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L‐carnitine (free carnitine) transports cytosolic long‐chain
fatty acids as acylcarnitines across the inner mitochon-
drial membrane for β‐oxidation and subsequent ATP pro-
duction in the mitochondria. The endogenous carnitine
pool comprises free L-carnitine as well as short-, medium-
and long-chain fatty acid esters (acyl-carnitines) and
depends on absorption of L-carnitine from dietary sources,
endogenous biosynthesis and renal tubular reabsorption
from glomerular filtrate [1]. More than 99% of the carnitine
pool is located outside of plasma. Carrier-mediated trans-
port ensures high tissue-to-plasma concentration ratios in
tissues that depend critically on fatty acid oxidation, such
as heart and muscle. Myocytes have one of the highest
intracellular carnitine concentrations in the body, and red
meat is a rich source of dietary carnitine. Absorption of
orally administered L-carnitine is very variable and ranges
from 5 to 18% for pharmacological doses of up to 75% for
dietary L-carnitine. The low bioavailability depends both
on transport kinetics and on L-carnitine metabolism by in-
testinal bacteria [1, 2]. The renal clearance of L-carnitine
(1–3 mL/min) is much lower than the glomerular filtration
rate because of extensive (98–99%) tubular reabsorption.
The lack of reabsorption during the haemodialysis proced-
ure results in large losses of L-carnitine in dialysate. The
existence of a threshold concentration for tubular reabsorp-
tion results in much higher renal clearances after intraven-
ous administration of high doses [3].

In 1978 a dramatic reduction in carnitine concentration
in muscle and plasmawas observed after the haemodialy-
sis session due to loss of carnitine into the dialysate [4].
By 1980 it was reported that intravenous L-carnitine for
14 weeks decreased serum triglycerides [5], and oral
D,L-carnitine for 30 days decreased serum triglycerides
and returned HDL cholesterol to normal in chronic haemo-
dialysis patients with hypertriglyceridaemia [6]. Potential
benefits of carnitine supplementation on cardiomyopathy,
cardiac failure and atherosclerosis in renal failure patients
were envisioned. By 2003, National Kidney Foundation
practice recommendations offered an expert opinion on the
use of L-carnitine in dialysis patients with disorders poten-
tially related to carnitine deficiency, such as erythropoietin-
resistant anaemia, intradialytic hypotension, cardiomyopathy

and fatigability [7]. L-Carnitine administration may also
ameliorate insulin resistance, hypertriglycedaemia, inflam-
mation and protein wasting [8, 9]. Reimbursement for the
intravenous and oral administration of L-carnitine for
chronic renal failure anaemia and intradialytic hypotension
was approved by the US Centers for Medicare & Medicaid
Services in 2004 and 2012, respectively [10]. Even intraperi-
toneal supplementation in peritoneal dialysis fluid has
been tested and reported to be associated with improving
insulin sensitivity in nondiabetic peritoneal dialysis patients
[11]. However, 35 years after the first reports on L-carnitine
deficiency in haemodialysis patients, routine L-carnitine
supplementation is not recommended by KDIGO or KDOQI
clinical guidelines covering several aspects of the renal
failure patient, based on lack of definitive evidence of
benefit [8, 9, 12–14].

Chronic haemodialysis may lead to progressive L-carnitine
deficiency through a combination of loss of L-carnitine in
dialysate and decreased L-carnitine synthesis by the
injured kidney. L‐carnitine deficiency develops over time in
haemodialysis patients and serum levels may not differ
from controls in incident patients [15]. In a recent clinical
trial, pre-dialysis serum carnitine levels decreased by
∼22% during the first year of haemodialysis in the placebo
arm and carnitine deficiency developed in 30% of patients
[16]. Furthermore, low renal clearance of short‐chain
acylcarnitines results in a high acylcarnitine:L‐carnitine
ratio in chronic kidney disease patients. In addition, a
metabolomics approach identified higher concentrations
of long-chain acylcarnitines in incident dialysis patients,
and these high concentrations were a marker of cardio-
vascular mortality after multivariable adjustment [15].
While the haemodialysis session induces a decline in free,
short-chain, medium-chain and dicarboxylic acylcarnitines,
it does not affect long-chain acylcarnitines [17]. Thus,
dialysis patients, especially those on haemodialysis, may
present two abnormalities regarding carnitine levels: a
carnitine deficiency and a high acylcarnitine/free carnitine
ratio that may further limit free carnitine availability.

The 2000 KDOQI Clinical Practice Guidelines for Nutri-
tion in Chronic Renal Failure Work Group extensively re-
viewed the evidence regarding L-carnitine supplementation
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for diverse symptoms and complications of chronic dia-
lysis and agreed that there was insufficient evidence
to support or refute the routine use of L-carnitine for me-
tabolic abnormalities in maintenance dialysis patients,
including hypertriglyceridaemia, hypercholesterolaemia,
and anaemia or for treatment for several symptoms or
complications of dialysis, including intradialytic arrhyth-
mias and hypotension, low cardiac output, interdialytic
and post-dialytic symptoms of malaise or asthenia,
general weakness or fatigue, skeletal muscle cramps and
decreased exercise capacity or low peak oxygen consump-
tion [8]. However, the workgroup indicated that in selected
individuals who manifest the above symptoms or disor-
ders and who have not responded adequately to standard
therapies, a trial of L-carnitine may be considered.

In the same line of thought, the KDOQI Clinical Practice
Guideline for Nutrition in Children with CKD 2008 Work
Group could not recommend the use of carnitine, but it
did not discourage a therapeutic trial of carnitine if the
clinical symptoms are suggestive of the disorder, especial-
ly when the evaluation provides laboratory evidence
compatible with a diagnosis of carnitine deficiency [12]. In
this regard, the Work Group defined carnitine deficiency as
an acyl:free carnitine ratio >0.4 (estimating acylcarnitine
from total and free carnitine) or a total serum carnitine
<40 μmol/L. However, they observed that most studies on
carnitine deficiency in paediatric dialysis patients achieved
an increase in plasma carnitine level but did not observe
changes in symptoms.

The 2012 KDIGO Clinical Practice Guideline for Anaemia
in CKD and the KDOQI commentary on those guidelines
suggested not using adjuvants to erythropoiesis-stimulat-
ing agents, including L-carnitine [13, 14]. Indeed, in a
recent clinical trial treatment of incident haemodialysis
patients with intravenous L-carnitine did not improve their
response to erythropoietin, despite increasing pre-dialysis
L-carnitine levels 3-fold over baseline levels that were
already in the normal range [16]. A 2014 systematic review
and meta-analysis failed to confirm the previous findings
regarding the effects of L-carnitine on haemoglobin and
the erythropoietin dose but showed that L-carnitine signifi-
cantly decreased serum LDL and C-reactive protein. The
extent of the decrease in LDL was not clinically relevant,
whereas the significant decrease in C-reactive protein was
both statistically and clinically relevant, but has not been
shown to impact outcomes [18].

Despite this lack of endorsement of the practice based
on insufficient quality or contradictory evidence, many
physicians prescribe L-carnitine supplementation rou-
tinely to haemodialysis patients given the biological
plausibility, potential benefit and lack of adverse effects
[19]. However, recent advances in the fields of the micro-
biota and metabolomics have cast doubts over the tenet
that oral L-carnitine supplementation is free of potential-
ly serious adverse effects. In this regard, a meta-analysis
disclosed potential differences between the effects of
oral and intravenous L-carnitine on serum cholesterol:
oral L-carnitine increased serum cholesterol while intra-
venous L-carnitine did not [18].

In this issue of CKJ, Fukami et al. [20] report that in
haemodialysis patients that had previously received oral
L-carnitine supplements for 1-year, a switch to intravenous
L-carnitine for 1 week significantly increased total, free and
acyl carnitine levels. Pre-dialysis total carnitine levels in-
creased by 40%, with a milder increase (33%) after the
haemodialysis session. In addition, the switch decreased
serum free fatty acids by 21% [20]. The decrease in free

fatty acids was positively correlated with the decrease in
the acyl/free carnitine ratio. Switching from the oral to the
intravenous route of L-carnitine administration increased
HDL cholesterol levels by 12% at four weeks but had no
impact on LDL cholesterol or triglycerides. Confirming previ-
ous reports, total and free carnitine levels before initiating
L-carnitine supplementation were 33% lower in haemodi-
alysis patients than in matched healthy controls [20].
However, long-term oral carnitine had increased serum
carnitine levels in L-carnitine-supplemented patients to
values several fold higher than in healthy controls (free car-
nitine; 3-fold, acyl carnitine; 4-fold) and had increased LDL-
cholesterol and triglyceride levels, but it did not affect HDL
cholesterol values.
Given the low number of patients (n = 9) and the lack of a

placebo-controlled group, this should be considered an ex-
ploratory study that should be confirmed in larger, con-
trolled studies. However, these results may provide further
insights into potential differential effects or oral and intra-
venous L-carnitine supplementation in light of recent ad-
vances reported in the medical literature. If confirmed, how
can the additional effects of iv carnitine over oral carnitine
be explained? Despite the low oral bioavailability of L-carni-
tine, the issue was not carnitine deficiency, since serum
carnitine levels in patients receiving oral supplements were
well above those of controls. A pharmacological effect of
higher concentrations of L-carnitine should be postulated.
As an alternative, the switch from oral to intravenous L-car-
nitinemay have impacted on circulating TMAO levels.
Both intravenous and oral L-carnitine are licensed for use

in haemodialysis patients [10]. However, there might be
major differences between the oral and the intravenous
route that go beyond assuring compliance and bypassing
the low absorption of L-carnitine in the gut. Recent reports
have highlighted oral L-carnitine processing by gut micro-
biota to trimethylamine (TMA) which is absorbed and
further processed to trimethylamine-N-oxide (TMAO) by
liver flavin monoxygenases (especially FMO3 and FMO1)
[21] (Figure 1). Genetic deficiencies in FMO enzymes prevent
conversion of malodorous TMA to odourless TMAO, resulting
in trimethylaminuria or ‘fish odour syndrome’ [22]. Concerns
had been raised 8 years ago about the potential toxicity of
L-carnitine metabolites [3]. Dose-dependent increases in
circulating TMA and TMAO levels were observed in healthy
volunteers following oral L-carnitine dosing [3]. The accumu-
lation of potentially toxic metabolites was more dramatic
in haemodialysis patients dosed with oral L-carnitine for 12
days [23]. Plasma levels of TMA remained unaltered, but
pre-dialysis plasma TMAO concentrations were continually
rising and approximately doubled in 2 weeks. However, a
recent report from Japan, a country where fish is an import-
ant dietary source of TMAO, observed an increase in circulat-
ing TMA levels following dosing with oral L-carnitine, but
failed to appreciate an increase in TMAO [24]. Furthermore,
pre-dialysis TMAO levels in Japanese haemodialysis patients
were in the range found in healthy volunteers. However,
TMAO had been reported to be increased in Australian pa-
tients on haemodialysis not supplemented with L-carnitine
and in the absence of fish ingestion for 48 h [25], and TMAO
is considered a uraemic toxin [26]. Besides the potential
role of dietary fish or ethnic differences in FMAO activity
as explanations for these discrepant results, recent develop-
ments have shed light both on the potential clinical conse-
quences of higher TMAO levels and in the potential
explanations for the diverse TMAO levels observed in
haemodialysis patients [27–29]. In this regard, TMAO levels
are very variable both along time in the same individual
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and in response to an oral load of precursors [30, 31]. This
variability may depend on dietary content of TMAO or
its precursors, the individual microbiota and on genetic
differences in the activity of enzymes involved in TMAO
metabolism [21, 22].

In 2011 a metabolomics approach identified plasma
TMAO as a predictor of cardiovascular risk that was
confirmed in an independent large clinical cohort [27]. Sup-
plementation with TMAO promoted atherosclerosis in mice.
Genetic variations controlling expression of FMO segregated
with atherosclerosis in hyperlipidaemic mice. This study de-
monstrated the critical role of the gut microbiota in dietary
choline-induced TMAO production and atherosclerosis.
Indeed, in humans a phosphatidylcholine challenge (inges-
tion of two hard-boiled eggs) increased plasma TMAO [28].
This response was suppressed by the administration of anti-
biotics and reappeared after withdrawal of antibiotics.

In 2013 the role of dietary L-carnitine as a precursor of
TMAO was specifically addressed [21]. Intestinal micro-
biota metabolism of dietary L-carnitine was shown to
produce TMAO and to accelerate atherosclerosis in mice.
Specific bacterial taxa in the gut were associated with
higher TMAO levels. Dietary L-carnitine itself induced the
microbiota capacity to metabolize L-carnitine into TMA
that eventually originates TMAO. In this regard, omnivor-
ous humans (eating red meat) produced more TMAO upon
oral L-carnitine challenge than did vegans or vegetarians.
Indeed, circulating TMAO levels were higher in onmivorous
than in vegans or vegetarians. However, an oral 250 mg
labelled L-carnitine challenge, although followed by an

increase in labelled circulating TMAO, had little impact on
endogenous TMAO levels in subjects with normal renal
function [21]. In mice, chronic dietary L-carnitine supple-
mentation altered the caecal microbiota, markedly
enhanced synthesis of TMA and TMAO, and increased
atherosclerosis. The increase in atherosclerosis burden
occurred in the absence of pro-atherogenic changes
in plasma lipids, lipoproteins, glucose or insulin levels,
although L-carnitine tended to increase serum cholesterol
by 10% while TMAO tended to decrease serum cholesterol
by 10%. The effect of L-carnitine or TMAO supplementa-
tion on free fatty acids was not studied. Thus, the potential
impact of TMAO levels on the changes in free fatty acids
observed by Fukami et al. [20] after switching the route of
L-carnitine administration remains unexplored. Antibiotic-
mediated suppression of intestinal microbiota prevented
these effects and resulted in higher circulating L-carnitine
levels following oral supplementation, presumably be-
cause of lower bacterial catabolism into TMA. Given the
large quantities of L-carnitine in red meats, it was pro-
posed that L-carnitine and the microbiota may contribute
to the causal link between high consumption of red meat
and cardiovascular risk [21]. However, as is often the
case in medicine, new studies raise new questions. The
conundrum posed by the novel concept of supplemental
L-carnitine as a source of atherosclerosis-promoting TMAO
was recently reviewed [29].

The pro-atherogenic effect of TMAO may be related to
upregulation of macrophage scavenger receptors linked to
atherosclerosis, promoting foam cell differentiation [27] or

Fig. 1. The different metabolism of L-carnitine depending on route of administration may underlie differences in therapeutic effects. (A) Oral L-carnitine is
in part processed by the gut microbiota to generate trimethylamine (TMA). L-carnitine and TMA are absorbed in the gut. TMA is oxidized to
trimethylamine-N-oxide (TMAO) in the liver by flavin monooxygenases (FMOs). TMAO interferes with cholesterol transport in different organs and tissues
and is associated with higher cardiovascular risk. Potential effects of TMAO on free fatty acid metabolism have not been addressed. (B) By contrast, the
bioavailability of intravenous L-carnitine is higher than oral L-carnitine (100 versus 5–75%, lower for pharmacological oral supplementation than for
dietary L-carnitine) and intravenous L-carnitine administration does not result in TMAO generation. Different biological actions of oral versus intravenous
L-carnitine may be related to higher L-carnitine availability and/or to lower serum TMAO levels following intravenous administration.
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to reduced reverse cholesterol transport and reduced ex-
pression of Cyp7a1, the rate limiting step in the catabolism
of cholesterol [21]. The intimate molecular mechanisms
of TMAO actions is yet unknown, but TMAO may stabilize
the folded state of diverse proteins, functioning as a
chemical chaperone [32].

Plasma L-carnitine levels predicted incident major ad-
verse cardiac events in a large cohort only among subjects
with concurrently high TMAO levels [21]. High circulating
TMAO was recently confirmed to be associated with inci-
dent cardiovascular events over a 3-year period in >4000
individuals after adjustment for traditional risk factors, as
well as in lower-risk subgroups [28].

While the relationship between serumTMAOandadverse
cardiovascular events was established in the general
population, TMAO metabolism in CKD has not been com-
pletely clarified. In this regard, high circulating TMAO
levels in haemodialysis patients are efficiently removed
during a single haemodialysis session [25] while increased
urinary TMAO levels were observed in CKD patients [33].
These increased urinary levels may represent local renal
TMAO synthesis or renal excretion of circulating TMAO.

In summary, complex interactions between diet, genet-
ics and the microbiota may impact on processing of oral
L-carnitine into pro-atherogenic metabolites such as TMAO
that regulate lipid metabolism. The differential effect
of oral versus intravenous L-carnitine supplementation
observed by Fukami et al. [20] may be related to either
higher final L-carnitine levels or to reduced production of
metabolites such as TMAO. If Fukami et al. have biobanked
serum from their study, it would be interesting to analyse
the impact of switching from oral to intravenous L-carnitine
on serum TMAO levels and the relationship between TMAO
and the observed changes in free fatty acid and HDL levels.
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