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Alterations in the Rate of Lipogenesis in vivo in Maternal Liver and
Adipose Tissue on Premature Weaning of Lactating Rats

A POSSIBLE REGULATORY ROLE OF PROLACTIN
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Removal of pups for 24h from rats at peak lactation decreased 3H20 incorporation into
lipid in vivo in mammary gland by 95%, whereas it was increased in liver (77%) and
adipose tissue (330 %). These increases were prevented by administration of prolactin.
Plasma insulin increased 3-fold on weaning and this was partially prevented by prolactin.

Experiments in vitro have shown that the rate of
lipogenesis is higher in livers from lactating rats than
in livers from virgin rats (Smith, 1973a; Benito &
Williamson, 1978). At peak lactation (12-16 days)
the incorporation of [2-'4C]acetate or 3H20 into
lipid is increased in liver slices (Smith, 1973a) or
isolated hepatocytes (Benito & Williamson, 1978)
respectively. In contrast, measurements of the rate of
lipogenesis in vivo with 3H20 showed no significant
difference between virgin and lactating rats (Robinson
et al., 1978). This apparent anomaly could be ex-
plained if the higher lipogenic capacity of the liver
was suppressed in vivo in lactating rats. The rate of
lipogenesis in adipose tissue is decreased both in vivo
(Robinson et al., 1978) and in vitro (Smith, 1973b)
during lactation. A possible candidate for the
regulation of lipogenesis in liver and adipose tissue of
lactating rats is prolactin, especially as its circulating
concentration is related to the suckling stimulus.
Prolactin has been implicated in the suppression of
lipoprotein lipase activity in adipose tissue during
lactation (Zinder et al., 1974). In the present experi-
ments we have measured 3H20 incorporation into
lipid in vivo (Jungas, 1968; Brunengraber et al., 1973;
Stansbie et al., 1976) in mammary gland, liver and
parametrial adipose tissue in situations associated
with alterations in plasma prolactin concentrations:
lactation, premature weaning or treatment with
bromocryptine, an inhibitor of prolactin secretion
(Seki et al., 1974).

Experimental
Lactating rats of the Wistar strain (250-300g)

with between 8 and 12 pups were used after a lactation
period of between 10 and 16 days. Virgin rats (200-
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300g) were used for comparison. The rats were fed
ad libitum on Oxoid breeding diet (Oxoid Ltd.,
London S.E.1, U.K.). Prolactin deficiency was
induced with bromocryptine (3mg/kg body wt.) as
described by Robinson & Williamson (1977). Where
indicated ovine prolactin (2mg in 0.2ml of 154mM-
NaCl, pH 10) was injected subcutaneously at 10:OOh
and 17:00h on the day preceding the experiment.
Triton WRI339 (10%, w/v; 1.0ml) was injected into
a tail vein under ether anaesthesia 30min before
injection of 3H20. 3H20 was obtained from The
Radiochemical Centre, Amersham, Bucks., U.K., and
ovine prolactin from the Sigma London Chemical
Co., Poole, Dorset, U.K. Triton WR1339 was a gift
from Dr. R. B. Fears, Beecham Pharmaceutical
Research Division, Tadworth, Surrey, U.K.

Rates of lipogenesis were measured by intra-
peritoneal injection of 3H20 (5mCi in 0.5ml). All
experiments were carried out between 09:30 and
11 :OOh. Virgin rats were given an oral load of 5ml of
1 M-glucose before injection (Robinson et al., 1978).
Lactating rats were left with their litters for 30min
after injection of 3H20, and the litters were then
removed. The rats were anaesthetized with Nembutal
(50mg/kg body wt.; solution in 0.9% NaCI) about
50min after injection of3H20, and at 60min duplicate
samples of inguinal mammary gland, parametrial
adipose tissue and liver were taken. Arterial blood
was collected from the aorta into a heparinized tube
for determination of specific radioactivity of plasma
water. Weighed samples of tissue (about 1 g in
duplicate) and arterial blood (1 ml) were added to
3 ml of 30% (w/v) KOH, and lipid was saponified and
extracted by the method of Stansbie et al. (1976).
Plasma insulin and prolactin were measured as

described previously (Robinson et al., 1978). Whole-
blood glucose was determined in neutralized HCl04
extracts (Slein, 1963).
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Results and Discussion

Removal of the pups for 24h at peak lactation
decreased (95 %) the rate of 3H20 incorporation in
vivo into lipid in mammary gland, whereas the rates
in liver and adipose tissue increased by 77 and
330 % respectively (Table 1). The amount of 3H2O
incorporated into blood lipid was also increased by
approx. 200%. The 3H20 incorporation into mam-
mary gland and adipose tissue of weaned rats was
similar to that in virgin rats, whereas the incor-
poration into liver and blood was higher than that in
virgin rats (Table 1). Increases in hepatic and
adipose-tissue lipogenesis from [6-'4C]glucose or
[2-'4C]acetate have been observed in vitro when
lactating rats were weaned at 21 days and then
killed 3 days later (Smith, 1973a,b). The increase in
the rate of hepatic lipogenesis in vitro occurred with-
out significant changes in the concentrations of
acetyl-CoA carboxylase or ATP citrate lyase (Smith,
1973a), suggesting that short-term regulation may be
responsible.

Plasma prolactin decreases on removal of the pups
for 24h (Table 2; Amenomori et al., 1970). Admini-
stration of ovine prolactin to weaned rats during this
period completely suppressed the increase in 3H20
incorporation into liver, adipose tissue and blood
lipids (Table 1). Conversely, inhibition of prolactin
secretion by administration of bromocryptine (Table
2; Seki et al., 1974) while allowing the pups to suckle
increased hepatic lipogenesis by 200%; this increase
was higher (P<0.05) than that observed on removal
of the pups for 24h (Table 1). Incorporation of
3H20 into adipose-tissue lipid also increased, but not
significantly. Prolactin deficiency depressed the
incorporation of 3H20 into mammary-gland lipid
(Table 1), and this decrease is presumably in part due
to lower uptake of triacylglycerol by the gland
(Zinder et al., 1974). Administration of bromo-
cryptine plus prolactin to lactating and suckled rats
produced a pattern of 3H20 incorporation in mam-
mary gland and liver similar to that of untreated
lactating rats, but the incorporation into adipose
tissue and blood was lower (Table 1).

Table 1. Effects ofpremature weaning on IH20 incorporation in vivo in mammarygland, liverandadipose tissue oflactating rats
For experimental details see the text. The results are mean values + S.D. with the numbers of rats shown in parentheses.
Rates of lipogenesis are expressed as umol of 3H20 incorporated into lipid/h per g wet wt. of tissue or per ml of whole
blood. Values that are significantly different from the corresponding values for fed lactating rats are shown: *P<0.05;
**P<0.005.

State of rats
Lactating (7)
Lactating, weaned (24h) (13)
Lactating, weaned (24h) + prolactin injected (9)
Lactating, bromocryptine-treated (24h) (5)
Lactating, bromocryptine-treated (24h) + pro-

lactin injected (3)
Lactating, Triton-treated (1.5h) (4)
Lactating, weaned (24h), Triton-treated (1.5h)

(5)
Virgin, glucose intubated (20)

Mammary
gland

118+32
5.2+ 2.5**
3.2+ 1.3**
63.2+ 40.8*
79.5±56.1

57.8 + 23.4*
5.2+ 3.0**

Liver
21.5 ± 10.2
38.0+ 18.8*
17.5+ 9.2
61.6+ 14.2**
14.2± 10.3

Adipose
tissue

2.2+1.0
9.5 + 4.6**
2.8+1.4
6.4+7.7

0.59 + 0.25**

Blood
1.4+0.51
4.0±3.3*
1.7+0.9
4.4+ 1.8**
0.57+0.16**

15.9+4.3 2.4±0.76 2.3+1.3
60.9+6.6** 5.8+ 1.0** 18.0+3.8**

7.8± 4.7** 17.7+9.4 9.6+ 7.8* 1.1+0.68

Table 2. Concentrations ofglucose, insulin andprolactin in blood orplasma oflactating rats
Blood was collected from the aorta, and glucose and the hormones were determined as described in the Experimental
section. The results are mean values ± S.D. with the numbers of rats shown in parentheses. The values for lactating rats
are taken from Robinson et al. (1978). Values that are significantly different from those for lactating rats are shown
(*P<0.05; **P<0.005) and values that are significantly different from untreated weaned rats are shown (tP<0.005).

State of rats
Lactating
Lactating, weaned (24h)
Lactating, weaned (24h) + prolactin injected
Lactating, bromocryptine-treated (24h)
Lactating, bromocryptine-treated (24h) + pro-

lactin injected

[Glucose]
(umol/ml of whole

blood)
4.74+0.48 (8)
5.35 ± 0.51 (6)*

[Insulin]
(,uunits/ml of plasma)
19.7+4.9 (9)
59.5+ 11.9 (11)**
33.0± 13.4 (5)*t
52.8 + 11.0 (5)**
37.0+ 8.5 (3)**t

[Prolactin]
(ng/ml of plasma)
381 +175 (9)
83 ± 72 (15)**

19±3 (5)**
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The activity of adipose-tissue lipoprotein lipase is
suppressed during lactation but increases on removal
of the pups (Hamosh et al., 1970), and therefore
increased uptake of newly synthesized lipid from the
plasma might contribute to the increase in 3H20
incorporation into maternal adipose tissue on
weaning. To test this, the effects of Triton WR1339,
an inhibitor of triacylglycerol uptake (Scanu, 1965),
were examined. Injection of Triton WR1339 into
lactating rats caused a 50% decrease in 3H20
accumulation in lipid in mammary gland, but no
significant changes in liver and adipose tissue (Table
1). In contrast, Triton WR1339 decreased the
radioactivity in adipose tissue in weaned rats (P< 0.05;
Table 1) and this was accompanied by a 4-fold
increase in 3H20 incorporation into blood lipid.
Thus it would appear that a proportion of the 3H20
incorporated into adipose-tissue lipid in the weaned
rat is transferred from the liver. Nevertheless, if the
3H20 incorporation into adipose-tissue lipid of
lactating and weaned rats treated with Triton
WR1339 is compared, there is a 140% increase
(P<0.005) in weaned rats, indicating that weaning
increases lipogenesis in adipose tissue.

Insulin is involved in the regulation of adipose-
tissue and liver lipogenesis in vivo (Stansbie et al.,
1976). We have reported that plasma insulin is
decreased in lactating rats compared with virgin and
non-lactating rats (Robinson et al., 1978) and
therefore insulin was measured in the present
experiments. Removal of the pups for 24h increased
plasma insulin by 200%, and bromocryptine treat-
ment of lactating rats produced a similar rise (Table
2). The increase in plasma insulin was accompanied
by a small, but significant, increase in blood glucose
both in weaned rats (Table 2) and bromocryptine-
treated rats (Robinson & Williamson, 1977). Ad-
ministration of prolactin to weaned rats decreased
the insulin concentration towards that found in
lactating rats. We have suggested that the lower
plasma insulin in lactating rats may be due to
removal of the hormone by the gland (Robinson
et al., 1978), and therefore the lower mammary-
gland flow in weaned rats (Hanwell & Linzell, 1973)
might decrease extraction of insulin and increase the
circulating concentration. However, this explanation
does not hold for weaned rats injected with pro-
lactin, where the decreased insulin concentration
(Table 2) is not likely to be due to an increased blood
flow to the gland.

Experiments on lactating mice similar to those
reported in the present paper showed no increase in
hepatic lipogenesis on removal of the pups, but a
2-fold increase in 3H20 incorporation into adipose-
tissue lipid (Romsos et al., 1978). Apart from the
species difference, the mice pups were removed for
only 12h and mammary-gland lipogenesis decreased
by 50% only.

Although experiments with exogenous prolactin
must be treated with some caution because of the
presence of other hormones as contaminants in
prolactin preparations (Hwang et al., 1972; Vorherr,
1978), the present results suggest that alteration of
the plasma prolactin concentration causes a reci-
procal change in the rate of lipogenesis in both liver
and adipose tissue. We therefore postulate that the
elevation of prolactin in response to the suckling
stimulus results in a depression of lipogenesis in
liver and adipose tissue so that glucose and lactate,
the two main lipogenic precursors (Katz, et al.,
1974), are made available for the lactating gland. On
weaning, the decrease in prolactin allows an increase
in lipogenesis in these tissues, so that lipid stores
depleted during lactation can be replenished. The
increase in lipoprotein lipase activity in adipose
tissue (Hamosh et al., 1970) and the decreased
uptake of glucose and increased output of lactate by
the mammary gland on weaning (L. Agius, A. M.
Robinson & D. H. Williamson, unpublished results)
also play a role in the redirection of circulating sub-
strates for this process. The present experiments
give no information on the site or type of regulation
involved or whether prolactin is a primary regulator.

We thank Dr. A. Kervran for the insulin assay, and Dr.
D. Grouselle for the prolactin assay. This work was
supported by the Medical Research Council and the U.S.
Public Health Service (grant no. AM-11748). L. A. is a
Commonwealth Scholar, and A. M. R. was a Common-
wealth Scholar and an honorary New Zealand Ramsay
Fellow. D. H. W. is a member of the External Staff of the
Medical Research Council (U.K.).

References

Amenomori, Y., Chen, C. L. & Meites, J. (1970) Endo-
crinology 86, 506-510

Benito, M. & Williamson, D. H. (1978) Biochem. J. 176,
331-334

Brunengraber, H., Boutry, M. & Lowenstein, J. M.
(1973) J. Biol. Chem. 248, 2656-2669

Hamosh, M., Clary, T. R., Chernick, S. S. & Scow, R. 0.
(1970) Biochim. Biophys. Acta 210, 473-482

Hanwell, A. & Linzell, J. L. (1973) J. Physiol. (London)
233, 111-125

Hwang, P., Guyda, H. & Friesen, H. (1972) J. Biol.
Chem. 247, 1955-1958

Jungas, R. L. (1968) Biochemistry 7, 3708-3717
Katz, J., Wals, P. A. & Van de Velde, R. L. (1974) J. Biol.

Chem. 249, 7348-7357
Robinson, A. M. & Williamson, D. H. (1977) Biochem. J.

164, 153-159
Robinson, A. M., Girard, J. R. & Williamson, D. H.

(1978) Biochem. J. 176, 343-346
Romsos, D. R., Muiruri, K. L., Lin, P.-Y. & Leveille,
G. A. (1978) Proc. Soc. Exp. Biol. Med. 159, 308-312

Vol. 180



692 L. AGIUS, A. M. ROBINSON, J. R. GIRARD AND D. H. WILLIAMSON

Scanu, A. M. (1965) Adv. Lipid Res. 3, 63-138
Seki, M-, Seki, K., Yoshihara, T., Watanabe, N.,
Okumura, T., Tajima, C., Huang, S.-Y. & Kuo, C. C.
(1974) Endocrinology 94, 911-914

Slein, M. W. (1963) in Methods of Enzymatic Analysis
(Bergmeyer, H. U., ed.), pp. 117-123, Academic Press,
New York and London

Smith, R. W. (1973a) J. Dairy Res. 40, 339-351

Smith, R. W. (1973b) J. Dairy Res. 40, 353-360
Stansbie, D., Brownsey, R. W., Crettaz, M. & Denton,

R. M. (1976) Biochem. J. 160, 413-416
Vorherr, H. (1978) in Lactation: A Comprehensive Treatise

(Larson, B. L., ed.), vol. 4, pp. 182-280, Academic
Press, New York and London

Zinder, O., Hamosh, M., Fleck, T. R. C. & Scow, R. 0.
(1974) Am. J. Physiol. 226, 744-748

1979


