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Rates of alanine incorporation into glucose by isolated liver cells of fed rats are 5-fold higher than those

observed when lactate was used as substrate. The rates of gluconeogenesis from alanine and lactate in isolat-

ed liver cells of fed pregnant rats increase 50 and 200400 %, respectively, over virgins during the last 3 days

of gestation. The results support the existence of an increase in the alanine-glucose cycle in the late pregnan-
cy as an important homeostatic pathway in the supply of glucose to the growing fetus.
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1. INTRODUCTION

In the pregnant rat, the fetal weight increases
3—4-fold during late gestation. Maternal glucose is
the primary fuel for the growing fetus [1-4] and its
demands increase as gestation proceeds. It has
been reported that blood glucose concentrations
decrease continuously during gestation in several
species, i.e. rabbit [5], guinea-pig {6], human [4,7]
and rat [8~11], either in the postabsorptive state or
after an overnight fast. Hence, it has been sug-
gested that gluconeogenesis decreases in the fed
pregnant animal during late gestation [5,12,13].
However, we have recently shown that the in vivo
rates of gluconeogenesis from lactate increase
2-fold in fed pregnant rats at term gestation [14],
which represents almost 50% of the glucose uti-
lized by the conceptus [10,14]. Nevertheless, de-
creased operation of the glucose-alanine cycle has
been reported to occur in late pregnancy [15].

The increased availabilities of gluconeogenic
substrates, i.e. lactate and alanine [5,14,15] and
the occurrence of lower blood glucose concentra-
tions during late pregnancy have prompted us to
study further the glucose production rates from
these substrates in isolated liver cells of fed rats
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during late gestation. The aims of the present
research were to establish if the rates of
gluconeogenesis from alanine are impaired in the
liver of late pregnant rats as suggested by others
{15] and to evaluate the relative importance of lac-
tate and alanine as gluconeogenic substrates during
late pregnancy.

2. MATERIALS AND METHODS

2.1. Materials

L-[U-'*C]Lactate and L-[U-'*C]alanine were ob-
tained from the Radiochemical Centre, Amer-
sham, England. Analytical-grade anion-exchange
resin Dowex AGI1-X8 (C1™ form; 200—400 mesh)
and cation-exchange resin Dowex S0W {50x4-400)
(hydrogen form, 200—400 mesh) were obtained
from Bio-Rad, USA, and Sigma, USA, respective-
ly. Bovine serum albumin (fraction V) was sup-
plied by Armour Pharmaceutical, USA. Col-
lagenase (lot no. 1074259}, glucose-6-phosphate
dehydrogenase, hexokinase, lactate dehydro-
genase, F-nicotinamide adenine dinuclectide and
adenosine S5-triphosphate were obtained from
Boehringer (Mannheim). All other chemicals were
of the highest purity grade available.
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2.2, Animals

Time-pregnant and virgin albino Wistar rats fed
on standard laboratory chow and water ad libitum
were used for the experiments between 09.00 and
10.00 hours. The presence of spermatozoa in the
vagina had been assumed to indicate conception,
and gestational age was confirmed by the fetal
weight [14,16].

2.3. Liver cell preparation

Isolated liver cells were prepared essentially as in
[17—19] with minor modifications. Briefly, the rats
were anaesthetized with nembutal (40 mg/kg body
wt) and the liver perfused with Ca®*-free Krebs-
Henseleit buffer containing 0.5 mM EGTA for
10 min. After this initial perfusion, the liver was
perfused for another 20 min with normal Krebs-
Henseleit buffer containing 0.05% (w/v) col-
lagenase. The isolated cells were filtered and
washed 3 times in normal Krebs-Henseleit buffer,
When judged by the exclusion of 0.02% (w/v)
trypan blue, the percentage of viable cells was
always higher than 90-95% and 85-90% for
virgin and pregnant rats, respectively.

2.4, Liver cell incubation

4—5 x 108 liver cells were incubated in 3 ml nor-
mal Krebs-Henseleit buffer containing 2.5% (w/v)
bovine serum albumin, 5§ mM glucose, 5 mM lac-
tate and 1 mM alanine at 37°C with continuous
shaking (100 strokes/min) in 25-ml Erlenmeyer
flasks with a mixture of 95% O; and 5% CO; as
gas phase. 0.25 xCi L-[U-*C]lactate or L-
[U-CJalanine were added to the incubations to
measure rates of gluconeogenesis from both
substrates. At 0, 10, 20, 30, 40 and 50 min, incuba-
tions were terminated by adding ! ml of 10%
(w/v) perchloric acid. After removing the
precipitated protein, the supernatants were
neutralized with 20% (w/v) KOH.

2.5. Ion-exchange chromatography

0.4 ml of the neutralized supernatants were
chromatographed on anion-exchange or cation-
exchange resin to separate glucose and lactate
[16,20] or glucose and alanine, respectively.
Glucose (95%) and alaine (95%) were recovered in
eluate fractions 2 and 6, respectively, The radioac-
tivity of [**Clglucose, L-[U-"*CJlactate and L-
[U-'Clalanine in the chromatographic fractions
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was measured by liquid-scintillation counting and
the concentration of each metabolilte assayed by
standard enzymatic procedures as in [20,21]. The
specific activities of the metabolites were expressed
as dpm/xmol substrate. Statistical analysis was
performed by Student’s t-test. Statistical linear-
regression correlation was applied to the linear
plots. P values of 0.05 or less were taken as signifi-
cant, and the results expressed as the means + SE.

3. RESULTS AND DISCUSSION

The linear increase in specific activity of
glucose/g dry wt liver cells from fed pregnant rats
incubated in the presence of L-[U-*C]lactate is
presented in fig.1A. It has been reported that in
freshly prepared isolated rat liver cells from 48 h
starved rats, there is a 20min lag in
gluconeogenesis from lactate [18,22]. This effect
has also been observed in isolated guinea-pig liver
cells [19]. In our preparations, this effect was not
observed; in fact, the rates of gluconeogenesis
from L-lactate were linear during 40—50 min of in-
cubation (fig.1A). The existence of the lag period
was explained by Cornell et al. [22] by the
precedence of the reoxidation of cytosolic NADH
over gluconeogenesis, meaning that much of the
oxaloacetate formed by the pyruvate carboxylase
reaction has to be transferred ‘twice’ from the
mitochondria to the cytosol by the aspartate
shuttle before being converted into phospho-
enolpyruvate. The observed discrepancy could be
explained on the basis of the previous hypothesis
[22]: th~ cytosolic redox state of the liver of fed
rats is more oxidized than that of the liver from
starved rats [23], therefore, under a fed condition
there would be no need of oxaloacetate diverston
and the lag period would not be expected to occur.

Using the results of fig.1A and the specific ac-
tivity of L-[U-'“Cllactate, the rates of
gluconeogenesis were calculated and presented in
fig.1B. The rates of gluconeogenesis from lactate
in isolated liver cells of fed pregnant rats showed
a 3—4-fold increase at days 20, 21 and 22 of gesta-
tion when compared to the rates found in fed
virgin rats (fig.1B). It should be pointed out that
the basal rates of gluconeogenesis observed in
virgin rats are lower than those previously reported
[18,19,22,24]. This difference is most likely due to
the use in our experimental protocol of: (i) liver
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Fig.1. Rates of gluconeogenesis from lactate in isolated liver cells of fed virgin and fed pregnant rats during late
gestation. Liver cells were isolated and incubated as described in section 2.2. Glucose was separated from lactate by
anion-exchange chromatography. (A) Linear increase in the specific activity of [“*Clglucose formed from L-
{U-"C]lactate in one preparation of isolated liver cells of virgin (0) and 20 (e), 21 (m) and 22 (A) days pregnant rats.
Correlation coefficients (r) and significance (p) for the slopes: (0) r = 0.984, p < 0.001; (@) r = 0.992, p < 0.01; (w)
r=0.989, p < 0.01; (a) r = 0.993, p < 0.001. (B) Rates of gluconeogenesis from lactate in isolated liver cells of virgin
and pregnant rats. The results shown are means + SE (# = 3-9). * p < 0.0005 for comparison of virgins and pregnant
rats. ° p < 0.0005 for comparison of 21 and 22 day pregnant rats.

cells isolated from rats fed ad libitum, since starva-
tion is well known to increase the gluconeogenic
capacity of the liver [25,26]; and (ii) an incubation
medium that included glucose and half the concen-
tration of lactate used by others, but that was
designed with the purpose of simulating the
physiological concentrations of both metabolites
to which liver cells are exposed in vivo [11,14].
The increase in specific activity of glucose/g dry
wt was linear for 30~40 min of incubation in the 4
groups of liver cells studied when measured from
L-[U-*Clalanine (fig.2A). The rates of glu-
coneogenesis from alanine (fig.2B) showed a
50—60% increase in the isolated liver cells of 20, 21
and 22 day pregnant rats vs those found in virgins.

Interestingly, in isolated liver cells of fed virgin
rats 1 mM alanine (fig.2B) was almost S5-times
more potent a gluconeogenic substrate than 5 mM
lactate (fig.1B). This result is the first experimental
evidence to support alanine as being a major liver
gluconeogenic substrate in the postabsorptive
mammal {27,28]. Although during late pregnancy
the S-fold difference mentioned above is
significantly reduced, alanine is still a better
gluconeogenic substrate than lactate for liver cells
isolated from postabsorptive pregnant rats.

Our results support the existence of an increase
in the alanine-glucose cycle during late gestation as
recently reported for the Cori cycle [14]. Any in-
terference in the maternal gluconeogenic capacity,
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Fig.2. Rates of gluconeogenesis from alanine in isolated liver cells of fed virgin and fed pregnant rats during late
gestation. Liver cells were isolated and incubated as described in section 2.2. Glucose was separated from alanine by
cation-exchange chromatography. (A) Linear increase in specific activity of {"*Clglucose formed from L-[U-"*Clalanine
in one preparation of isolated liver cells of virgin (©) and 20 (e), 21 (m) and 22 (A) day pregnant rats. Correlation
coefficients () and significance (p) for the slopes: (0) r = 0.997, p < 0.001; (@) r = 0.986, p < 0.01; (m) r = 0.999,
p<0.01; (a)r =0.981, p <0.02. (B) Rates of gluconeogenesis from alanine in isolated liver cells of virgin and pregnant
rats. Results shown are means + SE {# = 3—6). * p < 0.0025 and ** p < 0.0005 for comparison of virgin and pregnant
rats.
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ing at least 2-times more potent substrate for
gluconeogenesis than lactate.

222

grant from Fondo de Investigaciones Sanitarias,
Spain.

REFERENCES

[1} Kim, Y.J. and Felig. P. (1972) Metabolism 21,
507-512.

[21 Girard, I.R., Cuendet, G.S., Marliss, E.B.,
Kervran, A., Rieutort, M. and Assan, R. (1973) J.
Clin. Invest. 52, 3190-3200.



Volume 194, number 2

[3] Battaglia, F.C. and Meschia, G. (1978) Physiol.
Rev. 58, 499-527.

[4] Kalhan, S.C., D’Angelo, L.J., Savin, M.S. and
Adam, P.A.J. (1979) J. Clin. Invest. 63, 388—394.

[5] Gilbert, M., Hay, W.W., Johnson, R.L. and
Battaglia, F.C. (1984) Pediatr. Res. 18, 854—859.

[6] Sparks, J.W., Pegorier, J.P., Girard, J. and
Battaglia, F.C. (1981) Pediatr. Res. 15, 1340—1344.

[71 Cousins, L., Rigg, L., Hollingsworth, D., Brink,
G., Aurand, J. and Yenn, S.S.C. (1980) Am. J.
Obstet. Gynecol. 136, 483—488.

[8] Fain, J.N. and Scow, R.O. (1966) Am. J. Physiol.
210, 19-25.

[9] Knopp, R.H., Saudek, C.D., Arky, R.A. and
O’Sullivan, J.B. (i973) Endocrinology 92,
984-988.

[10] Leturque, A., Gilbert, M. and Girard, J. (1981)
Biochem. J. 196, 633—636.

[11] Valcarce, C., Cuezva, J.M. and Medina, J.M.
(1984) Biochem. Soc. Trans. 12, 789-790.

[12] Herrera, E., Knopp, R.H. and Freinkel, N. (1969)
J. Clin. Invest. 48, 2260—-2272.

[13] Hagermann, D.D. (1962) Endocrinology 70,
88-94.

[14] Valcarce, C., Cuezva, J.M. and Medina, J.M.
(1985) Life Sci. 37, 553—560.

[15] Palou, A., Remesar, X., Arola, L. and Alemany,
M. (1981) Mol. Physiol. 1, 301-309.

FEBS LETTERS

January 1986

[16]) Fernandez, E., Valcarce, C., Cuezva, J.M. and
Medina, J.M. (1983) Biochem. J. 214, 525-532.

[17] Berry, M.N. and Friend, D.S. (1969) J. Cell. Biol.
43, 506—520.

[18]) Cornell, N.W., Lund, P., Hems, R. and Krebs,
H.A. (1973) Biochem. J. 134, 671-672.

[19] Elliott, K.R.F. and Pogson, C.1. (1977) Mol. Cell.
Biochem. 16, 23-29.

[20] Cuezva, J.M., Chitra, C.I. and Patel, M.S. (1982)
Pediatr. Res. 16, 638—643.

[21] Cuezva, J.M., Moreno, F.J., Medina, J.M. and
Mayor, F. (1980) Biol. Neonate 37, 88—95.

[22] Cornell, N.W., Lund, P. and Krebs, H.A. (1974)
Biochem. J. 142, 327-337.

[23] Williamson, D.H., Lund, P. and Krebs, H.A.
(1967) Biochem. J. 103, 514-527.

[24] Martin, G. and Baverel, G. (1983) Biochim. Bio-
phys. Acta 760, 230-237.

[25] Tilghman, S.M., Ballard, F.J. and Hanson, R.W.
(1976) in: Gluconeogenesis. Its Regulation in
Mammalian Species (Hanson, R.W. and Mehlman,
H.A. eds) pp.47-91, Wiley, New York.

[26] Hers, H.G. and Hue, L. (1983) Annu. Rev.
Biochem. 52, 617-653.

[27] Felig, P. (1973) Metabolism 22, 179-209.

[28] Felig, P. and Wahren, J. (1974) Fed. Proc. 33,
1092-1097.

223



