Fuels, Hormones, and Liver Metabolism at Term and

during the Early Postnatal Period in the Rat

J. R. Girarp, G. S. CuenDET, E. B. MaRLIss, A. KervRaN, M. RieutorT, and

R. Assan

From the Laboratoire de Physiologie Comparée et Hétel-Dieu, Université de
Paris, Paris, France; Institut de Biochimie Clinique, Université de Genéve,
Geneva, Switzerland; and the Department of Medicine, University of Toronto,

Toronto, Ontario, Canada

ABsTrRACT The metabolic response to the first fast
experienced by all mammals has been studied in the
newborn rat. Levels of fuels and hormones have been
compared in the fetal and maternal circulations at term.
Then, after cesarean section just before the normal time
of birth, sequential changes in the same parameters were
quantified during the first 16 h of the neonatal period.
No caloric intake was permitted, and the newborns were
maintained at 37°C. Activities of three key hepatic en-
zymes involved in glucose production were estimated.

Marked differences in maternal and fetal hormones
and fuels were observed. Lower levels of glucose, free
fatty acids, and glycerol but higher levels of Ilactate,
a-amino nitrogen, alanine, and glutamine were present in
the fetus. Pyruvate, glutamate, and ketone bodies were
not significantly different. The combination of a strik-
ingly higher fetal immunoreactive insulin and a slightly
lower immunoreactive glucagon (pancreatic) resulted
in a profound elevation in the insulin-to-glucagon ratio,
a finding consistent with an organism in an anabolic
state.

The rat at birth presents a body composition with
respect to fuels available for mobilization and conver-
ston which is dominated by carbohydrate and protein,
since little fat is present. However, at birth a transient
period of hypoglycemia occurred, associated with a
rapid fall in insulin and rise in glucagon, causing re-
versal of the insulin-to-glucagon relationship toward
ratios such as were observed in the mother. After a
lag period, hepatic activities of phosphorylase, glucose-
6-phosphatase, and phosphoenolpyruvate carboxykinase
increased. Concurrent with these enzyme changes, the
blood glucose returned to levels at or above those of the
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fetus. Interestingly, the fall observed in levels of the
gluconeogenic precursors, lactate and amino acids,
preceded the rise in enzyme activities and restoration of
blood glucose. After 4 h, however, hypoglycemia re-
curred, during a period of decreasing hepatic glycogen
content and blood lactate, pyruvate, and glycerol lev-
els but of stable or increasing amino acid concentrations.
Hepatic gluconeogenesis in this phase of depleted gly-
cogen stores was insufficient to maintain euglycemia.

Substrates derived from fat showed early changes of
smaller magnitude. The rise in free fatty acids which
occurred was less than twofold the value at birth,
though this rise persisted up to 6 h. Whereas glycerol
rose transiently, acetoacetate did not change and B-hy-
droxybutyrate concentration fell. Both ketone bodies
showed a marked rise at 16 h, at a time of diminished
free fatty acid levels. Plasma growth hormone, though
higher in the fetal than the maternal circulation, showed
no consistent change during the period of observation.

The changes in levels of the endocrine pancreatic hor-
mones at birth were appropriate in time, magnitude, and
direction to be implicated as prime regulators of the
metabolic response during the neonatal period in the rat.

INTRODUCTION

The interruption of the continuous transplacental fuel
supply to the fetus at birth imposes a completely altered
metabolic environment upon the newborn. It must rap-
idly convert from a long-term ‘“fed” to an absolute
“fasted” situation, not only to survive the neonatal pe-
riod, but to establish lifelong mechanisms for the adap-
tation to the alternating feeding and fasting of extra-
uterine life. Acutely, however, it must make oxidative
fuel available from endogenous reserves until commenc-
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ing alimentation in the form of milk from the mother.
In the rat, this period of 46 h is invariably associated
with profound hypoglycemia, spontaneously returning
toward normoglycemia by 4 h (1-4). This occurs
whether birth is spontaneous at term or by cesarean
section near the end of gestation (2, 3). Glucose, the
principal intrauterine oxidative fuel, must therefore be
produced from liver glycogen stores or via de novo
synthesis from lactate, pyruvate, glycerol, and amino
acids.

It is well-established that in the rat the fetal liver ac-
cumulates large glycogen stores, which are rapidly mobi-
lized after birth (1, 3-5). By contrast, the capacity for
gluconeogenesis is acquired only postpartum (5, 6).
The mechanisms of postnatal activation of metabolic
pathways for glycogenolysis and gluconeogenesis have
not been fully elucidated.

A role for glucagon in these processes has been pro-
posed (1, 2). Indeed, it has recently been demonstrated
that plasma glucagon levels rise during the early post-
natal period in the rat (4, 7). However, glucose homeo-
stasis in vivo (8) and hepatic metabolism in vitro (9~
11) in mature animals appear to be determined prin-
cipally by the interaction of insulin and glucagon levels.
For example, the disposition of gluconeogenic amino
acids into hepatic glucose production versus muscle
protein synthesis is probably determined by such an
interaction (12, 13). It has been suggested that adipose
tissue fuel balance may be determined likewise (14).

In light of such observations, the present study was
performed to correlate secretion of insulin and glucagon
with the changes observed in metabolites during the
early postnatal fasting period. Since growth hormone
has effects which would render it an appropriate fasting
hormone, its levels have also been determined. Further,
the activities of certain key hepatic enzymes have been
assayed and correlated with the hormone-substrate al-
terations. Hence the data presented represent corrobora-
tion of the findings of a number of previous investiga-
tors, but in a context which allowed for simultaneous
correlations among levels of circulating fuels, hormones,
and hepatic enzyme activities.

METHODS

Experimental procedures. Albino rats of the Sherman
strain, bred in the laboratory, and fed ad lib. on laboratory
chow (U.A.R. B.03 carbohydrate 47%, protein 20%, fat
8%) were employed. Since in the females it has been es-
tablished that ovulation usually occurs around 1 am., caging
them with a male from 5 p.m. to 9 a.m. on one occasion
allowed for estimation of the gestational age to within
8 h. Normal gestation in this strain is 22 days, and parturi-
tion lasts up to 2 h. Since precise timing of birth and
sampling was desired, delivery was by cesarean section at
21.5 days gestation. The newborns (in all instances 10-12
in number) were immediately transferred to a “humidi-
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crib” (Jouan, S. A., Paris) in which temperature was main-
tained at 37°C and relative humidity at 70%. They remained
unfed for the whole of the present study.

Blood was sampled via an incision across the axillary
vessels after careful cleaning of the axillary region. For
the data designated as “fetal,” the pregnant rat was anes-
thetized by 30 mg/kg pentobarbital intraperitoneally, and
the fetuses were successively exteriorized from the uterus,
leaving placenta and umbilical cord #n sitw. Maternal sam-
ples were drawn from the bifurcation of the aorta. All
samples were obtained between 5 and 15 min after ad-
ministration of pentobarbital. Since the transplacental trans-
fer of pentobarbital precludes extrauterine survival, those
samples designated as “newborn” were drawn from animals
delivered in the same fashion, but within 2 min after cervi-
cal dislocation of the pregnant rats. Hence, zero time in
this portion of the study refers to samples obtained imme-
diately after separation from the uterus. All pregnant rats
were allowed free access to food before cesarean section,
which was performed at 9 a.m.

Adequate blood collection in fetuses and newborns neces-
sitated exsanguination; hence, each time period is repre-
sented by different animals. Individuals from a given litter
were employed for different time periods, such that several
litters were studied longitudinally, for any given parameter.
Though all measurements could not be made on a single
animal, at least two determinations of hormones or sub-
strates were made to overlap with other groups, to assure
that for a given time point, all individuals represented a
homogenous metabolic state.

Blood was collected in heparinized polyethylene micro-
tubes cooled in ice water, and containing the antiprotease
Iniprol* in samples intended for hormone assays. This
antiprotease is a polypeptide similar to the commonly
used Trasylol, and was added to inhibit enzymatic break-
down, particularly of glycagon. An aliquot of whole blood
was immediately deproteinized in cold 30% (wt/vol) per-
chloric acid or in barium hydroxide-zinc sulfate. The re-
mainder was centrifuged at 4°C and aliquots of plasma
deproteinized in cold 7.5% (wt/vol) perchloric acid or
5% (wt/vol) trichloroacetic acid (TCA). Plasma and un-
neutralized filtrates were refrigerated at — 20° until analy-
sis, which for glutamine, pyruvate, and acetoacetate was
within 3 days. Under the conditions employed, no significant
decrease in the concentration of these substances could be
demonstrated for this time interval, provided that freezing
was immediate and that the sample was thawed only once,
just before assay. The perchloric acid filtrates were used
for assay of metabolic intermediates except glucose, a-
amino nitrogen, and free fatty acids.

Upon completion of blood collection (30 s), the liver
was rapidly removed, weighed, and either frozen at —20°C
for subsequent glycogen extraction, or homogenized at 0°C
in a Potter-Elvehjem tissue homogenizer for assay of liver
enzyme activities.

Biochemical methods. Assay of most metabolic inter-
mediates was by enzymic fluorimetric methods modified
from published techniques to enable determination on as
little as 10 ul of filtrate. The modifications consisted of de-
creasing the amount of nucleotide cofactors to levels appro-
priate to the quantity of substrate in the sample, and of the
utilization of an Aminco Fluoromicrophotometer (Ameri-
can Instrument Co., Travenol Laboratories, Inc, Silver
Spring, Md.) equipped with appropriate filters. Lactate

1CHOAY Laboratory, France; 200,000 Peptidase Inhibi-
tor U/ml.
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TaBLE 1
Circulating Substrates and Hormones in 21.5-Day Pregnant Rats and Their Fetuses*

Substrate or hormone Maternal Fetal P<t
Blood glucose mmol/liter 5.0+0.4 (10) 3.740.2 (15) 0.01
Blood pyruvate mmol/liter 0.16£0.02 (10) 0.10+0.01 (15) 0.01
Blood lactate mmol/liter 2.0+£0.1 (10) 7.8+0.3 (15) 0.01
Lactate/pyruvate ratio — 12.5 78
Plasma «-amino nitrogen mmol/liter 3.0+£0.2 (10) 9.240.6 (10) 0.01
Plasma alanine pmol/liter 210+16 (10) 56040 (10) 0.01
Plasma glutamine umol/liter 305425 (10) 610450 (10) 0.01
Plasma glutamate wumol/liter 100420 (10) 120420 (10) NS
Plasma FFA upmol/liter 23020 (10) 1604+20 (10) 0.05
Blood glycerol umol/liter 90410 (10) 3845 10) 0.01
Blood 8-hydroxybutyrate umol/liter 708 (10) 81+7 10) NS
Blood acetoacetate umol/liter 1942 (10) 1842 (10) NS
g-Hydroxybutyrate/acetoacetate ratio — 3.69 4.50
Plasma immunoreactive insulin ng/ml 0.92+0.11 (9) 8.0+0.8 (12) 0.01
Plasma immunoreactive glucagon pg/ml 56040 (10) 270429 (18) 0.01
Plasma growth hormone ng/ml 10319 (12) 147 +8 29) 0.05
Insulin/glucagon molar ratio 0.92 16.4

* Mean £SEM of the number of observations shown in parentheses.
1 P value represents the significance of the difference between maternal and fetal values, by the Student unpaired

! test.

(15), pyruvate (16), g-hydroxybutyrate (17), acetoacetate
(18), and glycerol (19) were determined in blood filtrates;
alanine (20), glutamine (21), and glutamate (22) were
estimated in plasma filtrates. Blood barium hydroxide-zinc
sulfate filtrates were used for glucose determination with
a glucose oxidase method (23). This precipitation method
removes reduced glutathione, which is present in high
concentration in newborn erythrocytes, and has been shown
to interfere with color development in the glucose oxidase
system. The TCA filtrates were used for colorimetric de-
termination of «-amino nitrogen (24) using serine as
standard. Plasma free fatty acids (FFA) were estimated
by the radiochemical microtechnique of Ho (25).

Liver glycogen was estimated by the glucose oxidase
method, applied to samples after dissolution of liver in hot
KOH, subsequent precipitation with cold ethanol, and acid
hydrolysis of the purified glycogen.

10% (wt/vol) liver homogenates were employed for
assay of enzyme activities. Soluble phosphoenolpyruvate
carboxykinase (PEPCK, EC 4.1.1.32) * was estimated by
the method of Ballard and Hanson (26) in the 100,000 ¢
supernate of liver homogenized in a buffer containing 0.2
M sucrose, 0.02 M triethanolamine, 1 mM reduced gluta-
thione, at pH 7.5. Activity is reported as nanomoles of
NaH“CO, fixed per hour, per milligram protein, at 37°C.
Glucose-6-phosphatase (EC 3.1.3.9) activity in crude ho-
mogenates (in 0.1 M maleate buffer, pH 6.5) was measured
by the method of Swanson (27). The inorganic phosphate
released was assayed by the procedure of Fiske and Sub-
barow (28). Phosphorylase (EC 24.1.1) was similarly
assayed in crude homogenates with a modification of the
procedure of Cake and Oliver (29). The medium used was
0.1 M maleate, 0.05 M NaF, 0.005 M EDTA, 0.04 M mer-

2 4bbreviations used in this paper: IRG, immunoreactive

glucagon; IRI, immunoreactive insulin; PEPCK, phospho-
enolpyruvate carboxykinase.
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captoethanol, at pH 6.5. Protein was determined by the
biuret method (30).

Statistical analyses were performed using the Student
unpaired ¢ test, to establish the significance of changes with
time in the parameters studied.

Hormone assays. Plasma insulin concentrations (IRI)
were estimated using a radioimmunoassay system separating
bound and free hormone with uncoated charcoal (31), an
anti-insulin serum reacting poorly with proinsulin, and
purified rat insulin as standard (lot R169, 24 U/mg, sup-
plied by Novo Research Institute, Copenhagen). Plasma
immunoreactive glucagon (IRG) was determined with a
pancreatic-glucagon-specific antibody K47, kindly supplied
by L. G. Heding (Novo Research Institute) in an assay
system described previously (4). The assay for glucagon
is considered to provide values representing immunoreac-
tivity originating primarily on the pancreas. This is based
upon data demonstrating the poor cross-reactivity of the
antiserum employed, with gut extracts (32). Although the
antiserum K47 has been shown to react to some extent with
pancreatic glucagon fragments, it gives absolute values for
human plasma consistent with those of other pancreatic-
glucagon-specific antisera, and these values decline after
oral glucose load (32).

Growth hormone levels in plasma were also measured by
radioimmunoassay using an uncoated charcoal separation
technique (33), with rat growth hormone standard and
antiserum provided by the National Institute of Arthritis
and Metabolic Disease, Bethesda, Md. (Dr. A. F. Parlow).

RESULTS

At birth, all the animals weighed between 5.0 and 5.7 g.
They had no visible white adipose tissue, and the tri-
glyceride reserves of brown adipose tissue (2.5 mg/
animal, representing 5% of the tissue wet weight), and
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TasLE II
Circulating Substrates and Hormones in the Newborn Rat

Hours after birth

Newborn
0 0.5 1 2 4 6 16
Blood glucose,
mM /liter 3.040.1 2.1+0.2 1.0+0.2 1.940.3 4.0140.3 3.5+0.2 1.0£0.1
(45) (28) (39) (36) (43) (42) 31)
b i H ! NS I
Blood lactate,
mM /liter 8.07 +0.47 — 6.07 +0.70 3.234+0.20 3.8240.25 3.66+0.18 1.30+0.20
(12) (12) (12) (12) (12) 12)
§ I I { I
Blood pyruvate,
mM /liter 0.116 +0.009 — 0.160 £+0.012 0.1354-0.009 0.149 4:0.017 0.160 4:0.013 0.055+0.010
(12) (12) (12) 12) (12) (14)
I H H I I
Lactate/pyruvate ratio 70 — 38 24 26 23 24
Plasma a-amino nitrogen,
mM /liter 9.14+0.3 7.7+0.4 5.15%0.15 4.7+0.2 4.14-0.2 4.64+0.3 5.84+0.2
(15) ) 12) (10) 12) (12) (21
1 I I It i I
Plasma alanine, N
uM /liter 42553 _— 113422 104 +16 118 426 142 426 407 20
(12) : (12) ° (12) (12) (12) (19)
It f fi I NS
Plasma glutamine,
uM /liter 514 +40 — 202 -+40 200422 237420 3354128 367 +40
12) 12) 12) 12) (12) (15)
[ il i i b
Plasma glutamate,
M /lster 104 19 — 5048 43+4 5847 68 +6 13947
(12) (12) 12) ' (12) (12) s)
I i I I t
Plasma FFA, . .
uM/liter 127410 —_ 18049 20010 226416 201 15 133130
11 (12) 12) (12) (12) @
H [ [ I NS
Blood glycerol,
wuM /liter 235 — 124415 8545 3618 28 +7 1542
(12) 12) (12) 12) (12) 12)
I I NS NS NS
Blood g-hydroxybutyrate,
uM/liter 7810 —_ 33+3 2843 3347 1446 175£14
12) 12) (12) (12) 12) (14)
Il I I [} I
Blood acetoacetate,
ulM/liter 169 —_ 816 64 8+4 5+3 9048
(12) (12) (10) (10) (12) (10)
NS t t b4 I
B-Hydroxybutyrate/
acetoacetate ratio 4.87 —_— 4.14 4.68 4.14 2,80 1.94
Plasma insulin,
ng/ml 6,240.5 3.1+£0.3 1.7+0.2 1.1 0.1 1.3+0.1 1.0+0.1 0.5+0.1
(16) (9) 13) (14) (14) 7 ®)
§ I ! I Il i
Plasma glucagon,
pg/mi 33030 1038110 950470 620 440 56050 510470 1050450
(15) (16) (16) (14) (14) (16) 8)
I I § § § I
Insulin/glucagon,
molar ratio 10.5 1.68 1.00 1.00 1.29 1.10 0.27
Plasma growth hormone,
ng/mi . 267 27 329412 20518 263118 247417 31630 362135
1s) (&) 13) 13 (11) (13) (6)
NS NS NS NS NS NS

* Mean +=SEM of the number of observations shown in parentheses.
1 P < 0.05 when compared with 0 time value, Student unpaired ¢ test,
§ P <0.02.

| P <0.01.

NS, The difference observed was not significant.
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Ficure 1 Blood glucose, lactate, and pyruvate in new-
born rats during a 16 h fast starting at birth by cesarean
section at term. Animals were maintained at 37°C and
70% relative humidity throughout. Each time period is
represented by different groups of animals, since sampling
required exsanguination. Values are mean =SEM. Abso-
lute values, n, and statistical analyses appear in Table II.

liver (0.7 mg/animal, or 2% of liver wet weight) were
minimal® By contrast, hepatic glycogen stores were
plentiful at birth, 99 mg/g wet weight of liver, or 32
mg/animal. Hence, potential fuel stores were predomi-
nantly carbohydrate and protein.

The composition of circulating substrates in the fetus
similarly demonstrated a predominance of carbohydrate
and amino acids. These are shown in Table I, where
maternal arterial levels are shown for comparison. Of
note are the markedly higher fetal lactate, «-amino
nitrogen, glutamine, alanine, and IRI, and slightly
higher growth hormone levels. By contrast, concentra-
tions of glucose, FFA, glycerol, and IRG were much
lower in the fetus. The ketone bodies (acetoacetate and
B-hydroxybutyrate) and glutamate levels were similar
in fetal and maternal circulations. With reference to
the metabolic state of the pregnant rats, it is of interest
to note that the observed levels of IRG and growth
hormone exceeded those of fed virgin rats of equiva-
lent age, though insulin levels were not different.
Values for virgin rats with equivalent blood glucose
concentrations were: IRI 0.85+0.06 ng/ml (n=26),
IRG 200%=20 pg/ml (n=6), insulin/glucagon molar
ratio 2.4, growth hormone 28%4 ng/ml (n=_8).

3 Ricquier, D., and P. Hémon. Personal communication.
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The responses of circulating energy substrates and
hormones from delivery to 16 h of extrauterine life are
presented in Fig. 1-4 and Table II. Significant differ-
ences between fetal (Table I) and O time values were
present only for blood glucose and growth hormone
(P <0.01). After delivery, blood glucose fell precipi-
tously to a nadir at 1 h (Fig. 1). It then rose slowly
to a level at 4 h above the value at delivery, There-
after, it fell progressively to hypoglycemic levels by 16
h (as previously demonstrated by a number of workers
[1, 3, 5]). Blood glucose values for 8, 10, and 12 h
(not shown in Table IT) were 2.2%+0.1 (»=15), 1.6
+0.2 (n=28), and 1.1%0.1 (n=6) mM/liter respec-
tively. Blood lactate was markedly elevated at birth,
decreased to a plateau by 2 h, then again between 6
and 16 h. By contrast, blood pyruvate concentration
rose slightly over the 1st h, remained unchanged until
6 h, then fell. The net effect on the lactate to pyruvate
ratio was that of progressive fall from high initial
values over the first 2 h, then of no change thereafter.

Plasma a-amino nitrogen, extremely elevated in utero
and at birth, also showed a profound fall over 2 h to
less than half the initial values, followed by a plateau
(Fig. 2), only slightly higher than the maternal con-
centration, then rose again at 16 h. Individual amino
acids measured showed a similar pattern: alanine and
glutamine showed an initial acute fall followed by an
upward trend in concentration from 4 h onward.

Plasma FFA were low at birth and showed a rise
by 1 h, which was maximal at 4 h then declined (Fig.
3). Blood glycerol, similarly low at birth, rose only

400
PLASMA ALANINE
wM/liter 200

PLASMA GLUTAMINE
uM/liter

PLASMA
Q=AMINO NITROGEN 1=
mMAiter

-t

L 1 L i L
o= 0 1 2 4 3

e

HOURS AFTER BIRTH

Ficure 2 Plasma «-amino nitrogen, alanine, and gluta-
mine in newborn rats during a 16 h fast starting at birth.
Values are mean *=SEM. Plasma glutamate is shown in
Table I1.
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during the st h, but thereafter declined progressively
to 0 time levels by 6 h. Concentrations of ketone
bodies were exceedingly low at birth and a significant
change during the first 6 h was apparent only for g-
hydroxybutyrate, which declined progressively. At 16
h, both demonstrated a marked elevation. The ratio of
B-hydroxybutyrate to acetoacetate remained constant
until 4 h, then decreased.

IRI, elevated in utero, fell dramatically with detach-
ment from the uterus, then continued a progressive fall
until 2 h, remained constant in the succeeding 4 h in-
terval (at concentrations similar to maternal), then fell
again at 16 h. By contrast, IRG values increased three-
fold to a peak between 30 and 60 min, then decreased
after 2 h but persisted at values significantly greater
than zero time. A second marked rise was observed at
16 h. The insulin/glucagon molar ratio was high in the
fetus, fell precipitously during the 1st h, then remained
low (Fig. 4). Growth hormone levels, high in the
fetus, rose even higher to 0 time and at 30 min post-
partum, then showed a significant (P < 0.02) transient
decline at 1 h. No clear trend in either direction oc-
curred after 1 h (Table IT).

During the period of falling blood glucose, IRI, and
gluconeogenic substrate levels, and of the rise in IRG,
striking changes in liver glycogen (Table III) and
enzyme activities (Table IV) were observed. By the
nadir of blood glucose, and 30 min after IRG reached
its peak, (i.e, at 1 h) no change in glycogen content
had occurred, and only small rises in phosphorylase

20 .
180
PLASMA FFA. L
wasiter ol
100}
o-_
120

BLOOD GLYCEROL ~ 30

rrrrrr1m

M/ titer
0
BLOOD 160
\TE
LM/ Liter 80

BLOOD
ACETOACETATE 0|
M/ liter

I
(

(.) 1 2 4
HOURS AFTER BIRTH
Figure 3 Plasma FFA, and blood glycerol, g-hydroxy-

butyrate, and acetoacetate in newborn rats during a 16 h
fast starting at birth. Values are mean =SEM.
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Ficure 4 Plasma immunoreactive insulin, glucagon, and
insulin/glucagon molar ratio in newborn rats during a 16 h
fast starting at birth. Values are mean =SEM.

and glucose-6-phosphatase were detected. PEPCK ac-
tivity doubled. With the subsequent rise in blood glu-
cose, progressive and marked decrease in liver glyco-
gen, and increase in all three enzyme activities were
observed.

DISCUSSION

During gestation, the unremitting maternal supply of
substrates and cofactors is directed toward synthetic
processes, for which the energy supply is principally
from glucose oxidation. Before term, some glucose is
diverted to hepatic lipogenesis and part is stored as
glycogen in muscle, heart, and liver (34). Though
fetal plasma amino acid levels are extremely elevated
(they are transported across the placenta against a con-
centration gradient [35]), the nonruminant mammalian
fetus appears unable either to oxidize them or to con-
vert them to glucose (36). In the rat, the absence of
white adipose tissue, the low triglyceride content of
brown adipose tissue, and the relative impermeability
of the placenta to FFA (35) probably account for the
low fetal FFA and glycerol levels. Furthermore, the
fetal liver has a low capacity for ketogenesis (37-39).
Hence, most sites of fatty acid utilization are under-
developed (39, 40). Unlike the fatty acids, ketone
bodies are water soluble and are present in fetal blood
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TasLe III
Liver Glycogen in the Newborn Rat

Hours............. 0 0.5 1 2 4 6 8 10 12 16
mg/g wet wt 93-+4 96+7 95+5 80+4 5843 4442 1841 641 431 31
mg/animal 2842 303 2942 2543 18+3 1341 741 3.440.4 2.64+0.2 2.00.1
n 45 14 37 36 48 42 15 8 6 20
P<* — NS NS 0.05 0.01 0.01 0.01 0.01 0.01 0.01
mg glycogen '

mobilized/h} — — — 4.0 3.5 2.5 3.0 1.8 0.4 0.15
pmol glucose

available from

glycogen/ht — — — 22.3 19.5 13.9 16.7 10.0 2.2 0.8

* P value represents the significance of the difference from the 0 time value (Student unpaired ¢ test).
1 Expressed for the time interval preceding the column in which the value appears.

at concentrations approximating maternal blood, sug-
gesting free transplacental transfer (35). Since fetal
tissues can derive energy from ketone bodies (41, 42),
these are alternate fuels, which may be utilized during
times of maternal glucopenia.

Hormone levels in the term fetus would appear ap-
propriate to the maximally anabolic state. The ex-
tremely high IRI (43) and low levels of glucagon (7,
44) create an insulin-glucagon relationship which in
the adult is considered to favor anabolism (8). (It is
of note that the observed maternal insulin/glucagon
molar ratio would favor catabolism, which in the gravid
organism would be appropriate for provision of sub-
strate to the fetus [45].) The significance of the high
fetal growth hormone levels is unclear, since normal
growth of the rat fetus occurs in the absence of this
hormone (34).

The postnatal activation of hepatic enzymes critical
for glucose production has been demonstrated previ-
ously (1, 2, 5, 29). Though it was postulated that glu-
cagon (and catecholamine) secretion might be respon-
sible, this was not previously correlated temporally
with enzyme changes. Substrate levels and Michaelis
constants (Km) of the enzymes studied are such that
increase in activity as assayed in the previous and
present studies would be expected to produce increased
glucose output (5). The period between birth and re-
covery from hypoglycemia corresponds to the time
course of the increases in enzyme activity. Such find-
ings in rats have been reported previously for phos-
phorylase (4, 29), glucose-6-phosphatase (1), and
PEPCK (5, 6). Equivalent changes have been shown
in other species (42).

Several lines of evidence support a role for glucagon
in the induction of the observed changes in hepatic
metabolism. First, the rise in endogenous IRG levels
preceded the hepatic changes. Second, exogenous gluca-
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gon administered to fetal rats in utero has been shown
to be capable of provoking premature glycogen degra-
dation (46-48), increasing activities of glucose-6-phos-
phatase (49, 50), PEPCK (2, 51), and phosphorylase
(3, 50). The third suggestive line of evidence is the
hypoaminoacidemic effect of exogenous glucagon in the
fetus* as well as the adult (10, 12). Fourth, the glu-
cagon induction of autophagocytosis due to increased
lysosomal activity has been shown in the adult rat liver
(52), and such changes occur spontaneously after birth
(53). Fifth, a marked increase in liver 3',5'-cyclic AMP
has been demonstrated after birth, which would be ex-
pected with increased endogenous glucagon, particu-
larly if associated with decrease in the insulin/glucagon
ratio (53, 54). It is probable that any one or a com-
bination of such glucagon-mediated effects could be
inhibited by insulin (10). Thus the concurrent fall in
IRI levels and in insulin/glucagon ratio probably con-
tributed significantly to the changes observed.

Increased activity of the autonomic nervous system
at birth, acting via epinephrine secretion or local nor-
epinephrine release could equally influence hepatic glu-
cose release, and stimulate lipolysis in adipose tissue.
Evidence for its role in mobilization of hepatic gluco-
gen has been presented in the newborn calf (55). The
recent demonstration of a considerably more rapid
effect of epinephrine than glucagon upon glycogenoly-
sis (56) argues as well for an important role for cate-
cholamines in the neonatal period.

The early phase of hypoglycemia after birth thus
results from the inability of the newborn liver to pro-
duce adequate glucose in the face of continuing glucose
catabolism (57). The restoration of blood glucose levels
by 4-6 h corresponds in time with the increment in
enzyme activity. Other potential mechanisms include

*Girard, J. R,, and E. B. Marliss. Unpublished results.
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TaBLE IV
Liver Enzyme Activities in the Newborn Ral

Hours after birth

Enzyme 0 1 2 4 6 16

Phosphorylase

sM Pi/h/mg Prot. 5.30£0.19 5.87+£0.21 6,87 +0.29 7.11+£0.34 6.5440.32 6.44+0.19
n 13 9 13 10 9 13
P<* — 0.05 0.01 0.01 0.02 0.02
Glucose-6-phosphatase

#M P;/h/mg Prot. 0.75+0.04 1.00+0.03 1.21+£0.06 1.43+0.04 1.614+0.04 2.75+0.24
n 13 11 12 15 12 13
P< — 0.01 0.01 0.0t 0.01 0.01
PEPCK

nM CO,/h/mg Prot. 2443 4844 24028 1140490 14404120 1800120
n 12 12 15 13 13 12
P< 0.02 0.01 0.02 0.01 0.01

* P value represents the significance of the diiference from the 0 time value (Student unpaired ¢ test).

a contribution of glucose by the kidney (though renal
gluconeogenic capacity is reportedly low at this stage)
(58) and a decrease in glucose utilization (57).

The distribution of the increased hepatic glucose out-
put between glycogenolysis and gluconeogenesis has not
been quantified. According to Snell and Walker (57)
and to Ballard (5) the rate of glucose utilization in such
newborn rats is 10-15 #mol/h. At maximal rates, gluco-
neogenesis (using lactate as precursor) could account
for only 159, of the glucose required in the 4 h old new-
born rat (5). The sharp decrease in glucogenic pre-
cursors observed even before the rise in glycemia would
appear to be at variance with such a calculation. For
lactate, the initial fall in levels may be attributed to
rates of utilization and conversion to glucose in excess
of production rates (57). Lactate was the substrate
most readily converted to glucose in liver slices from
newborn rats (58). The initial hypoaminoacidemia could
be due to increase in hepatic uptake, perhaps with con-
tinuing peripheral uptake. The fall in alanine, in par-
ticular, might be related to hepatic uptake (36, 58, 59)
and diminished muscle output owing to decreased gly-
colysis. In addition, there may be a more rapid hepatic
uptake than conversion to glucose, with net intracellular
substrate accumulation (60). The suggestion that such
accumulation might be related to the activity of trans-
aminases is raised by the data of Reisner et al. (61).

Thus, both recovery from the first, and the develop-
ment of the second period of hypoglycemia probably re-
late to the mobilization of liver glycogen. According to
the reported rates of glucose utilization, glycogenolysis
would be sufficient to maintain euglycemia only up to
10 h. The rise in plasma levels of amino acids at 16 h
though hypoglycemia persists, implies that gluconeo-
genesis is not sufficient at this stage to maintain blood
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glucose levels, as previously suggested by Ballard (5),
despite a further rise in glucagon levels,

It is noteworthy that similar trends in levels of glu-
cose and precursors have been reported in newborn rats,
though with some differences in absolute values likely
attributable to variations in protocol (7, 36, 57, 62).
Such variations include the use of differing strains of
rats; altered maternal diet; the use of newborns after
spontaneous parturition; study of newborns at tempera-
tures other than 37°C; and use of whole blood rather
than plasma for certain of the substrate assays.

The slight rise in FFA and the transient rise in glyc-
erol might be attributable to lipolysis in brown adipose
tissue. However, the primary stimulus to lipolysis in
this tissue is local norepinephrine release, particularly
in response to cold exposure. Hence, lipid mobilization
might have been inhibited by maintaining the newborns
at thermal neutrality. The decrease observed in blood
glycerol starting 2 h after birth might be attributable in
part to its conversion to glucose (63). The fall in blood
B-hydroxybutyrate with no change in acetoacetate can-
not be explained by the data available. The late rise in
ketone body levels at a time of falling FFA levels sug-
gest more active conversion of fatty acids to ketones,
which might serve as alternate nervous system energy
substrates in the presence of hypoglycemia (64).

The control of the insulin and glucagon secretory
changes observed has not been defined by the present
study. Though the early cataglycemia would be ex-
pected to induce the early decrease in IRI and increase
in IRG, it is likely that it is not the primary mediator
because newborn B- and a-cells are remarkably unre-
sponsive to changes in glycemia (44, 65, 66). If the
high amino acid levels are to be implicated in islet cell
function, it is difficult to account for the low fetal IRG
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with high amino acid levels, and rise in IRG while
plasma amino acids fall in concentration. The relation
between changes in plasma amino acids and IRI secre-
tion would be more appropriate, since the newborn 8-cell
is responsive to these substances (67).

A further mechanism to account for changes in lev-
els of both hormones might be the activity of the au-
tonomic nervous system. The stress of removal of the
fetus from the intrauterine environment undoubtedly
augments sympathetic activity, which has been shown
in the adult organism to stimulate IRG (68) and in-
hibit IRI (69) release. Furthermore, the administra-
tion of norepinephrine to the term fetus raises IRG and
lowers IRI levels (44).° The second rise in IRG at 16 h
is also not explained, but in this instance hypoglycemia
developing over the preceding 10 h might be responsible.
Neural stimulation may be responsible as well for the
acute rise in growth hormone levels between fetal and
immediate newborn periods, though an effect of the ma-
ternal anesthesia used in obtaining fetal samples is not
excluded.

Observations upon the metabolic state of the rat at
birth may net be directly extrapolated to other mam-
mals, because of a number of peculiar features of this
species, including absent white adipose tissue, primary
energy store in the form of glycogen, and very high
basal metabolic rate. However, both a decrease in gly-
cemia and an increase in IRG have been reported in the
human newborn (70, 71). The secretory behavior of the
human e-cell at birth may thus be relevant to normal
extrauterine adaptation, and altered secretion may con-
tribute to abnormal states of glucoregulation demon-
strated in the infants of diabetic mothers. The reported
failure of glucagon release (71) might be associated
with delay in neonatal maturation of hepatic mechanisms
for glucose production. In addition, the “small-for-dates”
newborn is characterized by lack of adipose tissue and is
subject to hypoglycemia for which the pathophysiology
is as yet incompletely defined. The present model could
provide potential insights into the mechanism of dis-
turbed fuel homeostasis in this state.
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