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ABSTRACT. Lactate, which accumulates in neonatal 
plasma during the first hours after delivery, is used by 
neonatal tissues as a source of energy and carbon skeleton. 
In this work, lactate use by rat liver during late gestation 
(last 3 d) and early neonatal life (6 h postpartum) has been 
studied. The rate of lactate use by liver was compared with 
that found with oleate, inasmuch as fatty acids are the 
main substrates for the liver after the onset of lactation. 
The main fate of lactate in the liver during the perinatal 
period was ketone bodies, preferentially over C 0 2  and 
lipids. The rate of oxidation of lactate and its incorporation 
into lipids decreased during late gestation, but the rate of 
ketogenesis from lactate remained high during this period. 
After birth, the rate of lactate oxidation sharply increased, 
but lipogenesis decreased and ketogenesis was maintained. 
The rates of oleate oxidation and ketogenesis from oleate 
were two orders of magnitude lower than those from lac- 
tate. However, the rate of oleate incorporation into lipids 
was only 4-fold lower than that observed from lactate under 
the same circumstances. Our results suggest that lactate 
is a major substrate for the liver during the perinatal period 
because it is mainly incorporated into ketone bodies. This 
may target lactate carbons to different neonatal tissues. 
(Pediatr Res 31: 415-418,1992) 

Abbreviations 

PSWL, partially sliced whole liver 

During the late stages of gestation, the rat fetus accumulates a 
substantial amount of lactate (I), probably as a consequence of 
the activity of anaerobic glycolysis in the placenta (2, 3) and, 
possibly, in some maternal (4) and fetal tissues (5). During the 
immediate postnatal period, blood lactate concentrations in- 
crease further, but lactate is rapidly removed during the first 2 h 
of extrauterine life in the rat (1, 6) and human baby (7). Lactate 
is therefore available as a putative metabolic fuel throughout the 
perinatal period. It has been reported that lactate is used during 
the perinatal period by rat lung (8) and brain (2, 9, 10) and by 
dog (1 1) and human (12) brain. This suggests that lactate may 
play an important role in fuel supply to fetal and neonatal tissues 
during the perinatal period (1 3). 

Because the overall rate of lactate use after delivery is very 
high (14) and cannot only be accounted for by the rates of use 
in brain (10) and lung (S), we were prompted to investigate the 
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possible role of the liver in lactate metabolism during the peri- 
natal period. We have previously reported (15) that early neo- 
natal liver uses lactate as a source of energy and carbon skeleton 
preferentially over glucose or oleate. The present work investi- 
gated the time-course of lactate use by the liver during the 
perinatal period. 

MATERIALS AND METHODS 

Reagents. Enzymes were obtained from Boehringer (Mann- 
heim, Germany). Coenzymes, oleic acid, and essentially fatty 
acid-free albumin were purchased from Sigma Chemical Co. (St. 
Louis, MO). L-Lactic acid was obtained from Serva Fein- 
biochemica (Heidelberg, Germany). Radioactive substrates were 
obtained from New England Nuclear (Boston, MA). 

Animals. Albino Wistar rats housed at 22 k 2°C with a 12-h 
light-dark cycle and fed on stock laboratory diet (carbohydrate 
58.7%, protein 17.0%, fat 3.0%, and added salts and vitamins) 
were used for the experiments. Virgin females weighing 200-250 
g were caged overnight with males. Conception was considered 
to occur at 0100 h and was confirmed the next morning by the 
presence of spermatozoa in vaginal smears. Fetuses weighing 
2.31 + 0.01, 3.62 + 0.01, or 5.35 + 0.03 g (mean + SEM) were 
delivered on d 19.5, 20.5, or 2 1.5 of gestation (21.7 d for full 
gestation), respectively, by rapid hysterectomy after cervical dis- 
location of the mother. Newborns were carefully wiped, and the 
umbilical cords were tied and cut. All of these processes were 
camed out in a cabin at 37°C. Newborns were kept in an 
incubator at 37°C in a continuous stream of water-saturated air 
without feeding for 6 h. The newborns were killed by decapita- 
tion, and their livers were immediately used for the experiments. 

Liver preparation. Liver preparation, essentially based on the 
method described by Pollard and Dutton (16), was carried out 
as follows: whole livers were washed in physiologic saline (0.9% 
NaCI; wt/vol), partially sliced by two longitudinal incisions 
(PSWL), and incubated in 3 mL of phosphate physiologic saline 
(17) containing 2.5% (wt/vol) of essentially fatty acid-free albu- 
min, 0.25 lLCi of L-[U-14C]lactate or 0.5 of [I-'"]oleate and 
the desired concentrations of the unlabeled substrates. The gas 
phase was pure 02. Incubations were camed out at 37°C and 
stopped after 1 h with 0.4 mL of 20% (vol/vol) HC104, although 
shaking was continued for a further 20 min. 

Analytical procedures. The radioactive COz trapped by 20% 
(wt/vol) KOH was measured by liquid-scintillation counting. 
Blanks without PSWL were camed out in parallel to measure 
background radioactivity that was subtracted from the sample 
values. After incubation, the PSWL was frozen and powdered 
under liquid nitrogen. Lipids were extracted with 6 mL of 
chloroform:methanol (2: 1, vol/vol), and the extract was washed 
once with 3 mL of 0.3% NaCl saturated with chloroform (18). 
A 3.5-mL sample of the organic phase was dried under N? and 
used for liquid-scintillation counting. The specific radioactivity 
of the substrates found in the blanks was used for the calculations. 

The incubation medium was used to determine the radioactiv- 
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ity incorporated into acetoacetate by precipitating the acetoace- RATE OF OXIDATION TO cot 
tate as the Deniges salt (Hg-acetone complex) as in the method 4.5 

described by Bates et al. (19). Thus, 30 Fmol of camer aceto- 
acetate, 0.22 mL of 9 M H2S04, and 0.78 mL of 10% (wt/vol) 3 3.5 

HgS04 in 2 M were added to 0.5 mL of the neutralized 
Q) 

perchloric extract of the medium. The samples were stoppered, 
mixed, and placed in a boiling water bath for 30 min. The Hg- 

M acetone precipitate was cooled, centrifuged, and washed twice 
with ice-cold distilled water. The precipitate was then dissolved 
in 2 M HCl and used for the measurement of radioactivity. The 
radioactivity incorporated into total ketone bodies was calculated 

a RATE OF LlPOGENESlS fl 4.5 
from the 3-hydroxybutyrate/acetoacetate ratio measured in the 
incubation medium. The neutralized perchloric extract of the 
medium from blanks incubated without PSWL was used to 
measure the Hg-acetone complex obtained with lactate, which o 2.5 
was negligible. L-Lactate was measured as described by Gutmann 
and Wahlefeld (20), and 3-hydroxybutyrate and acetoacetate 0 1.5 
were measured as described by Williamson et al. (2 1). 

Calculations. Radioactivity (dpm) found in C02, lipids, or -+ 0.5 
ketone bodies was divided by the specific radioactivity of sub- 0 

strate (lactate or oleate) in the blanks. The results were expressed 
as ~ m o l  of substrate (lactate or oleate) incorporated into COz, 
lipids, or ketone bodies/h/g wet wt. 

Validation ofpreparation. The rates of lactate oxidation and 
lipogenesis by PSWL were linear with liver weight (r  = 0.62, p < 
0.001 and r = 0.79, p < 0.001, respectively) and incubation time 
( r  = 0.99, p < 0.001 and r = 0.99, p < 0.001, respectively) up to 1.5 
2 h (results not shown). PSWL from rat fetus or newborns proved 0.5 
to be a suitable preparation in which to study ureagenesis (22) 19.5 20.5 21.5 6 h 
and lactate metabolism (1 5). After 1 h of incubation, the ATP/ Gestation (days) Post-partum 

ADP ratio remained high (22), showing that oxygen supply was 
enough to maintain active metabolic processes. Fig. 1. The fate of lactate in perinatal rat liver in vitro. PSWL were 

incubated with 0.25 uCi of L-IU-14Cllactate and 10.2 + 0.4 mM lactate. 

RESULTS 

Lactate use by rat liver during perinatal period. Oxidation of 
lactate to COz linearly decreased during late gestation, reaching 
a minimum before birth (Fig. la). However, after delivery the 
rate of lactate oxidation increased 2-fold, becoming similar to 
that found at 20.5 d of gestation (Fig. la). Similarly, the rate of 
lipogenesis from lactate (Fig. Ib) decreased linearly during the 
last 3 d of gestation and remained low at 6 h after birth. 
Ketogenesis from lactate persisted throughout the perinatal 
period (Fig. Ic) and was higher than the rates of oxidation and 
lipogenesis from lactate observed in rat liver in the same circum- 
stances (Fig. la and b). 

Oleate use by rat liver during perinatal period. The oxidation 
of oleate to C 0 2  was very low during late gestation but increased 
7-fold at 6 h after delivery (Fig. 20). The rate of oleate esterifi- 
cation (Fig. 26) decreased during the last 3 d of gestation but was 
markedly enhanced after delivery. Ketogenesis from oleate fol- 
lowed a pattern similar to that found for oleate oxidation (Fig. 
2c). 

DISCUSSION 

As previously reported, lactate is an important substrate for 
perinatal brain (for a review, see Ref. 13) and lung (8). The 
results of the study presented here show that lactate is also an 
important substrate for neonatal liver; it is used as an energy 
source and also as a precursor of lipids and ketone bodies. The 
rate of lactate use by the liver has been compared to that of 
oleate, inasmuch as fatty acids are the main substrates for the 
liver after the onset of lactation (23). 

Ketogenesis from oleate was very low during late gestation but 
rose sharply immediately after delivery (Fig. 2c). Because keto- 
genesis from lactate was high under the same circumstances (Fig. 
lc), oleate incorporation into ketone bodies is not likely to be 
limited by the activity of the 3-hydroxy-3-methylglutaryl-CoA 
pathway (24). In addition, the oxidation of oleate was very low 

The incorporation into C o n  ia),  lipids (b), and ketone bodies (c) was 
measured as described in Materials and Methods. Results are expressed 
in pno l  of lactate incorporated/h/g of liver wet wt and are means k 
SEM from seven to 26 fetuses weighing 2.31 k 0.02 (19.5 d), 3.62 & 0.01 
(20.5 d), and 5.35 _t 0.03 g (2 1.5 d) and seven to nine newborns weighing 
5.16 + 0.17 g (6 h postpartum) from four to 10 pregnant rats. *, p < 
0.05; **, p < 0.01, and ***, p c 0.001 vs previous value. KB, total ketone 
bodies; AcAc, acetoacetate; and 3-HB, 3-hydroxybutyrate. 

during late gestation but increased sharply immediately after 
delivery (Fig. 2a). This is consistent with the time course of the 
activities of the liver enzymes involved in fatty acid oxidation, 
which are very low during late gestation but increase markedly 
after birth (25). Actually, our results (Fig. 2) suggest that during 
the perinatal period oleate use by the liver is limited by a common 
step for oxidation, esterification, and ketogenesis. Whether this 
putative step that limits oleate use is acyl-CoA synthetase (EC 
6.2.1.3) activity, which is very low during the fetal period but 
increases sharply after delivery (25), remains to be elucidated. 

The rate of lipogenesis from lactate decreased linearly during 
late gestation, and this tendency persisted during the early neo- 
natal period (Fig. 16). This is consistent with the decrease in the 
rate of total lipogenesis measured in vivo under the same circum- 
stances (26). Because insulin concentrations do not decrease 
during this period (27), it has been suggested that the decrease in 
lipogenic capacity occumng during late gestation must be due to 
the concurrent decrease in plasma progesterone concentrations 
(28). After delivery, however, the decreased insulin/glucagon 
ratio (29, 30) may be responsible for the further decrease in the 
rate of lipogenesis (Fig. 1 b). Lactate oxidation decreased linearly 
during late gestation, reaching a minimum before birth (Fig. 1 a). 
However, immediately after delivery the rate of lactate oxidation 
increased to values similar to those observed on d 20.5 of 
gestation. This was coincident with the increase in the total 
pyruvate dehydrogenase complex (EC 1.2.4.1) activity that oc- 
curred after delivery (3 1). Despite the foregoing, these results 
may be explained by assuming that the rate of lactate oxidation 
would follow the changes in the mitochondria1 respiratory activ- 
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RATE OF OXIDATION TO coz as a precursor of ketone bodies (Fig. lc). This may be of physi- 
ologic significance because lactate is massively synthesized during 
the perinatal period. Thus, during late gestation, lactate is syn- 

U thesized by the placenta (2, 3) and possibly by maternal (4) and ' 0.03 
U 

fetal tissues (5). Moreover during the early postnatal period 
0 9 0.02 

lactate is actively synthesized, probably as a consequence of the 
anaerobic glycolysis brought about by postnatal hypoxia (34). As 
a result, lactate is accumulated in maternal (4), fetal, and early 
neonatal blood (1) and is available to the tissues during the 

0 perinatal period. Our results thus suggest that lactate is actively 
RATE OF LIPOGENESIS used by perinatal rat liver (Fig. 1) in preference to other putative 

substrates for the liver under these circumstances, such as oleate 
(Fig. 2) or glucose (15). This corroborates the role played by 

cd lactate as the major metabolic fuel during late gestation and the 
w 
o 0.85 early neonatal period (1 3). Moreover, ketone bodies from lactate 
a may be used by fetal brain, liver, kidney, and carcass (35, 36) 
w 
0 0.70 and neonatal brain (37) as a system to provide carbon from 
u lactate to these tissues. It should be mentioned that decreased 
.: 0.55 rates of ketogenesis observed in low birth-weight infants (38) 

RATE OF KETOGENESIS may be due to the low rates of ketogenesis from fatty acids 
presumably occurring in human fetus during late gestation. If so, 
the importance of lactate as an alternative substrate to fatty acids 

o for ketogenesis should be stressed. 

8 The fact that lactate is mainly converted to ketone bodies, - 0.0 despite its being used directly by fetal and neonatal tissues 
o without transformation (2,8-10, 33) ,  is intriguing. However, the 

conversion of lactate into ketone bodies is not an energy-consum- 
ing pathway and ketone bodies may be more ready-to-use sub- 

19.5 20.5 21.5 6 h strates. Similarly, the transformation of lactate into ketone bodies 
Gestation (days) Post-partum may channel carbon from lactate to tissues whose enzymatic 

machinery for lactate use is defective or still immature. 
Fig. 2. The fate of oleate in perinatal rat liver in vitro. PSWL were 1, conclusion, our results show that lactate is actively used by 

incubated with 0.05 P C ~  of [l-'4Cloleate and 1 mM oleate. The incor- fetal and ear-y neonatal rat liver, suggesting that this substrate is 
 oration into CO2 (a), lipids (b) ,  and ketone bodies ( c )  was measured as a pluritissular fuel during the perinatal period. In the liver, lactate 
described in Materials and Methods. Results are expressed in ~ m o l  of is mainly transformed into ketone bodies, possibly 
oleate incorporated/h/g of liver wet wt and are means + SEM from seven a system for targeting carbon to different tissues. 
to  12 fetuses weighing 2.23 + 0.04 (19.5 d). 3.43 a 0.09 (20.5 d), and - - 
5.34 + 0.05 g (21.5 d) and seven to nine newborns weighing 5.26 + 0.07 
g (6 h postpartum) from four to 10 pregnant rats. ***, p < 0.001 vs 
previous value. KB, total ketone bodies; AcAc, acetoacetate; and 3-HB, 
3-hydroxybutyrate. 

ity occurring during the perinatal period. Thus, the respiratory 
control ratio of liver mitochondria was very low during late 
gestation and increased sharply during the 1st h of extrauterine 
life (32). Consequently, this increase in the respiratory efficiency 
of mitochondria may result in an increase in tricarboxylic acid 
cycle activity and therefore in the rate of lactate oxidation. It 
should be mentioned that immediately after birth oleate oxida- 
tion followed a pattern similar (Fig. 2a) to that found for lactate 
oxidation (Fig. la), suggesting that independently of acyl-CoA 
synthetase activity, oleate oxidation may also be limited by the 
efficiency of the respiratory machinery. Ketogenesis from lactate 
was high during late gestation and the first hours of extrauterine 
life as compared with the rates of oxidation and lipogenesis from 
lactate observed under the same circumstances (Fig. 1). It should 
also be noted that the rates of lactate use (Fig. 1) were much 
higher than those observed for oleate (Fig. 2), suggesting that 
during the perinatal period lactate is preferentially used over 
oleate. Inasmuch as the rate of glucose utilization has also been 
found to be very low under these circumstances (15), it may be 
suggested that lactate is the main metabolic substrate for the liver 
during the perinatal period. 

There is considerable evidence to suggest that lactate plays a 
relevant role in the homeostasis mechanisms of fuel supply to 
tissues during the perinatal period. Thus, it has been reported 
that lactate is used by rat lung (8), heart (Fernandez E, Medina 
JM, personal communication), and brain (2, 9, 10, 33). The 
present results suggest that rat liver also uses lactate during the 
perinatal period. Actually, lactate is used by the perinatal rat 
liver not only as a source of energy and carbon skeleton but also 
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