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Summary gest that carnitine, as well as the carnitine acyltransferase 

In newborn adipocytes, the oxidation and esterification of 
[14C]palmitate was increased after addition of L-carnitine and 
decreased after addition of deoxycarnitine, a carnitine acyltrans- 
ferase inhibitor (Table 1). In adult cells, the oxidation of 
[14C]palmitate was higher and the esterification of [14C]palmi- 
tate was lower compared to newborn adipocytes. There was no 
change in either oxidation or esterification after incubation with 
L-cainitine or deoxycarnitine. 

Comparing samples obtained during the first day of life with 
those from newborns older than 30 hr, there was an increase in 
acid-soluble and acid-insoluble carnitine content (Figs. 1 and 2). 
Acid-insoluble carnitine levels were higher in adults than in 
newborns. Carnitine palmitoyltransferase activity increased in 
white adipose tissue mitochondria of normal fullterm infants 
after 20 hr of age (Fig. 3). 

Longitudinal measurements at different ages showed a con- 
stant individual blood level of free carnitine after birth (Fig. 4). 

In human breast milk, the total carnitine content increased 
during the first week postpartum (Table 2). After 1 month of 
lactation, the values declined to those of milk samples obtained 
during the first 3 days postpartum. Commercial milk formulas 
with a cow's milk base had a similar or higher carnitine content 
than human milk. However, formulas with a soybean base had 
no detectable carnitine. 

Carnitine is accumulated in human newborn adipose tissue 
shortly after birth and increases the utilization of fatty acids for 
energy requiring processes. It remains to he established whether 
reduced oral intake of carnitine will adversely affect energy 
production or whether carnitine administration will be of bene- 
fit, particularly in the low birthweight infant. 

Both lipolysis (22-24, 30) and the utilization of fatty acids (6, 
8) increase in adipose tissue after birth. In numerous mammalian 
species, fatty acid oxidation plays an important role in the 
thermogenic function of brown adipose tissue. In contrast to 
newborn rodents, human newborn infants have a greater abun- 
dance of white than brown adipose tissue (9). Although the 
main function of white fat is probably to provide substrates (free 
fatty acids, glycerol) for other tissues of the body, its capacity to 
oxidize fatty acids increases postnatally (25). 

Carnitine plays an important role in the oxidation of fatty 
acids by facilitating their transport across the inner mitochon- 
drial membrane via a carnitine acyltransferase system (5, 28). 
The carnitine content and the activity of carnitine acyltransfer- 
ases, important enzymes in fatty acid oxidation, increase in rat 
brown adipose tissue, heart, and liver after birth (10, 11,  35). 

Carnitine enhances the effect of norepinephrine on oxygen 
consumption in rats and mice (12). Inhibition of carnitine 
acyltransferases in suckling rats exposed to low ambient temper- 
atures decreases oxygen consumption (1 1 ) .  These findings sug- 

system, play an important role in mechanisms associated with 
fatty acid oxidation in neonatal brown adipose tissue. 

In human newborns, the possibility of studying brown adipose 
tissue is very limited. However, human newborn subcutaneous 
white adipose tissue shares certain characteristics with brown 
adipose tissue of rodents. It contains two types of adipocytes, 
small polyvacuolar cells and larger univacuolar cells. In some 
respect, the small polyvacuolar cells morphologically and meta- 
bolically resemble brown adipose tissue (19). Mitochondria 
isolated from these cells exhibit carnitine-dependent fatty acid 
oxidation, whereas mitochondria from the larger univacuolar 
cells, like those from adipocytes of adult white adipose tissue, 
do not increase oxygen consumption after addition of carnitine 
(19, 20). Carnitine elevates lipolysis in newborn adipose tissue 
fragments or isolated fat cells, but has no effect on adult tissue 
unless a lipolytic agent is present (27). These observations 
indicate the importance of carnitine in human adipose tissue 
metabolism during postnatal development. 

Experimental data obtained in newborn mammals suggest 
that the dietary intake of carnitine may influence the postnatal 
metabolism of brown adipose tissue. It was shown that DL- 
[14C]carnitine injected into lactating rats rapidly appears in milk. 
After ingestion by the suckling rats, it is accumulated preferen- 
tially in brown adipose tissue and to a lesser degree in other 
tissues (11). We were able to confirm this observation by oral 
administration of DL-[14C]carnitine to lactating rabbits (unpub- 
lished data). 

We decided to further investigate the role of carnitine in 
human newborn infants during postnatal development. Carni- 
tine content, the activity of carnitine palmitoyltransferase, and 
the effect of L-carnitine on oxidation and esterification of fatty 
acids were measured in subcutaneous white adipose tissue. 
Blood levels of carnitine were also determined. The carnitine 
content of human milk and commercial milk formulas was 
measured to evaluate nutritional availability. 

MATERIALS AND METHODS 

Subcutaneous white adipose tissue samples (20-60 mg) were 
obtained from the gluteal region of normal fullterm infants at 1 
hr to 7 days of age and from adult volunteers using a percuta- 
neous needle biopsy technique (21, 25) for which written 
informed consent was obtained (36). 

INCORPORATION STUDIES WITH ISOLATED FAT CELLS 

Fat cells were isolated from human adipose tissue by the 
method of Rodbell (31). The oxidation of 14C-labeled palmitate 
to  C o n  as well as palmitate incorporation into triglycerides was 
studied in the presence of 1 mM L-carnitine (supplied by Grand 
Island Biologicals, Grand Island, NY) or  1 mM deoxycarnitine 
(supplied by Calbiochem, La Jolla, CA).  The palmitate was 
complexed to albumin by the method of H o  et al. (15) to  insure 
palmitate to albumin molar ratios of less than 3. The cells were 
incubated in Krebs-Ringer bicarbonate buffer (pH 7.4) contain- 
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ing half the usual amount of calcium and 4 %  bovine serum 
albumin plus 1 KM palmitate containing 0.5 pCi [U- 
*4C]palmitate (supplied by New England Nuclear, Boston, MA)  
in a final volume of 0.5 ml. Triglycerides were separated by 
ascending thin layer chromatography. A n  ethyl ether-ethylace- 
tate-n-hexane, 20:1:80 (v/v) solvent system was used. Carbon 
dioxide was absorbed in phenethylamine in absolute methanol 
(1: l ) .  The triglyceride content of the fat cells was based on 
glycerol content (16) of an aliquot of extracted cells after 
saponification. The test for matched pair data was used for 
statistical analysis (Wilcoxon nonparametric). 

ADIPOSE TISSUE CARNITINE CONTENT 

I TISSUE DEVELOPMENT 

CARNITINE CONTENT OF MILK 

Breast milk samples were obtained at  different stages of 
lactation (1 day to 3 years postpartum) and, after sampling, 
were frozen immediately. A 0.05-ml aliquot was hydrolyzed as 
previously described (29) and the total carnitine content was 
assayed by the method of Cederblad and Lindstedt (4). Samples 
of commercially available formulas, ready for use, were assayed 
in the same manner. 

The above measurements were statistically analyzed by the 
Student t-test . 

RESULTS 

Tissue samples were obtained as described above and imme- INCORPORATION OF [14C]PALMITATE INTO Con AND 
diately frozen in liquid nitrogen. Two different enzymatic meth- TRIGLYCERIDES BY HUMAN NEWBORN ADIPOCYTES 
ods wire  used to determine carnitine content, as f6llows. 

Method A .  The carnitine content of perchloric acid extracts 
was determined by a modification of the method of Marquis and 
Fritz (18). The small sample size necessitated lyophilization of 
the extract to achieve sufficient carnitine concentrations. The 
dry powder was redissolved in 0.5 ml distilled water and a 0.3- 
ml aliquot was used for the assay which measured the reaction 
of 53-dithio-2-nitrobenzoic acid (DTNB) (supplied by Sigma 
Chemical Co.,  St. Louis, MO, as were all other chemicals, 
except as noted) with the coenzyme A formed during incubation 
of the sample with acetyl-CoA and carnitine acetyltransferase 
(EC 2.3.1.7). A Cary 118 spectrophotometer was used for the 
measurements. 

Method B. The frozen tissue was homogenized in 0.3 ml 
distilled water and centrifuged at  1000 x g for 30 min. A 0.05- 
ml aliquot of the supernatant was taken for protein determina- 
tions (17). The remaining supernatant was mixed with 0.6 ml 
0.6 M perchloric acid. After centrifugation at 1000 x g for 30 
min, the resulting supernatant was neutralized with K O H  and 
assayed for acid-soluble carnitine by the method of Cederblad 
and Lindstedt (4). This method is based on the measurement of 
labeled acetylcarnitine formed during incubation of the sample 
with [14C]acetyl-CoA (supplied by New England Nuclear) and 
carnitine acetyltransferase. The precipitate resulting from per- 
chloric acid extraction contained acid-insoluble carnitine. It was 
hydrolyzed as described by Pearson and Tubbs (29) and assayed 
in the same manner as the acid-soluble fraction (4). 

CARNITINE PALMITOYLTRANSFERASE (CPT, EC 2.3.1.23) ACTIVITY 
IN ADIPOSE TISSUE MITOCHONDRIA 

Tissue samples were immediately homogenized in 0.25 M 
sucrose containing 0.05 M E D T A  and 0.1 M Tris buffer, pH 
7.5. The method of mitochondria1 isolation was the same as 
previously described (19). 

Two different methods were used to determine CPT activity: 
In method A ,  the activity of CPT was assayed colorimetrically 
as described earlier (20) by measuring the reaction of DTNB 
with CoA released from palmitoyl CoA. For method B the 
method of Bremer (3) was modified as follows. The sample 
(0.05 ml) was incubated with DL-[14C]carnitine (1.5 pmol),  
palmitoyl-CoA (0.15 pmol), and potassium phosphate p H  7.5 
(20 p,mol) in a final volume of 0.15 ml for 1 0  min at  37'. The 
reaction was stopped by adding 0.05 ml concentrated HCl. The 
mixture was extracted with 1.8 ml distilled water and 1 ml 1- 
butanol and centrifuged for 5 min at  1000 x g .  The butanol 
layer was removed and washed with water saturated with 
butanol. After centrifugation, 0.5 ml of the washed butanol 
phase was counted in Triton toluene with a Packard liquid 
scintillation spectrophotometer. The results were expressed as 
nanomoles of palmitoylcarnitine formed per mg protein per min. 

CARNITINE CONTENT OF BLOOD 

Blood samples were obtained from heelpricks or mixed cord 
blood specimens of normal fullterm infants (46). A 0.1-ml 
aliquot of whole blood was assayed for carnitine as described for 
white adipose tissue extracts by method A .  

Table 1 shows that in newborn adipocytes, the oxidation of 
[14C]palmitate was significantly increased after addition of L- 
carnitine ( P  < 0.05) and decreased after addition of deoxycar- 
nitine ( P  < 0.05), a carnitine acyltransferase inhibitor. Esterifi- 
cation of [14C]palmitate was also significantly increased after 
incubation with L-carnitine ( P  < 0.01). There was a decrease in 
esterification after incubation with deoxycarnitine. In adult cells, 
the oxidation of [14C]palmitate was higher and the esterification 
of [14C]palmitate was lower compared to newborn adipocytes. 
However, there was no change in either oxidation or  esterifica- 
tion after incubation with L-carnitine o r  deoxycarnitine. 

CARNITINE CONTENT IN HUMAN WHITE ADIPOSE TISSUE 

No significant difference was observed between methods A 
and B for measuring carnitine content and the results were 
combined (Figs. 1 and 2). Comparing samples obtained during 
the first day of life with those from newborns older than 30 hr, 

Table 1 .  Incorporation of [14C]palmitate into COP and 
triglycerides' 

Additions Newborns Adults 

Palmitate to CO,, cpmiwmol 
triglyceride 

None 105 5 21 (7) 261 -+ 127 (4) 
L-Carnitine 212 t 28 (6)2 217 2 36 (4) 
Deoxycamitine 5 1 2 12 (6)3. 

Palmitate to triglycerides, cpm 
x 104/pmol triglyceride 

None 3 . 5 2 0 . 6 ( 7 )  1 . 1 2 0 . 4 ( 4 )  
L-Carnitine 5 . 7 + l . 0 ( 6 ) 4  0 .9*0 .3 (4 )  
Deoxvcarnitine 2.1 t 0.4 (6) 

Fat cells were isolated from samples of human newborn tissue. The 
cells were incubated for 1.5 hr in the presence of 1 FM palmitate 
containing 0.5 pCi [U-lPC]palmitate. Carnitine (1 mM) or deoxycarni- 
tine (1 mM) was added as indicated. The data are the mean + SD and 
the number of determinations is given in parentheses. 

P < 0.05 compared to no addition. 
P < 0.02 compared to carnitine. 
P < 0.01 compared to no addition. 

Ld"ll. 

Fig. 1 .  Acid-soluble carnitine content of white adipose tissue of 
normal fullterm infants and adults. The data are the mean 2 SD for the 
number of cases indicated within the columns. 



662 SCHMIDT-SOMMERFELD ET AL. 

there was a significant increase in acid-soluble carnitine content CARNITINE BLOOD LEVELS - -.-- ~ .--. 

( P  < 0.001). kl though there were large individual variations in 
acid-soluble carnitine content of adult white adipose tissue, the 
mean value relative to tissue protein was higher than in newborn 
white adipose tissue. Acid-insoluble carnitine levels also in- 
creased significantly after 30 hr of life ( P  < 0.05) and were 
higher in adults than in newborns ( P  < 0.01). 

CARNITINE PALMITOYLTRANSFERASE ACTIVITY IN HUMAN 
WHITE ADIPOSE TISSUE 

Both assay methods for carnitine palmitoyltransferase activity 
gave similar values. The combined results are given in Figure 3 .  
There was a significant increase of carnitine palmitoyltransferase 
activity in white adipose tissue mitochondria of normal fullterm 
infants 20 hr old ( P  < 0.001). In addition, the figure shows that 
in four premature infants (32-35 weeks of gestation), carnitine 
palmitoyltransferase activity was lower than in fullterm new- 
borns of similar age. In adult white adipose tissue, the carnitine 
palmitoyltransferase activity was comparable to that of new- 
borns less than 20 hr old. 
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Fig. 2. Acid-insoluble carnitine content of white adipose tissue of 
normal fullterm newborns and adults. The data are the mean ? SD for 
the number of cases indicated within the columns. 
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The values of free carnitine ranged from 10-60 nmol/ml of 
whole blood from newborns and adults (Fig. 4). There was no 
correlation between age and carnitine levels. Longitudinal mea- 
surements at  different ages showed a constant individual blood 
level. 

CARNITINE CONTENT IN BREAST MILK AND COMMERCIAL 
FORMULAS 

The results are shown in Table 2. In human breast milk, the 
total carnitine content increased during the first week postpar- 
tum (P < 0.005). After 1 month of lactation, the values 
declined to those of milk samples obtained during the first 3 
days postpartum ( P  < 0.02) and did not significantly change 
even after 3 years of lactation in two cases. 

Commercial milk formulas with a cow's milk base had a 
similar o r  higher carnitine content than human milk. However, 
formulas with a soybean base had no detectable carnitine. 

DISCUSSION 

Exogenous 14C-labeled fatty acids can be both oxidized (14) 
and esterified (1, 33,  34) by adipose tissue in vitro. They can be 
used to label the pool of intracellular fatty acids permitting the 
measurement of changes in oxidation and esterification rate 
(14). The observation that carnitine increases the oxidation of 
[14C]palmitate in adipocytes isolated from human newborn 
adipose tissue (Table 1) again confirms the presence of a 
carnitine-dependent pathway for fatty acid oxidation as sug- 
gested by earlier results showing that carnitine increased oxygen 
consumption in isolated cells (20) and mitochondria (19) from 
newborn adipose tissue. 

Newborn white adipose tissue has a higher rate of esterifica- 
tion of [14C]palmitate than that of adult white adipose tissue. 
This difference may be related to the elevated glycogen content 
in newborn white adipose tissue (26) providing a source of a- 
glycerophosphate for triglyceride formation. The effect of car- 
nitine on esterification in newborn white adipose tissue (Table 
1) may be due to enhanced lipolysis (32), resulting in an 
increased supply of free fatty acids. The absence of a stimulatory 
effect of exogenous carnitine on fatty acid oxidation and esteri- 

*dub 
AGE in hrs (log udo) 

Fig. 3 .  Mitochondria1 carnitine palmitoyltransferase activity in newborns and adults. Normal fullterm infants (O), premature newborns (@), and 
adults (0). 
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Fig. 4. Free carnitine content in whole blood of normal fullterm newborns and adults. The values represent single (8) and serial (+a) 
measurements of mixed cord blood or heelprick samples at the indicated ages. 

Table 2. Total carnitine content in human milk and commercial 
formulas 

Concentration (nmoliml~ 

Human milk 
1-3 days postpartum 
4-7 days postpartum 
2 1  month postpartum 

Cow's milk formulas 
Similac 
SMA 
Enfamil 
Nutramigen 

Soybean formulas 
Cho-Free 
Pro-So-Be 
Nur-Soy 
Neo-Mull-Soy 
Isomil 

P < 0.005 compared to 1-3 days. 
P < 0.02 compared to 4-7 days. 

fication in adult adipose tissue is probably due to the high 
endogenous levels of carnitine in adult tissue (Figs. 1 and 2). 

A s  previously reported, the carnitine palmitoyltransferase 
activity in mitochondria isolated from the adipose tissue of 
newborns older than 1 day of age is higher than in those from 
the white adipose tissue of adults (20). However, lower values 
observed shortly after birth, as well as in four premature 
newborns (Fig. 3) ,  suggest that this enzyme undergoes early 
developmental changes in human white adipose tissue. 

The increase in carnitine palmitoyltransferase activity after 
birth coincides with the increase in acid soluble (mainly free) 
and acid-insoluble (mainly long chain acyl) carnitine content 
(Figs. 1 and 2). The elevation in acid-insoluble carnitine may be 
associated with an increase in long chain fatty acid concentration 
in adipose tissue (2). At  this time, it is not clear why there are 
higher levels of acid-insoluble carnitine in adult adipose tissue. 
Although there are objections to comparing human newborn 
white adipose tissue and neonatal rat brown adipose tissue, it is 
interesting that the carnitine content and carnitine palmitoyl- 
transferase activities in these two tissues undergo similar changes 
(7) .  
\ ,  

The mechanism of carnitine accumulation in human newborn 
adipose tissue after birth is not fully understood, but the 
coincidence of this accumulation with the onset of feeding 
suggests that oral intake may play a role. This concept is 
supported by data obtained in experimental animals (10). How- 
ever, little is known about de novo synthesis, absorption, 
turnover, and excretion of carnitine in the human newborn. Our 
finding that the blood levels of free carnitine remain relatively 
constant during postnatal development (Fig. 4) indicates a renal 
threshold for carnitine. In the urine of newborn infants, appre- 
ciable amounts of carnitine have been measured during the first 
hours of life before the onset of feeding (D. Penn, unpublished 

data) indicating placental transfer (13) or fetal synthesis of 
carnitine. 

The detection of significant concentrations of carnitine in 
human breast milk (Table 2) raises the question whether nutri- 
tional supply of carnitine is important for the developing new- 
born. Although the cow's milk formulas studied contain levels 
comparable to o r  higher than those of human breast milk, there 
is no detectable carnitine in any soy milk formula investigated. 
A state of carnitine deficiency has not yet been described in the 
human newborn. Nonetheless, the importance of this substance 
in processes associated with fatty acid utilization suggests that its 
availability may be of clinical significance. This appears to be 
especially pertinent in infants whose oral intake is limited or 
whose condition does not allow feeding, e.g., premature infants 
dependent on long term parenteral alimentation. 

CONCLUSION 

1 .  Carnitine increased the oxidation and esterification of 
[I4C]palmitate in human newborn adipocytes, but not in adult 
fat cells. 

2 .  The acid-soluble and acid-insoluble carnitine content of 
newborn white adipose tissue increased after 30 hr of age. 

3 .  Carnitine palmitoyltransferase activity increased in full- 
term newborn white adipose tissue after approximately 1 day of 
extrauterine life. 

4. Individual carnitine blood levels remained relatively con- 
stant during early postnatal development. 

5 .  The total carnitine content of human breast milk increased 
during the first week of lactation. Cow's milk formulas had a 
comparable o r  higher concentration than human milk, whereas 
the soybean base formulas examined had no detectable levels of 
carnitine. 
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