EPO-RI was
used to comply with the conditions of the model’s validity
(normality and homogeneous variability of residuals). A
mixed linear model of EPO-RI was adjusted for determi-
nant factors at baseline, including hemoglobin, EPO doses,
transferrin saturation, serum albumin, and nutritional sup-
plement.

Protocol deviation: Only one patient in the L-carnitine
group had a temporary stop (<3 months) and was there-
fore analyzed with the noncompleters (n=11). Statistical
analyses were conducted in intention-to-treat and per pro-
tocol analyses.

Results
Study Population

The study included 92 patients who began long-term
hemodialysis within 39+27 days of randomization, 46 in
each group (Figure 1): 84 began hemodialysis for the first
time, 1 patient previously had peritoneal dialysis, and 7
had renal transplantations. The baseline characteristics of
the two groups differed for rHUEPO doses, serum albu-
min, C-reactive protein, and total serum calcium but not
corrected serum calcium (Table 1).

Primary Outcome

EPO-RI steadily improved in both groups: from
15.8+11.3 at baseline to 9.5+5.8 IU/kg per g/dl at month
12 in the placebo group and from 20.6+12.8 to 15.6*15.9
IU/kg per g/dl in the L-carnitine group (Figure 2), with a
mean variation of —3.94%12.5 IU/kg per g/dl in the placebo
group, not significantly different from the —2.98+15.51U/
kg per g/dl in the L-carnitine group (P=0.7). After adjust-
ment for determinant factors at baseline, EPO-RI was sim-
ilar in both groups (P=0.10), and its course during the
study period was similar for each (interaction group X
time, 8 = 0.019£0.17; P=0.8). The results were unchanged
in the per protocol analysis and remained similar in sensi-
tivity analyses with subgroups that separately took into
account C-reactive protein, serum albumin, iron indices,
carnitine level, resistance to rHuEPO, and calorie supply.

Secondary Outcomes

Seven patients in the placebo group (17%; 95% confidence
interval [CI], 7%-32%) showed resistance to rHuEPO,
compared with 6 (15%; 95% CI, 6%-31%) in the carnitine
group (P=0.8). During the study period, the percentage of
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46 assigned placebo 46 assigned L-carnitine ]

11 discontinued intervention early
1 underwent transplantation
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Figure 1. | Flow chart. Distribution of patients from randomization to completion of the study period.

Table 1. Baseline characteristics

Characteristic Placebo (1=46) L-Carnitine (1=46) P Value
Age (yr) 6115 61+18 0.9
Weight (kg) 70*13 68+14 0.5
Duration of dialysis (d) 40+29 38+25 0.8
First hemodialysis, 1 (%) 44 (96) 40 (86) 0.2
Prior renal transplantation, 1 (%) 2(4) 5(10) 0.4
Vascular nephropathy, n (%) 21 (45) 17 (36) 0.4
Glomerulopathy, 1 (%) 10 (21) 11 (24) 0.8
Diabetes, 1 (%) 22 (47) 17 (37) 0.3
Hypertension, 1 (%) 42 (91) 45 (97) 0.3
Converting enzyme inhibitor, n (%) 18 (39) 21 (45) 0.5
Nutritional supplement, 1 (%) 5(10) 6 (13) 1.0
Intravenous iron, 1 (%) 41 (89) 35 (78) 0.14
Weekly intravenous iron (mg) 117+53 11662 0.6
Weekly rHuEPO dose (IU) 11 931+8 591 13761£7 415 0.03
EPO-RI (IU/kg per g/dl) 15.8+11.3 20.6+12.8 0.03
Subcutaneous rHUEPO, n (%) 16 (36) 15 (33) 0.8
Intravenous rHuEPO, n (%) 29 (64) 30 (67)
Hemoglobin (g/dl) 10915 10.4*1.4 0.12
Mean corpuscular volume (fl) 90+6 89*6 0.6
C-reactive protein (mg/L) 12+34 18+40 0.03
Serum albumin (g/L) 35+4 32+7 0.03
Ferritinemia (ng/ml) 164+103 228+225 0.7
Transferrin saturation (%) 23+11 22+14 0.8
Serum calcium (mmol/L) 2.19+0.2 2.09%+0.2 0.02
Corrected serum calcium (mmol/L) 2.31+0.2 2.26*+0.3 0.4
Total carnitine (umol/L) 68.2+24.6 78.6*51 0.5
Free carnitine (umol/L) 52.9+19.6 57.4+30.2 0.6
Calories (kcal/d) 1687407 1696527 0.6
Protein intake (g/d) 70%21 71+23 0.9
SF-36: Physical Component Summary 27+2 26+2 0.4
SF-36: Mental Component Summary 17+1 17+2 0.5
Values expressed with a plus/minus sign are the mean *+ SD. The ¢ test or Mann-Whitney test was used for quantitative variables; the
Fisher exact test or chi-squared test was used for qualitative variables. rtHuEPO, recombinant human erythropoietin; EPO-RI, rtHuEPO
resistance index calculated as mean weekly rHUEPO doses (IU) per kg body weight divided by hemoglobin (g/dl); SF-36, Short-Form 36.

rHuEPO-resistant patients varied from 6.6% to 0% in the and 6 in the L-carnitine group received a transfusion of red
placebo group and 2.2% to 0% in the L-carnitine group. In  blood cells during the study period (P=0.8).

each group, carnitine levels were similar regardless of Total and free carnitine levels were similar between
rHuEPO resistance. Four patients in the placebo group groups at inclusion. Total plasma carnitine levels rose from
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7951 at baseline to 258137 umol/L at month 12 in the
L-carnitine group but fell from 68+25 to 5324 umol/L in
the placebo group (i.e., a mean decrease from month 12 to
month 0/month 0 of 11%=*33% in the placebo group and
a mean increase of 265%=*283% in the L-carnitine level;
interaction group X time, P<<0.001; Figure 3A). In the L-
carnitine group, the total carnitine level increased by 178%
+219% as early as month 3 (interaction groupXmonth 3,
P<0.001) and then stabilized (Figure 3A). Conversely, in
the placebo group, carnitine level bottomed out at month
6 and then stabilized (Figure 3A). The frequency of carni-
tine deficiency (free carnitine < 30 umol/L) was similar in
both groups at baseline (placebo group, 12.2% [95% CI,
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4%-26%]; treatment group, 12% [95% CI, 4%-27%]);
in the placebo group, it reached 29% (95% CI, 14%—-48%)
at months 3 and 6 and 30% at months 9 and 12 (95% CI,
14%-51%). In the placebo group, 49% of the patients (95%
CI, 33%-64%) had a free carnitine level < 30 umol/L at
least once.

The ratio of free to total carnitine was similar in both
groups and did not vary significantly during the study
period (0.78%0.09-0.77%+0.09 in the placebo group;
0.76+0.10-0.73=0.08 in the L-carnitine group) (Figure
3B). Total, HDL, and LDL cholesterol and triglycerides
varied similarly in both groups (Figure 4). The percentage
of patients with symptomatic intradialytic hypotension

30 ~

EPO resistance index

—0O— L-Carnitine
—— Placebo

10 " 12

Figure 2. | Erythropoietin (EPO) resistance index in the placebo and the L-carnitine treatment groups. Error bars represent 95% confidence
intervals. Calculated as mean weekly recombinant human erythropoietin doses (IU per kg body weight) divided by hemoglobin (g/dl) in the

L-carnitine and the placebo groups.
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Figure 3. | Carnitine values in the placebo and L-carnitine groups. (A) Total and free carnitine levels. (B) Free-to-total carnitine ratios. Error bars

represent 95% confidence intervals.
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peaked during months 1 and 2 and did not differ between
groups (data not shown). The physical status score, as as-
sessed by the SF-36 questionnaire, did not change signifi-
cantly in either group, increasing in both groups from
26*2 at baseline to 27+2 at month 12.

Adverse Events
We observed 215 adverse events among 50 patients

(54.35%): 94 events among 22 patients in the placebo group
and 121 among 28 in the L-carnitine group (P=0.21). Of
these events, 30% of those in the placebo group and 63%
in the L-carnitine group were considered unrelated to the
treatment. Severe adverse events occurred in 10.9% of the
patients in the placebo group and 15.2% in the L-carnitine
group (P=0.7). Eleven patients died during the study: four
in the placebo group and seven in the L-carnitine group
(P=0.3). The incidence of each adverse event did not differ
significantly between the groups.

Multivariate Analysis

EPO-RI was associated with albuminemia, iron status,
and nutrition supplementation (Table 2). After adjust-
ment for these variables, EPO-RI was not associated with
L-carnitine treatment. During the study period, serum
albumin levels increased from 34.0+6.4 to 36.8%5.2 g/L

A g
—[0O— L-Carnitine
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(P=0.0045), and ferritin from 195+174 ng/ml at month 0 to
399+298 ng/ml at month 12 (P=0.0001); the increases were
similar in both groups. Both factors contributed to the over-
all improvement of EPO-RI during the study period. Of
note, oral nutritional supplementation remained associ-
ated with a higher EPO-RI, as a marker of malnutrition
(Table 2).

Hypotensive episodes were associated with C-reactive
protein and corrected serum calcium. After adjustment, L-
carnitine treatment was not associated with any improve-
ment in these episodes.

Discussion

The early, prophylactic use of intravenous L-carnitine for
the first year of hemodialysis did not modify rHuEPO re-
quirements. Despite carnitine supplementation, nutrition
status remained a potent determinant of rHuEPO response
in this population.

Some previous randomized studies suggested that car-
nitine would reduce the necessary EPO dose (17-20). Two
main factors probably explain the difference between
those studies and ours. First, we included a low percent-
age of patients resistant to rHuUEPO, unlike previous
studies, which had selected patients according to this cri-
terion. Second, half of our placebo group consistently
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Figure 4. | Lipid profiles in placebo and L-carnitine groups. Error bars represent 95% confidence intervals. (A) Total cholesterol. (B) HDL

cholesterol. (C) LDL cholesterol. (D) Triglycerides.
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Table 2. Mixed linear model of the erythropoietin resistance index

Effect Variations in Box-Cox EPO-RI Standard Error P value
L-carnitine 0.77 0.47 0.10
Time (mo) —0.058 0.057 0.30
L-carnitine X time (mo) 0.001 0.081 0.98
Baseline rHuEPO doses (IU) 0.0002 0.00003 <0.001
Baseline hemoglobin level (g/dl) -0.72 0.16 <0.001
Serum albumin (g/L) —0.098 0.017 <0.001
Transferrin saturation (%) —0.037 0.0079 <0.001
Nutritional supplement 1.35 0.43 0.001

EPO-RI, erythropoietin resistance index calculated as mean weekly recombinant human EPO doses (IU) per kg body weight divided by
hemoglobin (g/dl); tHuEPO, recombinant human erythropoietin. EPO-RI was normalized by Box-Cox transformation: (y“f 1)/-0.6.

A total of 1144 observations in 88 patients. Imputation last observation carried forward for missing values.

maintained a normal carnitine level, defined by a free car-
nitine level =30 umol/L. Previous studies had included
long-term hemodialysis patients with profound carnitine
deficiencies. A current clinical trial includes hemodialysis
patients with free carnitine level <40 umol/L (25) and may
determine whether L-carnitine has any effect in selected
patients with carnitine deficiency.

Carnitine supplementation took place at the generally
recommended dose of 1 g after each dialysis session. At this
dose, we observed a rapid increase in carnitine levels,
reaching levels twice as high as the physiologic concentra-
tion. No adverse effect was shown. Some reports suggest
that so high a level of carnitine might influence erythro-
poiesis and stimulate erythroblasts (11,12), but we ob-
served no such effect. EPO response did not differ for
patients with high carnitine levels compared with those
with physiologic levels.

Our study confirms the rapid decline—11%=*33%—of
carnitine levels in our placebo group during a 1-year pe-
riod of hemodialysis, including most of the first year. In
contrast, we did not observe the previously reported in-
version of the ratio of free to total carnitine. The free form
continued to account for 75% of total carnitine, with the
remainder in acyl form. Consequently, the acyl form of
carnitine also increased to a supraphysiologic level in the
supplemented group. These esters are formed with acyl
groups from long-chain and very-long-chain fatty acids
and are needed to transport them through mitochondrial
membranes. Acylcarnitine accumulation could be related
to impaired mitochondrial transport or to increased forma-
tion. Recent studies have analyzed the different forms of
acylcarnitine and found an association between poor out-
come, inflammation, and longer acylcarnitine chains
(25,26). This association was found in hemodialysis pa-
tients without L-carnitine supplementation and might re-
flect impaired mitochondrial transport. We cannot totally
rule out such an association in our supplemented patients,
although the high level in this group probably reflects
forced synthesis by L-carnitine supply. The acylcarnitine
profile of these patients and its relation with outcome
must be examined in greater detail.

Nutrition influences anemia correction in hemodialysis
by several pathways, including folic acid, vitamin B,
vitamin C, carnitine, and iron deficiencies but also by a

decrease in antioxidative capacity that produces a proin-
flammatory effect (27). In our incident hemodialysis pop-
ulation, some patients met some criteria for malnutrition
while maintaining a persistent normal or only slightly de-
creased carnitine level. The carnitine pool located in the
muscle may initially be protected by the nutrition im-
provement that we observed during the first year of hemo-
dialysis. For malnourished patients with a more profound
carnitine deficiency, carnitine supplementation may im-
prove EPO response and so modify the latter’s relation to
malnutrition.

The main limitation of our study is related to the study
population. Our results can be generalized only to
unselected hemodialysis patients new to hemodialysis.
They cannot be extended to long-term dialysis patients
with more profound carnitine deficiency (2,28). These
carnitine-deficient patients have a higher risk for hypore-
sponsive rHUEPO-dependent anemia (28). Further studies
must clarify whether these patients require carnitine sup-
plementation. The second limitation is related to the broad
confidence interval for EPO-RI, which might limit our
power to demonstrate a difference between groups. How-
ever, the similarity of the variance of EPO-RI in the two
groups limits the likelihood of a false-negative result.

Our conclusions confirm that plasma carnitine levels
decline by 11%=*33% during the first year of hemodialysis.
Carnitine deficiency is present in about 30% of the patients
during this period with an onset as early as 3 months after
initiation of hemodialysis. Malnutrition markedly influen-
ces rHUEPO response in hemodialysis patients. There is
nonetheless no evidence that L-carnitine offers benefits to
patients new to hemodialysis.
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