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everal new functions or metabolic uses of carnitine
nd improvements in assessment of carnitine status
mpact carnitine dosing recommendations. Carnitine
osing will likely be customized for patients at dif-
erent stages of the life cycle and for patients with
ysfunction of different organs. Nutrition supple-
entation of carnitine should be 2–5 mg · kg�1 · day�1

nd be administrated via the route used for administra-
ion of macronutrients. Pharmacologic supplementa-
ion of carnitine should be 50 –100 mg · kg�1 · day�1

nd be reserved for the removal of toxic compounds
rom the body.

arnitine was discovered more than 100 years ago,
and its role in fatty acid metabolism was elucidated

ore than 50 years ago. After the initial case report of
arnitine deficiency in 1973,1 there was an increasing
nterest in the clinical use of carnitine, including the use
f carnitine in parenteral nutrition. In the 1980s, it was
ssumed that a carnitine deficiency was either a primary
eficiency with low carnitine concentrations throughout
he body due to a problem with carnitine transport into
issues or a secondary deficiency with a decrease in mus-
le carnitine concentrations due to an unusually high
xcretion of acylcarnitine to eliminate a toxic compound
rom the body. It was also assumed that carnitine defi-
iency would result in symptoms related to fatty acid
etabolism, that free carnitine supplementation would

mprove the symptoms, and that the dose of carnitine
hould be increased if the initial supplementation did
ot show a benefit. Figure 1 shows the result of a
ubMed search conducted on November 14, 2008, using
he terms “carnitine” and “parenteral nutrition.” It is
lear that the publication activity of the 1980s has not
een sustained in the following 3 decades. This fact
hould not be interpreted that the clinical importance of
arnitine was overestimated in the 1980s, but rather that
ur understanding of carnitine metabolism was rather
udimentary and our assessment techniques were inade-
uate. This situation has limited advances in the clinical
se of carnitine in parenteral nutrition during the past 3
ecades.

Function/Use of Carnitine
Long-chain fatty acids in all tissues and medium-

hain fatty acids in most tissues (an important exception

s the liver) are esterified to coenzyme A in the cytosol
nd cannot enter the mitochondrial matrix to undergo
eta oxidation without the action of carnitine and 3
roteins (carnitine palmitoyltransferase 1, carnitine acyl-
arnitine translocase, and carnitine palmitoyltransferase
). Several investigations have shown the formation of
cylcarnitine to be a highly regulated step and is most
ikely the rate-limiting step of fatty acid oxidation.2 This
rst recognized function of carnitine is an example of
cylcarnitines transporting an activated carboxylic acid
cross membranes to a location where metabolism can
ontinue. Another example is the transport of activated
ery-long-chain fatty acids that have been shortened in
he peroxisomes to the mitochondrial matrix, where their
xidation will be completed.

In addition to long-chain fatty acids, other activated
arboxylic acids important in many different metabolic
athways form esters with carnitine, resulting in a large
rray of acylcarnitines comprising a patient’s acylcarni-
ine profile. The acylcarnitine may also be formed to

ake a toxic carboxylic acid metabolite transportable
nd thus enable the cell to transport it to the blood and
he kidney to remove it from the body in the urine. The
est-studied examples are metabolites of drugs such as
alproic acid3 and normal metabolites that accumulate to
oxic concentrations due to organ dysfunction or inborn
rrors of metabolism, such as propionic aciduria.

Esterification of an activated carboxylic acid to carni-
ine not only makes the carboxylic acid compound trans-
ortable but also maintains the high metabolic energy of
he compound. This sparing of adenosine triphosphate

ay be important in the critically ill. A cell may also store
he high-energy acylcarnitine to have it readily available
or use, as has been shown for the storage of arachidonyl
arnitine to repair erythrocyte membrane.

In addition to a variety of functions in the body,
cylcarnitines have an expanding use in the clinical set-
ing as a set of parameters to monitor metabolism for
arly detection of altered metabolism. The best-known
xample is the use of several acylcarnitines in expanded
ewborn screening that is now performed routinely in
any states.4,5 A similar approach can also be used for

arly detection of altered metabolism stemming from
any etiologies.

© 2009 by the AGA Institute
0016-5085/09/$36.00
doi:10.1053/j.gastro.2009.08.016
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Assessment of Carnitine Status
The most readily accessible biological samples for

arnitine assessment are blood and urine. Assessment of
rinary acylcarnitine profile is very helpful in physiologic
ituations in which carnitine is being used to remove a
oxic metabolite. It appears that plasma and red blood
ells are different carnitine compartments. Because their
roportionality varies significantly among patients and
t different times in the same patient, the 2 compart-
ents should be assessed separately. The relationship of

he acylcarnitine profile in plasma or red blood cells (if
ny) to different tissue acylcarnitine profiles is still being
lucidated. Thus, an abnormal value clearly indicates that
omething is wrong, but a normal value does not assure
hat tissue acylcarnitine profiles are normal. Advances in
his area will be very helpful in allowing use of plasma or
ed blood cells as a clinical parameter to monitor a
atient’s metabolism.
Because different types of assays are being used and the

esults they give are not the same, it must be determined
hich assay to order. Unesterified or free carnitine can be
easured by a spectrophotometric assay, a radioenzy-
atic assay, or a mass spectrometric assay, and all are

eing used to measure clinical samples at different places
round the world. The first 2 assays use an enzyme to
onvert acetyl-CoA to acetylcarnitine. The spectrophoto-
etric assay was the first developed and uses a free

ulfhydryl reagent to react with the released coenzyme A,
orming a yellow color. The problem is that there are a lot
f free sulfhydryl groups in biological samples, so the
lank is very high. Measurement of a small increase in
ellow color with a very large blank results in many
echnical difficulties, including reduced sensitivity. The
adioenzymatic assay uses a radiolabeled acetyl moiety of
he acetyl-CoA substrate and monitors the appearance of
adiolabeled product, which eliminates the issue of a
igh blank. Both the spectrophotometric and radioenzy-

igure 1. Results of a PubMed search conducted on November 14,
008, with the search terms “carnitine” and “parenteral nutrition.”
atic assays only measure unesterified carnitine and are t
ost accurate for the measurement of “total carnitine”
fter alkaline hydrolysis of all the esterified groups. If one
ssays a sample before hydrolysis and terms the result
free carnitine” and assays the same sample after hydrol-
sis to obtain “total carnitine,” the “free carnitine” can be
ubtracted from the “total carnitine” to give a result
ften termed “acylcarnitine.” The background noise for
oth the “free carnitine” and the “acylcarnitine” is quite
igh, and none of the results provides identification or
uantitation of individual acylcarnitines. This informa-
ion is required to address many patient care questions as
ell as many research questions.
The mass spectrometric assay can identify and quan-

ify individual acylcarnitines. This is the good news and
lso the bad news because one has to be concerned that
he acylcarnitine profile does not change during sample
andling. The clinical assay was developed for newborn
creening, where the alteration in metabolism is large.
he most commonly used mass spectrometric assay uses
derivatization step during sample preparation that ac-

ually hydrolyzes some of the acetylcarnitine and other
hort-chain acylcarnitines, resulting in an artifactual de-
rease in their concentration and an artifactual increase
n the concentration of unesterified carnitine. For most
ewborn screening, these artifacts are small compared
ith the change caused by the inborn error of metabo-

ism and so the assays are still useful. However, for many
f the smaller alterations in metabolism that need to be
etected in nutritional care of patients, sample prepara-
ion must be carefully controlled both at the site of
ample collection and at the site of assay. Biological
amples contain enzymes that interconvert esterified and
nesterified carnitines. These enzyme activities should be
educed by placing the sample on ice quickly and freezing
t as soon as possible. In addition, a mass spectrometric
ssay that does not require a derivatization step should
e ordered.

Carnitine Dosing
Only the L-isomer of carnitine should be used for

upplementation. For the patient on parenteral nutri-
ion, carnitine can be admixed with the other parenteral
onstituents. Carnitine can be administered to patients
s a nutritional supplement to maintain physiologic con-
entrations. Carnitine can be administered to patients as
pharmacologic agent and is used most often to treat

atients who are using carnitine to remove a toxic me-
abolite. It is important not to confuse nutritional sup-
lementation of carnitine and pharmacologic supple-
entation of carnitine.
Dietary carnitine is found in animal products. Milk is

he main source of carnitine for infants. The concentra-
ion of carnitine increases as the proportion of type I
bers increases. Thus, as the redness of the meat increases,
he carnitine concentration increases. The typical carni-

ine intake of omnivore humans is 2–5 mg · kg�1 · day�1,
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hich averages to about 250 mg/day for the mythical
0-kg human. Nutritional supplementation of carnitine
hould be dosed in this order of magnitude. Pharmacologic
upplementation of carnitine is usually dosed at one
rder of magnitude higher (50 –100 mg · kg�1 · day�1),
ith an adult often receiving 3 g/day of carnitine. Clearly

he dose should be titrated to the needs of the patient
nd will vary for different patients and for the same
atient at different times.
There is less experience with supplementation of acyl-

arnitines, such as acetylcarnitine. However, as our un-
erstanding of the function of each acylcarnitine grows
nd our ability to assess the status of each acylcarnitine
dvances, the use of these compounds for supplementa-
ion will undoubtedly increase. When we supplement
ith unesterified carnitine or a specific acylcarnitine,
e should not consider more to be better. Supplementa-

ion of carnitine in the setting of a low concentration of
arnitine can bring improvement. If a very large amount
f carnitine is supplemented, the need to eliminate the
xcess carnitine and the need to bring the acylcarnitine
rofile back into a physiologic pattern may be the source
f metabolic stress that leads to adverse effects. Indeed,
arenterally fed preterm neonates supplemented with 48
g · kg�1 · day�1 of carnitine on days 4 –7 of life had

ncreased time to regain birth weight compared with
onsupplemented neonates.6

Carnitine in Enteral Nutrition
The distinction of nutritional supplementation of

arnitine and the pharmacologic supplementation of car-
itine is also important for enterally administered carni-
ine. Pharmacokinetic studies of carnitine suggest that
arnitine should be administered 3 or 4 times a day. In
any cases, commercially available carnitine capsules or

ablets contain more than the 250 mg needed for an
dult during an entire day for nutritional supplementa-
ion, so current packaging is not very convenient. Purity
s another problem with some commercially available
roducts. When several commercial products have been
nalyzed for carnitine content, there has been wide vari-
tion in the content of carnitine actually found in the
roducts.7

Carnitine is absorbed in the small intestine via more
han one transporter, and the type of transport varies
ith the dose of the carnitine being supplemented. Sur-
ical resection and gastrointestinal pathology can cer-
ainly have an impact on carnitine absorption, but there
re still questions that need to be addressed concerning
ecommendations for the individual patient with short-
owel syndrome. The effects of the presence of food and

nteractions with coadministered medications are not

ell understood. k
Carnitine at Different Stages of the Life
Cycle
Carnitine accretion occurs during the last trimes-

er of gestation.8 Thus, a preterm neonate arrives with
educed stores. Breast milk is a rich source of highly
ioavailable carnitine, providing 2–5 mg · kg�1 · day�1 of
arnitine. Thus, the neonate receiving carnitine-free par-
nteral nutrition has a greatly reduced exogenous source
f carnitine when compared with the breast-fed neonate.9

regnancy and lactation bring additional importance for
dequate carnitine. The healthy adult receiving no exog-
nous carnitine appears to be able to synthesize adequate
ndogenous carnitine, but this is less clear for infants and
hildren and for the elderly.5

Carnitine in Patients With Dysfunction
of Different Organs
Declining renal function leads to an accumula-

ion of toxic compounds and an accompanying increase
n acylcarnitine formation and excretion, which can lead
o increased excretion of carnitine. Membranes of the
idney selectively resorb free carnitine and excrete acyl-
arnitines, but hemodialysis membranes lack this selec-
ivity. Patients receiving hemodialysis treatment often
ave altered acylcarnitine concentrations.10,11

Cardiac and skeletal muscle dysfunction and carnitine
etabolism dysfunction are often associated.12 Even in

ases in which it is unclear which dysfunction came first,
ssessment of carnitine status is still important. The liver
s the major site of carnitine metabolism; thus, it is not
urprising that hepatic function and carnitine metabo-
ism are interrelated. The importance of carnitine in
rain metabolism is less intuitive, but recent studies
uggest that it may be important in brain development,
everal brain diseases, and dementia.13

Clinical Care Priorities
Translational science activities in the field of car-

itine are ongoing. Although it is true for all nutritional
reas, it is extremely important in the field of carnitine
ot only that the research findings in the basic sciences
e readily translated to the care of patients but that the

ssues facing patient care be readily translated to basic
cience hypotheses that can be tested.

In the clinical setting, some of the important patient
are questions are as follows:

. Which symptoms may respond to carnitine supple-
mentations?

. What sample should be assayed, and what assay
should be requested for assessment of carnitine
status?

. What commercially available products should be used,
at what dose, and at what frequency?

Recommendations for clinical care based on current

nowledge are as follows:
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. Nutritional supplementation of carnitine should be
2–5 mg · kg�1 · day�1 and be administrated via the
route used for administration of macronutrients. (For
example, if 50% of the protein is administered paren-
terally, 50% of the carnitine should be administrated
parenterally. It probably would be more practical to
administer it all via the parenteral route, but as we
learn more about the role of carnitine in the intestinal
tract, we may find advantages for the enteral route.)

. Pharmacologic supplementation of carnitine should
be 50 –100 mg · kg�1 · day�1 and be reserved for the
removal of toxic compounds from the body, such as
treatment of inborn errors of metabolism.

Research Priorities
As stated earlier, advances in carnitine research

ave been slowed during the past 2 decades due to our
ather rudimentary understanding of carnitine metabo-
ism and inadequate assessment techniques. Because of
ecent improvements in the carnitine assay, we can now
dentify and quantify individual acylcarnitines. The re-
earch community can now ask questions about carnitine

etabolism and assessment of carnitine status that could
ot be addressed before this technological advancement.
In the research setting, some of the important ques-

ions are as follows:

. What are the functions of individual acylcarnitines in
different tissues under different physiologic condi-
tions?

. How should acylcarnitine profile analyses be interpreted?

Question and Answer Session

DR BUCHMAN: When you talk about using pharma-
ologic doses of carnitine to remove toxins, is this the
ollywood kind of toxins like a carnitine enema kind of

hing? What kind of toxins are we talking about?
DR BORUM: No, it is very legitimate medicine, but it

s not nutritional supplementation. In inborn errors of
etabolism we have, I think, saved lives and changed the

uality of life for many children by giving them carnitine,
o it is not just the crazy stuff. In the past, we had to
everely limit their protein intake to limit their carboxylic
cid levels. This led to poor growth. Now we can use
harmacologic doses of carnitine to remove these toxic
arboxylic acids. I do think it is important that we do not
ix nutritional supplementation with pharmacologic ad-
inistration. When giving higher pharmacologic doses,

here is a different effect than when dietary replacement
oses are administered. In fact, some of the beneficial
utrient effects of carnitine may be lost at higher doses.
DR SHIKE: Are you saying that this issue of removal

f toxic metabolites applies only to those with inborn
rrors of metabolism?

DR BORUM: Not necessarily. I am suggesting that we

ay create situations in parenteral nutrition where an t
rganic acid accumulates to a higher concentration than
hat is needed by the cell and that one way for the body

o get rid of that is to use carnitine, so that may be one
eason for nutritional supplementation.

DR SHIKE: Why is it specific to parenteral nutrition
nd different from oral nutrition? For example, why
ould someone on a high-fat diet like the Atkins diet not

all into that group? Why are we singling out parenteral
utrition?
DR BORUM: If you consume a high-fat diet and don’t

onsume excess calories in the process, then the amount
f carnitine that would be consumed in that diet would
e fine because most high-fat diets have a lot of carnitine.
f in parenteral nutrition everything is not just exactly
erfect and there is a modest elevation in the level of an
rganic acid, then that might be a situation where a low

evel of carnitine in the body would result in abnormal-
ties. I’m not suggesting you need 100 mg carnitine per
ilogram of body weight to get rid of it, but it is a
ituation in which carnitine nutritional supplementation

ay be very important.
DR MOUKARZEL: Carnitine can be synthesized by

he body from its components lysine and methionine, so
s you said, it is not an essential nutrient; you told us it
s conditionally essential. We conducted a study 20 years
go and showed that patients on parenteral nutrition,
hildren mainly, had 50% of the normal plasma carnitine
oncentration without any symptom or sign of defi-
iency. When we remeasured the carnitine concentration

years later in the same patients, we showed that the
otal and acyl carnitines were still stable at 50% of nor-

al. Does that mean there was carnitine deficiency de-
pite the absence of any symptom, sign, or biochemical
bnormality? I don’t know what your answer will be, but
his might mean carnitine is essential in some conditions
uch as inborn errors of metabolism or immature metab-
lism, as may be the case in premature babies, but per-
aps carnitine may not be essential for other patients
ho are not under any physiologic stress. What do you

hink?
DR BORUM: We found that in adult surgical pa-

ients, plasma carnitine is not well correlated with either
uscle or liver carnitine. In piglets, a model for children,

lasma, red blood cells, liver, muscle, renal, and brain
arnitine are all separate metabolic compartments; one
an be low while another is normal. I am not sure that a
ormal plasma carnitine level signifies normal carnitine
tatus. Carnitine might not be essential under certain
hysiologic circumstances but become essential under
ther physiologic circumstances. For example, valproic
cid leads to increased carnitine excretion, and patients
ho receive this medication should receive a carnitine

upplement. We have had patients on long-term valproic
cid therapy with elevated venous ammonia concentra-

ions that have decreased following carnitine supplemen-
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ation, and I would recommend 2–5 mg · kg�1 · day�1 in
hese circumstances.

DR MOUKARZEL: How did you determine this dose
ecommendation?

DR BORUM: The amount of 2 to 5 mg · kg�1 · day�1

ame from fairly extensive work looking at the oral intake
f carnitine in both children (including neonates) and
dults. I don’t see a reason to increase it 10-fold, partic-
larly when we know that in some cases when infants
eceived up to 100 mg · kg�1 · day�1, a reduction in growth
as observed.
DR BUCHMAN: To put the plasma concentration in

erspective, if we take a child with a so-called primary or
ongenital carnitine deficiency who has a cardiomyopa-
hy, typically the total plasma carnitine concentration
ould be 5%–10% of normal. If in patients on parenteral
utrition it is 50% of normal; does that mean we need to
et to 5% or 10% of normal to have a deficiency?

DR BORUM: No, I don’t think it means that.
DR BUCHMAN: But why is the total plasma carnitine

oncentration much lower in patients with obvious car-
itine deficiency than it is in patients on parenteral
utrition?
DR BORUM: The situation that you are talking about

ith the cardiomyopathic patient is often where there is
n inborn error in the transport protein and there are
roblems getting carnitine into the heart but also prob-

ems maintaining carnitine in the plasma. If there is a
ituation in which you are administering some kind of
oxin or a toxin is accumulating, increased urinary car-
itine excretion occurs. This results in decreased plasma
arnitine concentration. In the patient on parenteral nu-
rition, the same thing can happen. If in addition to
arenteral nutrition the patient is given valproic acid, for
xample, plasma carnitine will become quite depleted. We
ave to be careful, however, not to assume plasma carni-
ine is the gold standard that indicates body carnitine
tatus.

MS SABINO (Hartford, CT): What would be other
xamples besides valproic acid that would result in the
ccumulation of organic toxins, how would one know
he problem existed, and would large doses of supple-

ental carnitine be an appropriate therapy? How long
ould you treat?
DR BORUM: The type of toxins include antiretroviral

herapy, nucleotide reverse trancriptase inhibitors, such
s zidovudine, and some pesticides. These can cause a
yopathy, and if muscle biopsy specimens are obtained,

here are often ragged red fibers evident, which are fre-
uently seen in “secondary carnitine deficiency.” There is
istologic improvement, and improvement in the myop-
thy occurs with carnitine supplementation. The list of
otential toxins, though, is incomplete.
MS SABINO: I am aware of 2 adult case studies with

atients who had elevated direct bilirubin concentra-

ions, and following carnitine supplementation (1 g, I
hink) there was a decrease in the degree of cholestasis.
an you please comment on these case studies?
DR BORUM: I am aware of those case studies. I don’t

now the mechanism of action that occurred in those
articular patients. I don’t think there are data that
emonstrate carnitine should be a treatment for hyper-
ilirubinemia in adults or babies. We know that carnitine

s in the bile. We know that carnitine is important in the
eroxisome for the metabolism of various substances
hat impact the serum bilirubin concentration, but I
on’t think we know the answer to what happened in
hose patients and whether carnitine was indeed thera-
eutic.
DR MELISSA MASELLI (Southern Surgical, Slidell,

A): We see a lot of bariatric surgical patients who have
igh serum triglyceride concentrations and end up on
arenteral nutrition. Should they receive carnitine sup-
lementation?
DR BORUM: I am pretty conservative about the use of

arnitine. Hypertriglyceridemia may occur for a variety of
easons that have nothing to do with carnitine.

DR DESAI (Duke University, Durham, NC): Are
here any data on the use and benefit of carnitine in
atients who are being treated with corticosteroids and
oncomitantly on parenteral nutrition? Is there a cut-
ff weight you use for carnitine administration in
eonates?
DR BORUM: I don’t know about the corticosteroids.

n terms of neonates, different people in this room will
ave different opinions based on the available data. I
hink as long as carnitine supplementation is between 2
nd 5 mg · kg�1 · day�1, it should be safe and routinely
rovided to preterm or low-birth-weight neonates who
equire parenteral nutrition, although the beneficial ef-
ects of carnitine have not been proven.

DR DAN GRIFFTH (Emory University, Atlanta,
A): Could you explain the mechanism of how carnitine

ets rid of ammonia in valproic acid toxicity?
DR BORUM: To get rid of ammonia, urea has to be

ynthesized in the liver. The first step in this process is the
ynthesis of carbamyl phosphate. That requires N-acetylglu-
amate as a coactivator of the enzyme involved (carbamyl
hosphate synthase). It is believed that N-acetylglutamate
ets its acetate group from acetylcarnitine. Therefore, an
dequate amount of acetylcarnitine is needed to quickly
ynthesize sufficient carbamyl phosphate, which then enters
he urea cycle and ammonia is then disposed.
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