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ABSTRACT

Experimental evidence from several investigators suggests that carnitine is a conditionally essential nutrient for neonates.
If camitine is a conditionally essential nutrient for the neonate, most neonates on total parenteral nutrition in the United
States are not receiving adequate nutritional support. The metabolic functions of carnitine are varied and important in sev
eral aspects of neonatal physiology. All neonates receiving breast milk receive dietary carnitine and most neonates receiv

ing enteral infant formulas receive dietary carnitine at a level similar to that of the breast-fed neonate. However, most
neonates on total parenteral nutrition receive no dietary carnitine. Investigators have been testing the working hypothesis
that carnitine is a conditionally essential nutrient for the neonate for many years. This review discusses (1) data support
ing the hypothesis, (2) reasons why it has not been either proved or disproved by now, and (3) the author’s view of a pru-
dent approach to dietary camitine supplementation of neonates. (J Child Neurol 1995;10(Suppl):2525-2531).

If carnitine is a conditionally essential nutrient for the
neonate, most neonates on total parenteral nutrition in
the United States are not receiving adequate nutritional
support. Essential nutrients are those nutrients required
in the diet of healthy adults because metabolic require-
ments are greater than the individual’s biosynthetic capa-
bility. Conditionally essential nutrients are those nutri-
ents that are required in the diet of only certain
individuals. A special physiologic condition causes those
individuals to have metabolic requirements that are

greater than their biosynthetic capability. Immaturity is
one of the physiologic conditions frequently associated
with conditionally essential nutrients.

For almost 20 years, several investigators have been

testing the working hypothesis that dietary carnitine is
essential for the neonate. More than 10 years ago, avail-
able data supporting the carnitine conditional essentiality
hypothesis for neonates resulted in carnitine being added
to most enteral infant formulas not containing endoge-
nous carnitine. Today in the United States, all neonates

receiving breast milk receive dietary carnitine, and most
neonates receiving enteral infant formulas receive dietary
carnitine at a level similar to that of the breast-fed

neonate. However, most neonates on total parenteral
nutrition receive no dietary carnitine. This review
addresses the questions: What are the data supporting the

carnitine conditional essentiality hypothesis for
neonates? Why has the carnitine conditional essentiality
hypothesis for neonates not been either proved or dis-
proved by now? What is the prudent approach to dietary
carnitine supplementation of neonates?

METABOLIC FUNCTIONS OF

CARNITINE IN THE NEONATE

Carnitine is typical of many metabolites in that the first
well-described function of the compound is often
assumed to be the only function, and investigators turn
their attention to other issues. As a result, additional
metabolic roles of the compound may go unrecognized
for many years. This scenario describes the last 35 years
of research focusing on carnitine.

One extremely important function of carnitine is the
transport across membranes of carboxylic acids that have
been activated to the coenzyme A (CoA) level (Figure 1).
Because all membranes are impermeable to CoA com-
pounds, once a carboxylic acid is activated to CoA, it is
trapped in its subcellular location. Conversion of CoA
compounds to carnitine compounds makes the carboxylic
acid transportable while maintaining the high energy state
of the molecule. Thus, the ability of carnitine to confer

&dquo;transportability&dquo; to a high-energy carboxylic acid means
that it can facilitate the delivery of a needed substrate, the
elimination of a toxin, and the transport of high energy
from one subcellular or cellular location to another. The

critical role of carnitine in delivering long-chain fatty acid
CoA compounds to the mitochondrial matrix and there-
fore in facilitating (3-oxidation of long-chain fatty acids is
still often referred to as the function of carnitine. How-
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Figure 1. Diagram of five categories of metabolic functions per-
formed by carnitine. Two of the functions (maintaining adequate
free CoA and storing activated carboxylic acid) require acylcarnitine
transferase activity; transport of the carnitine esters across mem-
branes is not an absolute requirement. The other three categories
of metabolic function (delivering needed substrates, eliminating
accumulated toxin, and transporting high energy) require transport
of the carnitine ester across membranes.

ever, there is a large body of knowledge that identifies
additional metabolic functions for carnitine that may have

more clinical importance for neonates than the first func-
tion described. Because medium-chain fatty acids are acti-
vated to the CoA level within the mitochondrial matrix in

liver and outside the mitochondrial matrix in other tis-

sues, carnitine is not needed for the oxidation of medium-

chain fatty acids in liver but is needed for oxidation of
medium-chain fatty acids in skeletal muscle and cardiac
muscle. Although it is customary to think of fatty acids as
the needed substrates being delivered to the site of further
metabolism, several investigators have shown that we are
experiencing tunnel vision. The needed substrates may
include other energy substrates such as glucose metabo-
lites, acetoacetate, and metabolites of amino acids (espe-
cially branched-chain amino acids).2 2

As diagrammed in Figure 1, the &dquo;transportability&dquo; of
carboxylic acids is also important in the removal of tox-
ins from a particular subcellular or cellular location. The
toxins may be either compounds that are not normally
found in metabolism or normal metabolites that have

accumulated to abnormally high and toxic concentra-
tions. The fact that the carnitine ester maintains the high
energy of the CoA compound results in the transport of
metabolic energy from one subcellular or cellular loca-

tion to another.3
CoA compounds are critical metabolites in a wide

variety of pathways, but the total CoA concentration in
the cell is low. Because the carnitine concentration of a

cell is much higher than the CoA concentration, the con-
version of a carboxylic acid at the CoA level to the carni-
tine ester can replenish a dwindling free CoA pool and
permit the continuation of metabolism that is dependent
on such a pool. This function of carnitine impacts many
different metabolic pathways.

Because the carnitine ester is a high-energy com-
pound, the acylcamitine pool also functions to store acti-
vated carboxylic acids that may have many functions that
are only now being recognized, such as facilitating the
remodeling of membranes. 4,5 There are many reviews of
carnitine metabolism and function,’9 including those in
this supplement.

CARNITINE STATUS OF PRETERM

NEONATES VERSUS TERM NEONATES

Assessment of carnitine status is complicated by the fact
that blood and urine are not necessarily indicative of the
metabolic pools of carnitine in tissues. Plasma, red blood
cells, liver, and skeletal muscle appear to be from differ-
ent metabolic pools of carnitine in adult humans.&dquo; In
addition, the accretion of carnitine in these compartments
appears to differ during gestation. Work with experimen-
tal animals11,12 and autopsy tissues of neonates of varying
gestational ages receiving no carnitine and dying within 24
hours of birthl3 have shown that there is a significant
accretion of carnitine by muscle tissue during the last
trimester of gestation. Postnatally, the skeletal muscle and
liver carnitine concentrations continue to increase.l4

The fetal rat is a major contributor to its own tissue
carnitine.15 In the rat, the rapid accretion of tissue carni-
tine is so great that at weaning most of the tissue carnitine
has been acquired since birth. Approximately 50% of this
acquired carnitine comes from milk and approximately
50% from endogenous synthesis in the infant rate Dietary
carnitine also appears to be a major factor in the accretion
of carnitine in humans postnatally. Plasma and red blood
cell carnitine concentrations of full-term neonates receiv-

ing either breast milk or formula containing carnitine
increase approximately 1.5- to 2.0-fold during the first 2
weeks of life. They continue to increase until at 3 months
of age they are 2.5- to 3.0-fold higher than those in cord
blood.l6 In Figure 2, the total plasma carnitine concentra-
tion data from cord blood of full-term healthy neonates
are set to 1.0 and used to normalize data from all other

samples. Preterm neonates have higher plasma and red
blood cell carnitine concentrations at birth than do full-

term neonates. In contrast to the increase in plasma carni-
tine seen in full-term neonates postnatally, preterm
neonates receiving carnitine-free total parenteral nutrition
have plasma and red blood cell carnitine concentrations
at 3 weeks of age that are only one third the concentration
found in cord blood of full-term neonates. Carnitine sup-

plementation of the total parenteral nutrition at a dose of
approximately 50 umol/kg daily for 1 week and then at 100
umol/kg daily increased the plasma concentrations at 3
weeks of age to levels approximately 30% higher than the
breast-fed full-term neonates.

In Figure 3, the total red blood cell carnitine concen-
tration data from cord blood of full-term healthy neonates
are set to 1.0 and used to normalize data from all other

samples. The data in Figure 3 show trends similar to those
in Figure 2 with one major exception. Whereas carnitine
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supplementation of total parenteral nutrition increases the

plasma carnitine concentrations of the preterm neonates,
the red blood cell carnitine concentrations remain low.

Oral supplementation of infants requiring long-term
total parenteral nutrition who were able to tolerate small
enteral feedings increased the plasma carnitine, acetoac-
etate, and (3-hydroxybutyrate concentrations compared to
the placebo-treated infants.l7

DIETARY SOURCES OF

CARNITINE FOR THE NEONATE

Carnitine biosynthesis requires the essential nutrients

lysine, methionine, vitamin B6, vitamin C, niacin, and
iron. A diet deficient in any of these will adversely affect
the neonate’s ability to make carnitine.

Human milk contains approximately 60 to 70 nmol/
mL of camitine’8,&dquo; and is a very bioavailable source of
carnitine. The dietary carnitine intake for the breast-fed
neonate is approximately 2 to 5 mg/kg daily. Milk of all
species measured contains carnitine. Cow milk contains
approximately twice the concentration of human milk,
and when it is used to prepare formula, the carnitine con-
centration of the formula is approximately the same as
the concentration of human milk. Infant formulas based

on soy protein have no endogenous carnitine.2° Several

investigators have shown that the infants receiving carni-
tine-free formula have altered carnitine status.zn22 There-

fore, most commercial infant formulas based on soy pro-
tein are now supplemented with carnitine at levels
similar to that of human milk.

In contrast to enteral nutrition formulas for neonates

that contain carnitine, none of the parenteral nutrition
solutions contain carnitine. Thus, the most metabolically
stressed neonates are the ones who are routinely receiv-

ing no endogenous carnitine.

Figure 2. Plasma carnitine concentration data of infants (at differ-
ent ages and receiving different dietary carnitine intake) normalized
to the plasma carnitine data of cord blood from full-term neonates.
The units for the original carnitine concentration data are nmol/mL.
The full-term neonates received human milk (FT HM), and the
preterm neonates received either total parenteral nutrition contain-
ing no carnitine (PT CF TPN) or total parenteral nutrition containing
carnitine at 50 umol/mL and then 100 Nmol/mL (PT CS TPN). Figure
is adapted from data reported by Borum et al.16

Figure 3. Red blood cell carnitine concentration data of infants (at
different ages and receiving different dietary carnitine intake) nor-
malized to the red blood cell carnitine data of cord blood from full-
term neonates. The units for the original carnitine concentration
data are nmol/mg hemoglobin. The full-term neonates received
human milk (FT HM), and the preterm neonates received either
total parenteral nutrition containing no carnitine (PT CF TPN) or
total parenteral nutrition containing carnitine at 50 pmol/mL and
then 100 Nmol/mL (PT CS TPN). Figure is adapted from data
reported by Borum et al.’6

SYMPTOMS OF CARNITINE

DEFICIENCY IN THE NEONATE

If delivery of the needed substrates (long-chain fatty
acids) to the mitochondrial matrix were the only function
of, or even the main function of carnitine, evaluation of
the carnitine conditional essentiality hypothesis would be

relatively straightforward. Neonates who receive inade-

quate dietary carnitine would have biochemical and clini-
cal symptoms associated with impaired #-oxidation of
long-chain fatty acids. Biochemical symptoms such as an
altered intravenous fat tolerance test, decreased oxidation
of exogenous fatty acids, and decreased production of
ketone bodies would be expected. The expected clinical

symptoms would be intolerance of intravenous lipid emul-

sions, failure to thrive, and impaired function of organs
such as cardiac muscle and skeletal muscle that are highly
dependent on fatty acid oxidation for fuel. Several studies
have shown that preterm neonates maintained on carni-
tine-free total parenteral nutrition always have decreased

plasma carnitine concentrations. Although there is some
inconsistency, many of the studies show an impaired abil-
ity to use long-chain fatty acids infused intravenously as a
commercially available lipid emulsion. 23-28

In the past, it has often been assumed that the need

for carnitine in the neonatal diet is directly related to the
amount of long-chain fatty acids in the diet. Many formu-
las designed for preterm neonates contain higher concen-
trations of medium-chain fatty acids than are found in
formula designed for full-ternl neonates. Unfortunately,
some of the formulas containing high concentrations of
medium-chain fatty acids have been promoted as contain-

ing fat that is oxidized independently of carnitine. The
medium-chain fatty acids in formulas that contain small

percentages of medium-chain triglycerides are probably
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oxidized in the liver, where carnitine would not be

required. However, when a formula contains 50% or more
of the fat as medium-chain triglyceride, tissues such as
muscle are expected to use the medium-chain fatty acids
as a source of calories, and thus carnitine is required for
oxidation.29 When 13 growing preterm infants (mean birth

weight, 1.42 kg) received 46% of their dietary triglyceride
as medium-chain fatty acids, they had higher concentra-
tions of urinary octanoate, sebacate, suberate, adipate, 7-

hydroxyoctanoate, and 5-hydroxyhexanoate than when

they received only 4% of their dietary triglyceride as
medium-chain fatty acids.&dquo;

The interrelationship of carnitine metabolism and
medium-chain fatty acid metabolism has also been shown
in term infants. Term infants fed formula with predomi-
nately medium-chain fatty acids excreted a higher con-
centration of acylcarnitine than when they were fed a for-
mula with long-chain fatty acids.31 In addition, when
infants were fed medium-chain fatty acid formula, they
excreted more medium-chain dicarboxylic acids than
when they consumed long-chain fatty acids and more
than infants fed the same medium-chain fatty acid for-
mula supplemented with carnitine.31 In another study,
normal male full-term neonates fed soy formula without

carnitine from 6 to 9 days to 112 days of life had lower
serum carnitine, higher serum free fatty acids, and higher
excretion of all their medium-chain fatty dicarboxylic
acids than the infants receiving the soy formula supple-
mented with carnitine.32

Carnitine also plays an important role in nitrogen
metabolism in neonates. Preterm infants were fed human

milk or human milk supplemented with carnitine, 300

nmol/mL, for 7 days. At day 7, approximately 50% of the

supplement was being excreted in the urine, indicating
that some of the supplement was contributing to the tis-
sue accretion of carnitine. The infants receiving the carni-

tine-supplemented human milk showed increased plasma
carnitine, increased (3-hydroxybutyrate, lower plasma
concentrations of amino acids alanine and glutamine,
decreased plasma urea, and decreased nitrogen excre-
tion. The authors reported a trend of decreased excretion
of 3-methylhistidine with carnitine supplementation, sug-
gesting a reduced protein catabolism. 33,34 Consistent with
a role of carnitine in nitrogen metabolism, supplementa-
tion of total parenteral nutrition with carnitine has been

reported to improve nitrogen balance and to improve
growth of preterm infants. 24 Data from a recent report are
consistent with earlier reports that carnitine supplemen-
tation of total parenteral nutrition of preterm neonates
increases plasma carnitine concentrations and increases
tolerance to intravenous fat emulsions, with enhanced

ketogenesis. 35 Other investigators have found lower
plasma free carnitine associated with higher concentra-
tions of blood ammonium in low-birth-weight infants.

They suggest that carnitine status may regulate blood
ammonium levels. 36

In addition to symptoms that are consistent with
altered fatty acid metabolism or altered nitrogen metabo-

lism, many case studies have reported carnitine defi-
ciency associated with a wide variety of symptoms in
neonates. For example, one group of investigators have

suggested that carnitine deficiency is a possible cause of
gastrointestinal dysmotility. They studied one infant with
a diet containing low concentrations of carnitine until 3
years of age who had gastrointestinal dysmotility mani-
fested by postprandial vomiting, oral drooling, delayed
gastric emptying, and infrequent bowel movements. At 3
years of age, the patient had low serum carnitine concen-
trations, and a muscle biopsy showed deposition of lipid
between myofibrils and unusually shaped mitochondria.
He was changed to a meat-based diet high in carnitine
and showed a dramatic clinical recovery, with disappear-
ance of chronic drooling, improved gastric motility, and
improved muscle strength.37

CARNITINE REQUIREMENTS OF
NEONATES WITH METABOLIC DISEASE

Children with a variety of metabolic diseases have been
shown to have altered plasma carnitine concentrations.
Some of the metabolic errors involve the acylcarnitine
transferases or the translocase.~ge9 During the past 20

years, many patients have been described with muscle
carnitine deficiency and a lipid storage myopathy.4o,41
Recently, numerous patients have been identified with
medium-chain acyl-CoA dehydrogenase deficiency who
have a secondary carnitine deficiency. 42-44 Several types
of organic acidemia such as propionic acidemia45 are
often accompanied by a secondary carnitine deficiency.
In addition, some medications such as valproic acid
cause a secondary carnitine deficiency in some

patients.46,47 Many of the secondary carnitine deficiencies
appear to be the result of excessive excretion of carnitine

as the ester of the accumulating metabolite. Although the
detoxification role of carnitine is useful in the effort to

maintain normal metabolism, the increased requirement
for carnitine exceeds normal biosynthetic capability and

typical dietary intake. The role of carnitine in these meta-
bolic diseases are discussed in greater detail in other arti-
cles in this supplement.

Children with inborn errors not typically associated
with carnitine supplementation may benefit from
increased intake. For example, children with cystic fibro-
sis have abnormally low total, free, short-chain, and long-
chain carnitine in plasma.48 Dietary carnitine increased
the total and free carnitine concentrations to that of the

reference population, but short-chain and long-chain car-
nitine concentrations remained low.48

Some neonates being evaluated for incompletely
defined syndromes such as sudden infant death syn-
drome may benefit from carnitine supplementation. It has
been recommended that all neonates who are determined

to be at risk for sudden infant death syndrome have
blood carnitine analysis included in the work-up. 49
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DIETARY SUPPLEMENTATION

VERSUS PHARMACOLOGIC TREATMENT

Carnitine is both a nutrient and a drug. The breast-fed
neonate appears to benefit greatly from dietary carnitine
but receives less than 5 mg/kg daily. In contrast, children
with primary and secondary carnitine deficiency are rou-
tinely treated with daily doses of 100 mg/kg, and some
children receive even higher doses. There is a growing
body of evidence that patients such as those with renal
disease being treated with hemodialysis benefit from car-
nitine supplementation at low dosages but may lose that
benefit or even experience adverse effects from higher
doses. Adverse effects are extremely rare in the many
investigations evaluating carnitine supplementation even
at oral doses of 100 mg/kg daily.

There is one report of intravenous supplementation
at 10 to 30 times the usual oral carnitine intake that

resulted in impaired growth. Low-birth-weight infants
were given total parenteral nutrition supplemented with
48 mg/kg of carnitine daily for days 4 through 7 of life.
Free and total plasma carnitine concentrations increased
approximately 10-fold. The supplemented group took 9
days to regain birth weight, whereas the unsupplemented
group took 7 days. Fat oxidation was increased in the
supplemented group, but protein oxidation as measured
by nitrogen excretion in the urine was increased in the
supplemented group. The conclusion of this investigation
was that the infants should not be supplemented intra-
venously with such high doses.10

PRUDENT APPROACH TO DIETARY

INTAKE OF CARNITINE IN NEONATES

A nutrient can be designated essential after it is demon-
strated that decreased intake causes decreased body
stores accompanied by pathophysiology and that both the
decreased stores and the pathophysiology can be
reversed or prevented with adequate intake of the nutri-
ent. It is clear that lack of carnitine intake by the neonate
alters circulating carnitine and tissue carnitine concentra-
tions. Data concerning pathophysiology accompanying
the lack of carnitine intake that can be consistently pre-
vented or reversed with carnitine intake are much more

difficult to obtain in a consistent manner. The neonates

who are receiving a carnitine-free diet in the United
States are usually very immature and very sick, with a
broad spectrum of pathophysiologies of multifactorial
origin. For both technical and ethical reasons, it has been
very difficult to design studies that would tease out the
symptoms due to carnitine deficiency. As investigators,
we continue to perform studies showing that when com-
pared to preterm neonates receiving exogenous camitine,
preterm neonates not receiving exogenous carnitine (1)
have lower blood total and free carnitine; (2) may have
reduced tolerance of dietary fat, with reduced blood con-
centrations of ketone bodies; (3) may have reduced toler-
ance of dietary protein, with increased blood ammonia
concentrations; and (4) may have slightly reduced growth

Table 1. Questions Concerning Carnitine Supplementation of
Preterm Neonates That Need to Be Addressed in the Human

Neonate or in the Neonatal Animal Model

rate. Today we have the analytic chemistry techniques
and the neonatal animal models that will allow us to

address the issues listed in Table 1 and therefore bring us
closer to either proving or disproving the essentiality of

exogenous carnitine for the neonate.

When caring for neonates, one cannot delay feeding
the neonates until the carnitine conditional essentiality
hypothesis is either proved or disproved. At this point in
the mid 1990s, there are several reports of benefit and no

reports of adverse effects when neonates receive carni-
tine supplementation at approximately 2 to 10 mg/kg
daily. The quality of the carnitine being used for supple-
mentation is very important. Many of the non-pharmaceu-
tical-grade products are of very poor quality and should
never be administered to neonates. 51

Reports concerning the role of carnitine in metabo-
lism and its usefulness in patient care are appearing in
the literature with great rapidity. It is the opinion of this
reviewer that in the future, with improved techniques for

assessing carnitine status of the individual neonate and
with improved techniques for tracking the metabolism of
administered carnitine, carnitine supplementation will

play an even more important role in care of neonates
than it does today.

Acknowledgment
The author wishes to express appreciation to Jan Yates for her assistance with

manuscript preparation.

References
1. Borum PR: Possible carnitine requirement of the newborn and

the effect of genetic disease on the carnitine requirement. Nutr
Rev 1981;39:385-390.

 at MCMASTER UNIV LIBRARY on March 15, 2016jcn.sagepub.comDownloaded from 

http://jcn.sagepub.com/


2S30

2. Borum PR: Expanding our tunnel vision to see carnitine’s hori-
zon. Nutrition 1988;4:251.

3. Borum PR: Carnitine function, in Borum PR (ed): Clinical
Aspects of Human Carnitine Deficiency. New York, Perga-
mon, 1986, pp 16-27.

4. Arduini A, Mancinelli G, Ramsay RR: Palmitoyl-L-carnitine, a
metabolic intermediate of the fatty acid incorporation pathway
in erythrocyte membrane phospholipids. Biochein Biophys Res
Commun 1990;173:212-217.

5. Arduini A, Mancinelli G, Radatti GL, et al: Role of carnitine and
carnitine palmitoyltransferase as integral components of the
pathway for membrane phospholipid fatty acid turnover in
intact human erythrocytes. J Biol Chem 1992;267:12673-12681.

6. Rebouche CJ: Carnitine function and requirements during the
life cycle. FASEB J 1992;6:3379-3386.

7. Siliprandi N, Sartorelli L, Ciman M, et al: Carnitine: Metabolism
and clinical chemistry. Clin Chim Acta 1989;183:3-12.

8. Bieber LL: Carnitine. Annu Rev Biochem 1988;57:261-283.

9. Borum PR: Carnitine, in Darby WJ, Brodquist HP, Olson RE

(eds): Annual Review of Nutrition, vol 3. Palo Alto, CA, Annu-
als Reviews, 1983, pp 233-259.

10. Borum PR, Rumley TO, Taggart E: Caution required in clinical
use of plasma carnitine concentration for assessment of carni-
tine status, abstract. European Society of Parenteral and
Enteral Nutrition 1986;September:76.

11. Borum PR: Variation in tissue carnitine concentrations with

age and sex in the rat. Biochem J 1978;176:677-681.

12. Baltzell JK, Bazer FW, Miguel SG, et al: The neonatal piglet as a
model for human neonatal carnitine metabolism. J Nutr 1987;
117:754-757.

13. Shenai JP, Borum PR: Tissue carnitine reserves of newborn
infants. Pediatr Res 1984;18:679-681.

14. Nakano C, Takashima S, Takeshita K: Carnitine concentration

during the development of human tissues. Early Hum Dev
1989;19:21-27.

15. Davis AT: Fractional contributions to total carnitine in the

neonatal rat. J Nutr 1989;119:262-267.

16. Borum PR, Baltzell JK, Patera A: Carnitine in relation to feed-

ing infants, in Goldman AS (ed): Human Lactation 3. New

York, Plenum, 1987, pp 175-181.

17. Helms RA, Whitington PF, Mauer EC, et al: Enhanced lipid uti-
lization in infants receiving oral L-carnitine during long-term
parenteral nutrition. J Pediatr 1986;109:984-988.

18. Borum PR, Chapman JJ, Macey MJ, et al: Human milk carni-
tine, in Hamosh M, Goldman AS (eds): Human Lactation 2:
Maternal and Environmental Factors. New York, Plenum,
1986, pp 335-337.

19. Penn D, Dolderer M, Schmidt-Sommerfeld E: Carnitine concen-
trations in the milk of different species and infant formulas.
Biol Neonate 1987;52:70-79.

20. Borum PR, Park JH, Law PK, et al: Altered tissue carnitine lev-
els in animals with hereditary muscular dystrophy. J Neurol
Sci 1978;38:113-121.

21. Novak M: Carnitine supplementation in soy-based formula-fed
infants. Biol Neonate 1990;58(Suppl 1):89-92.

22. Olson AL, Nelson SE, Rebouche CJ: Low carnitine intake and
altered lipid metabolism in infants. Am J Clin Nutr 1989;49:
624-628.

23. Schmidt-Sommerfeld E, Penn D, Wolf H: Carnitine deficiency
in premature infants receiving total parenteral nutrition: Effect
of L-carnitine supplementation. J Pediatr 1983;102:931-935.

24. Helms R, Mauer EC, Hay WW Jr, et al: Effect of intravenous L-
carnitine on growth parameters and fat metabolism during par-
enteral nutrition in neonates. JPEN J Parenter Enteral Nutr

1990; 14:448-453.

25. Christensen ML, Helms RA, Mauer EC, et al: Plasma carnitine
concentration and lipid metabolism in infants receiving par-
enteral nutrition. J Pediatr 1989;115:794-798.

26. Melegh B, Kerner J, Sandor A, et al: Oral L-carnitine supplemen-
tation in low-birth-weight newborns: A study on neonates
requiring combined parenteral and enteral nutrition. Acta Pae-

diatr Hung 1986;27:253-258.
27. Schmidt-Sommerfeld E, Penn D: Carnitine and total parenteral

nutrition of the neonate. Biol Neonate 1990;58(Suppl 1):81-88.
28. Melegh B: Carnitine supplementation in the premature. Biol

Neonate 1990;58(Suppl 1):93-106.
29. Borum PR: Medium chain triglycerides in formula for preterm

neonates implications for hepatic and extrahepatic metabo-
lism. J Pediatr 1992;120(Suppl):5139-5145.

30. Whyte RK, Whelan D, Hill R, et al: Excretion of dicarboxylic and
omega-1 hydroxy fatty acids by low birth weight infants fed
with medium-chain triglycerides. Pediatr Res 1986;20:122-125.

31. Rebouche CJ, Panagides DD, Nelson SE: Role of carnitine in
utilization of dietary medium-chain triglycerides by term
infants. Am J Clin Nutr 1990;52:820-824.

32. Greene CL, Blitzer MG, Shapira E: Inborn errors of metabolism
and Reye syndrome: Differential diagnosis. J Pediatr 1988;113:
156-159.

33. Melegh B, Kerner J, Sandor A, et al: Effects of oral L-carnitine
supplementation in low-birth-weight premature infants main-
tained on human milk. Biol Neonate 1987;51:185-193.

34. Melegh B, Szucs L, Kerner J, et al: Changes of plasma free
amino acids and renal clearances of carnitines in premature
infants during L-carnitine-supplemented human milk feeding. J
Pediatr Gastroenterol Nutr 1988;7:424-429.

35. Bonner CM, DeBrie KL, Hug G, et al: Effects of parenteral L-car-
nitine supplementation on fat metabolism and nutrition in pre-
mature neonates. J Pediatr 1995;126:287-292.

36. Nakamura T, Nakamura S, Kondo Y, et al: Carnitine status and
blood ammonium levels in low birth weight infants. J Pediatr
Gastroenterol Nutr 1990;10:66-70.

37. Weaver LT, Rosenthal SR, Gladstone W, et al: Carnitine defi-
ciency : A possible cause of gastrointestinal dysmotility. Acta
Paediatr Scand 1992;81:79-81.

38. Vianey-Saban C, Mousson B, Bertrand C, et al: Carnitine palmi-
toyl transferase I deficiency presenting as a Reye-like syndrome
without hypoglycaemia. Eur J Pediatr 1993;152:334-338.

39. Pande SV, Murthy MSR: Carnitine-acylcarnitine translocase
deficiency: Implications in human pathology. Biochim Biophys
Acta Mol Basis Dis 1994;1226:269-276.

40. Campos Y, Huertas R, Lorenzo G, et al: Plasma carnitine insuf-
ficiency and effectiveness of L-carnitine therapy in patients
with mitochondrial myopathy. Muscle Nerve 1993;16:150-153.

41. Campos Y, Huertas R, Bautista J, et al: Muscle carnitine defi-
ciency and lipid storage myopathy in patients with mitochondr-
ial myopathy. Muscle Nerve 1993;16:778-781.

42. Van Hove JLK, Kahler SG, Millington DS, et al: Intravenous L-
carnitine and acetyl-L-carnitine in medium-chain acyl-coenzyme
A dehydrogenase deficiency and isovaleric acidemia. Pediatr
Res 1994;35:96-101.

43. Van Hove JLK, Zhang W, Kahler SG, et al: Medium-chain acyl-
CoA dehydrogenase (MCAD) deficiency: Diagnosis by acylcar-
nitine analysis in blood. Am J Hum Genet 1993;52:958-966.

44. Wilcken B, Carpenter KH, Hammond J: Neonatal symptoms in

 at MCMASTER UNIV LIBRARY on March 15, 2016jcn.sagepub.comDownloaded from 

http://jcn.sagepub.com/


2S31

medium chain acyl coenzyme A dehydrogenase deficiency.
Arch Dis Child Fetal Neonatal 1993;69:292-294.

45. Lehnert W, Sperl W, Suormala T, et al: Propionic acidaemia:
Clinical, biochemical and therapeutic aspects. Experience in 30

patients. Eur J Pediatr 1994;153(Suppll):S68-S80.
46. Melegh B, Pap M, Morava E, et al: Carnitine-dependent changes

of metabolic fuel consumption during long-term treatment with

valproic acid. J Pediatr 1994;125:317-321.

47. Kossak BD, Schmidt-Sommerfeld E, Schoeller DA, et al:
Impaired fatty acid oxidation in children on valproic acid and
the effect of L-carnitine. Neurology 1993;43:2362-2368.

48. Lloyd-Still JD, Powers CA, Wessel HU: Carnitine metabolites in

infants with cystic fibrosis: A prospective study. Acta Paediatr

1993;82:145-149.

49. Green A: Biochemical screening in newborn siblings of cases of
SIDS. Arch Dis Child 1993;68:793-796.

50. Sulkers EJ, Lafeber HN, Degenhart HJ, et al: Effects of high
carnitine supplementation on substrate utilization in low-birth-

weight infants receiving total parenteral nutrition. Am J Clin
Nutr 1990;52:889-894.

51. Millington DS, Dubay G: Dietary supplement L-carnitine: Analy-
sis of different brands to determine bioavailability and content.

Clin Res Regul Affairs 1993;10:71-80.

 at MCMASTER UNIV LIBRARY on March 15, 2016jcn.sagepub.comDownloaded from 

http://jcn.sagepub.com/

