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Extract

The metabolism in vitro of subcutaneous adipose tissue from human newborns of differ-
ent ages was investigated and comparisons were made with material taken from
healthy adult volunteers. In the first hours of life, glycerol release (micromoles glyc-
erol/100 ixg DNA/90 min) by suspensions of isolated adipocytes was increased (P <
0.001), but the response to the addition of norepinephrine was minimal. The release
of free fatty acids (FFA) in relation to glycerol by suspensions of free adipocytes was
considerably lower in neonates than in adults. Glycogen content of the adipose tissue
between 0 and 4 hr of age was significantly greater than in older neonates and adults
(P < 0.01). In infants less than 4 hr of age, glycogen content of the adipose tissue was
inversely correlated with the length of labor (P < 0.05). Elevated reesterification of
FFA seems to be related to the higher glycogen content and breakdown in subcutane-
ous adipose tissue immediately after birth.

Speculation

These investigations of the subcutaneous adipose tissue from human neonates show
that the two basic energy substrates (carbohydrates and lipids) are closely and re-
ciprocally related in the first hours and days of life. The findings are compatible with
a transition from predominantly carbohydrate catabolism in the first hours of life to
preferential utilization lipids in older neonates. Age-dependent changes in the in vitro
metabolism of the adipose tissue parallel the relative importance of carbohydrates
and lipids as substrates and energy sources in the total metabolism of the newborn
infant. Thus, the subcutaneous adipose tissue may serve as an easily obtainable model
for the study of the metabolic adaptation of the human newborn infant to extra-
uterine life.

Introduction trients from the mother. He must now supply not only
The metabolic situation of the human newborn h i s b a s a l metabolic requirements but also must find
changes abruptly when the interruption of the fetopla- additional energy sources for respiration, digestion,
cental circulation cuts off the constant supply of nu- and the maintenance of body temperature, and he is
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dependent wholly or partially on prenatally stored de-
posits until sufficient milk is consumed to meet these
needs.

Both carbohydrate and lipid deposits accumulate in
the human fetus during the last trimester of pregnancy
[7, 15, 34, 41, 42]. Glucose crosses the placenta freely
[28]. It is believed to be the main metabolic fuel in the
fetus and, in addition, is used to lay down carbohy-
drate (glycogen) stores. Fat stores seem mainly to be
synthesized by the fetus from glucose [28, 29, 32], but
placental transfer of free fatty acids (FFA) can also
occur [30].

The substantial carbohydrate reserves are believed
to be exhausted shortly after birth [34], Fat is then
used as the predominant source of energy. Previous in
vitro studies suggest that lipolysis, estimated from the
amount of glycerol released from intact adipose tissue
fragments, reaches a maximum in the first hours of
human life [22]. Increasing levels of both glycerol and
FFA in the blood, in contrast to the very low levels of
both these substances in cord blood, also suggest in-
creased lipolysis [19, 23, 33]. There are indications of
increased oxidation of fat in older neonates such as a
drop in respiratory quotient [3, 5] and increased blood
levels of acetoacetic and /3-hydroxybutyric acids [6, 17].

In the present study, the metabolism in vitro of
subcutaneous adipose tissue from human newborns of
different ages was investigated. Comparisons were
made with similar studies of fat taken from adult vol-
unteers. Suspensions of isolated cells have been used to
evaluate the metabolic capabilities of adipose tissue [9,
25, 31]. With such suspensions, age-related changes in
lipolysis as indicated by glycerol and FFA release were
measured and the effects of norepinephrine on lipoly-
sis were evaluated. Since the presence of carbohydrate
can significantly influence fat metabolism [2, 13, 23,
35], age-dependent changes in the glycogen content of
the adipose tissue were also determined.

Materials and Methods

Biopsies were taken from the subcutaneous adipose
tissue of the buttock in normal neonates [49] and
healthy adult volunteers, using a specially constructed
needle [21]. The amount of tissue obtained with this
technique is about 10-40 mg. Criteria for the selection
of normal infants were as follows. All were products of
a normal pregnancy and delivery and were in good
condition at birth (Apgar scores at least 8 at 1 min and
9 by 5 min after delivery). Gestational age exceeded 37
weeks and birth weight was more than 2500 g. None of

the infants experienced any clinical difficulties during
the neonatal period. Water was offered at 12 hr and
formula [44] was offered at 24 hr of age.

Suspensions of Isolated Adipose Cells

Suspensions of free adipocytes were prepared by a
microadaptation of the method of Rodbell [31], using
crude bacterial collagenase [45]. The cells were washed
in 0.5 ml Krebs-Ringer phosphate buffer (pH 7.4) con-
taining one-half the usual calcium content and 4%
albumin [46].

The washing was accomplished by gently overlaying
the cell suspension in the collagenase-containing me-
dium with the washing medium, avoiding mixing the
two solutions; the cells were washed by flotation with
gentle stirring through an excess of the washing me-
dium. This very careful method of washing the cells is
particularly important in the preparation of isolated
human adipocytes, which are more fragile and rupture
more easily than the cells of other species such as the
rat. The cells collect in a solid mass on the surface of
the washing medium and can be transferred with a
siliconized Pasteur pipette into the incubation me-
dium.

Further details regarding the preparation of isolated
adipose cell suspensions on a microscale have been
reported previously [25].

Release of Glycerol and FFA

Glycerol and FFA release were estimated after incu-
bation of the cells in 0.5 ml Krebs-Ringer phosphate
buffer (pH 7.4) containing one-half the usual calcium
concentration and 4% albumin. Concentrations of the
substances in the medium were determined after 90-
min incubation at 37° in an Eberbach metabolic
shaker at 120 cycles/min. Glycerol was measured enzy-
matically [16] and FFA were measured colorimetrically
[18]. When there was a sufficient amount of the cell
suspension, it was divided into two approximately
equal portions, and 2.5 ^g (final concentration, 5 ^g/
ml) norepinephrine bitartrate [47] were added to one
portion prior to incubation. The cell content of sus-
pensions was evaluated by estimation of total DNA
content [25]. Results were calculated per 100 ^g DNA,
which is equivalent to comparison on a per cell basis.

Glycogen Content

Age-related changes in glycogen content were meas-
ured in intact samples of adipose tissue (usually one
cylindrical piece). After the sample was obtained from
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the subject, it was briefly placed on filter paper to
remove adhering tissue fluid and was frozen immedi-
ately on Dry Ice in a small glass vial. Within 1 hr the
sample was weighed into a 3-ml glass-stoppered micro-
centrifuge tube and the tissue was disintegrated with a
cell disrupter (Sonifer with a microhorn attachment).
The lipids (which inhibit the precipitation of glycogen
by ethanol) were then extracted with 1 ml chloroform-
methanol, 2:1 v/v. The sample was cooled with Dry
Ice during this procedure. After 30 min, the tube was
briefly centrifuged and the chloroform-methanol con-
taining lipids were removed with a Pasteur pipette.
After saponification with 0.1 ml 20% NaOH for 30
min at 100°, the glycogen was precipitated with 0.4 ml
ethanol at +4° overnight. Gentrifugation for 30 min
at 3000 rpm separated the precipitated glycogen. The
supernatant fluid was removed with a Pasteur pipette.
Washing the sediment with a few drops of absolute
ethanol improved the separation of the glycogen from
other possible interfering materials. The amount of
glycogen in the sediment was estimated with diphenyl-
amine reagent by the classic micromethod described by
Glick [10] and Greenberg and Glick [12]. Glycogen
[48] was used as a standard. The comparison of this

method with enzymatically estimated glucose after hy-
drolysis of the precipitate with HC1 was found to be
satisfactory. Optical density was measured by registra-
tion of the absorption curve using a Cary model 11
recording spectrophotometer. The calibration curve
was prepared simultaneously with the samples, using
the same procedure. Glycogen content of samples was
expressed in terms of wet weight (milligrams glycogen
per gram tissue).

Results

In the first hours of life, glycerol release (micromoles
glycerol per 100 jug DNA/90 min) by suspensions of
isolated adipose tissue cells is increased (P < 0.001 by
Student's t test) but response to the addition of norepi-
nephrine is minimal (Fig. 1). Glycerol release dimin-
ishes rapidly with age and reaches a low level by the
end of the first day of life; at the same time, response
to norepinephrine increases. Mean glycerol release was
1.04 ± 0.13 SE in the neonate less than 24 hr of age,
0.25 ± 0.04 in older neonates, and 0.65 ± 0.14 in
adults; in the presence of added norepinephrine, these
means increased to 1.16 ± 0.14 in neonates less than 24
hr of age, 0.56 ± 0.03 in older neonates, and 1.36 ±
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Fig. 1. Changes in release of glycerol (micromoles glycerol/100 jug DNA/90 min) by suspensions of subcutaneous adipose tissue cells in rela-
tion to age in 25 infants and 6 adults. Closed circles show the release of glycerol under basal conditions; open circles indicate release of
glycerol with norepinephrine (5 jug/ml) added to the medium before incubation.
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Fig. 2. Changes in glycogen content (milligrams glycogen per
gram wet weight) o£ subcutaneous adipose tissue in relation to
age in 70 neonates and 8 adults.

0.10 in adults. The percentage of increase in glycerol
release was significantly greater in older infants than
in those less than 24 hr of age (P < 0.05, Student's t
test for matched-pair data). Glycerol release in neo-
nates older than 24 hr was not significantly different
than in adults either with or without norepinephrine,
but examination of Figure 1 suggests that about a 2- to
3-fold greater release of glycerol occurs in adults than
in neonates in the 2nd-4th day of life. The response to
norepinephrine is about the same in both groups.

The release of FFA in relation to glycerol by suspen-
sions of free adipocytes was considerably lower in neo-
nates than in adults. In nine infants 5-32 hr of age,
the mean molar FFA/glycerol ratio was 0.94, with a
range of 0.48-1.5. In four adults the mean FFA/glyc-
erol ratio was 2.3, with a range of 2.1-3.2.

Glycogen content of fat tissue falls rapidly during
the first hours of life (Fig. 2). Mean glycogen content
(milligrams glycogen per gram wet weight) was 0.937
± 0.132 SE between 0 and 4 hr of age, 0.389 ± 0.054
between 4 and 24 hr of age, 0.436 ± 0.088 between 24
and 48 hr of age, 0.378 ± 0.031 on the 2nd through
the 5th day of life, and 0.220 ± 0.049 in adults. Glyco-
gen content of the adipose tissue from infants between
0 and 4 hr of age was significantly greater than in

older neonates and adults (P < 0.01 by Student's t
test). Glycogen content was also greater between 24
and 48 hr and 2 and 5 days of age than in adults (P <
0.05). The extreme variability of glycogen content in
the first 4 hr of life is noteworthy, particularly in con-
trast to the constancy of the values in all other age
groups. In infants less than 4 hr of age, glycogen con-
tent of the adipose tissue was found to be inversely
correlated with the length of labor (r = — 0.541, P <
0.05); that is, the longer the labor, the lower the glyco-
gen content of the adipose tissue. A semilogarithmic
analysis gives a better correlation (r = — 0.612, P <
0.01) (Fig. 3). There was no significant correlation in
these normal full term infants between the glycogen
content of the adipose tissue in the first 4 hr of life and
the age at which the sample was obtained or the birth
weight of the infant.

Discussion

Glycerol release from adipose tissue in vitro is a meas-
ure of the rate of glyceride breakdown in the tissue
[39]. Glycerol is not the immediate substrate for rees-
terification of FFA; it must first be converted to a-glyc-
erophosphate by a reaction catalyzed by the enzyme
glycerokinase, activity of which is relatively low in ne-
onatal subcutaneous adipose tissue, even though it is
probably higher in newborn infants than in adults
[20]. Hence, the re-utilization of glycerol by this tissue
is probably not a quantitatively significant factor. This
implies that increased in vitro glycerol release indi-
cates increased lipolysis. The higher glycerol release
found in isolated adipose tissue cells of newborn in-
fants during the first postnatal hours confirms previous
findings of increased glycerol content and release in
intact adipose tissue samples [22]. The period during
which glycerol release is increased is brief; in infants
more than 2 days of age, it is less than in fasting
adults.

Elevated lipase activity seems to be the simplest ex-
planation of the relatively high glycerol release in the
first hours of life. This would mean that the activity of
either the hormone-sensitive (triglyceride) lipase or the
mono- and diglyceride lipase may be increased, or, in
fact, both forms of lipase may be more active. The
decreased in vitro response to norepinephrine during
this period would be consistent with the concept that
lipolysis is proceeding so rapidly that norepinephrine
can cause only a small further increase in fat mobiliza-
tion. Based on observations of van Duyne et al. of fetal
and newborn lambs [36-38], fat mobilization in new-
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Fig. 3. Effect of length of labor on glycogen content (milligrams glycogen per gram wet weight) of the subcutaneous adipose tissue in neo-
nates during the first 4 hr of life.

born animals is dependent on increased activity of the
sympathetic nervous system; transplacental passage of
catecholamines from mother to fetus is also possible
[43]. Some mechanism related to the stress of labor and
delivery may trigger the increased lipolysis in the first
hours of life. In particular, it is thought that hypoxia
and hypercapnia or acidosis, or both, during labor and
delivery and persisting in the first hours of life may
increase catecholamine secretion at this time [4]. Al-
though several hormones are known to influence lipol-
ysis in human adipose tissue by activation of adenyl
cyclase [8, 27, 39], the concept that a catecholamine
may be involved in this particular case is quite plausi-
ble. It may be assumed that the in vitro response of
the adipose tissue reflects the level of hormonal and
autonomic stimulation to which the adipose tissue was
being subjected at the time of sampling.

The results of this study, as well as a previous in
vitro study of the metabolism of intact adipose tissue
samples [24], offer support for the concept that reester-
ification in the subcutaneous adipose tissue of the
young neonate is increased. The FFA/glycerol ratio
was found to be low in neonates less than 24 hr of age;
inasmuch as FFA reesterification proceeds concomi-

tantly with lipolysis, the net production of FFA in
relation to glycerol, i.e., the molar ratio of FFA/glyc-
erol, should reflect the balance between rates of rees-
terification and glyceride breakdown. The decreased
FFA/glycerol ratio in neonates in the first hours of life
would indicate that not all of the FFA produced by
lipolysis are being released from the cell, but that some
are immediately used within the cell for reesterifica-
tion. Oxidation and de novo synthesis of FFA may also
affect the ratio of FFA/glycerol. In the adult, these
reactions proceed very slowly under the conditions of
this study [1, 11]. Similar studies have never been per-
formed in neonates; hence, a possible influence of oxi-
dation and de novo synthesis of FFA on the FFA/glyc-
erol ratio in this study cannot be evaluated. The opin-
ion that FFA are being retained by reesterification in
the adipose tissue just after birth is supported, how-
ever, by the finding that small fragments of adipose
tissue from neonates in the first hours of life were able
to incorporate more 14C-labeled palmitic acid into tri-
glycerides than those from older neonates and adults
[14].

It seems, therefore, that the process of reesterifica-
tion of FFA is high in the subcutaneous adipose tissue
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of infants less than 24 hr of age. This elevated reesteri-
fication may be related to the high glycogen content of
the adipose tissue immediately after birth, for in the
subcutaneous adipose tissue the immediate substrate
for the reesterification of FFA is a-glycerophosphate
derived from glycolysis rather than the glycerol formed
by the lipolysis of triglycerides. Glucose would have to
have been of intracellular origin since no exogenous
glucose was added with the incubation medium. The
very young neonate was found to have increased carbo-
hydrate availability in the form of stored glycogen,
inasmuch as the mean glycogen content of the adipose
tissue in the first 4 hr of life was about 2.5 times that
in older infants. This glycogen should be available for
utilization within the cells since glucose-6-phosphatase
activity is described as low or missing from subcuta-
neous adipose tissue [40]. Glycogen stores, however,
fell very rapidly in the first 4 hr of life, yet glycerol
release continued to be increased until at least 24 hr of
age. Thus the products of glycogenolysis (a-glycero-
phosphate) may facilitate the reesterification of FFA
more in the first 24 hr of life than later. We have no
information regarding the availability of glucose or
other substrates of the Embden-Meyerhof pathway or
of the pentose shunt in the adipose tissue during the
1st day of life, which might further contribute to an
explanation of the mechanism of the increased lipoly-
sis and its association with the increased reesterifica-
tion of FFA found in this age group.

Comparison of the in vitro metabolism of the adi-
pose tissue of neonates and adults showed the adipo-
cyte of the neonate to be nearly as active metabolically
as the much larger cell of the adult. Although the
volume of the neonatal adipocyte is only about one-
sixth-one-seventh that of the adult [26], the rate of
lipolysis was about one-half-one-third that found in
the adult. Except for the very young neonate less than
24 hr of age, the response to norepinephrine was about
the same in both groups. The capability to reesterify
FFA is probably greater in the adipose cell of the
neonate than in the adult cell.

These in vitro studies of normal human newborns
indicate that age-dependent changes in the metabolism
of the adipose tissue in human neonates correlate well
with known observations regarding the metabolism of
other tissues and of the body as a whole. Glycogen
content in several tissues (liver and cardiac muscle) is
rapidly depleted in the first hours of life [34]. In adi-
pose tissue, glycogen concentration is quantitatively
much lower but a similar decline in the glycogen con-
tent of this tissue was found in the first hours of life.

At the same time, blood sugar falls to a low level and
serum glycerol and FFA increase. When carbohydrate
deposits are exhausted, the older neonate switches to
utilization of lipid stores until there is sufficient oral
caloric intake to supply energy needs. The increase in
ketone bodies in the blood [6, 17] and the decrease in
respiratory quotient [3, 5] support this view. In adi-
pose tissue, the increased lipolysis observed during the
1st day of life indicates that this tissue is adapted to
supply the rest of the organism with glycerol immedi-
ately after birth. Free fatty acids should also be more
readily available, perhaps somewhat later if reesterifica-
tion is indeed increased during the first hours of life.

Summary

(1) Glycerol release (micromoles per 100 /xg DNA/90
min) from suspensions of free adipose cells was ele-
vated in the 1st day of life but was less activated by
norepinephrine than in older neonates and adults.
(Metabolic values were standardized to total DNA con-
tent as an index of the number of cells.) The present
study confirms previous findings in intact adipose tis-
sue fragments, which indicated relatively increased
glycerol release (micromoles per gram tissue wet
weight per 90 min) in young neonates and also showed
the increased glycerol release to be a property of the
individual adipose cell.

(2) In the adult, FFA release was equivalent to glyc-
erol release. In the young neonate, FFA release was
relatively much less. These findings are in agreement
with previous results using fragments of intact adipose
tissue.

(3) Mean glycogen content of adipose tissue in the
first 4 hr of life was about twice that of older newborns
up to 5 days of age. Mean glycogen content of adipose
tissue was also greater in neonates than in adults.
Glycogen content in the first 4 hr of life was inversely
correlated with the length of labor.
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