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Initiation of lipogenic enzyme activities in rat mammary glands
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The activities of acetyl-CoA carboxylase, ATP citrate-lyase and fatty acid synthetase
remained low until parturition at 22 days of gestation and increased significantly
within 1 day post partum. Administration of progesterone on days 20 and 21 and at
parturition abolished the increases for at least 48 h after parturition. Removal of the
pups of normal rats prevented the increases in activities of acetyl-CoA carboxylase
and ATP citrate-lyase, but not of fatty acid synthetase, and administration of prolactin,
corticosterone or insulin did not stimulate activity. Tissue from suckled glands in
which the ducts had been ligated at parturition showed no increase in the activities
of acetyl-CoA carboxylase and ATP citrate-lyase within 24 h, whereas fatty acid
synthetase activity was similar to that in the sham-operated contralateral glands.
Foetoplacentectomy on day 18 increased the activity of fatty acid synthetase but not
of acetyl-CoA carboxylase and ATP citrate-lyase; suckling of these dams by foster
pups increased both acetyl-CoA carboxylase and ATP citrate-lyase.

It is well recognized that the decline in plasma
progesterone concentration during the last 2 days of
pregnancy (Nicholas & Hartmann, 1975;
Bartholomeusz et al., 1976) acts as a trigger for
the initiation of lactose synthesis in rat mammary
glands (for reviews, see Kuhn, 1971, 1977). How-
ever, enzymes for the synthesis of milk constituents
do not all develop simultaneously: casein synthesis
is initiated before (Nardacci et al., 1978), and
fatty acid synthesis after, lactose synthesis (Martyn
& Hansen, 1980).

Changes in the activity of various enzymes con-

nected in some way with lipogenesis in the rat have
been reported many times (e.g. Baldwin & Milligan,
1966; Gumaa et al., 1973). A number of these
enzymes appear to increase from the time of parturi-
tion, whereas others, such as thioesterase II, which
terminates the chain in the synthesis of medium-
chain fatty acids (Smith & Ryan, 1979), and lipo-
protein lipase, which is concerned with the provision
of fatty acid from plasma chylomicrons and very-
low-density lipoproteins (Otway & Robinson, 1968;
Hamosh et al., 1970), are developed before this time.
Our demonstration that initiation of fatty acid

synthesis does not depend solely on withdrawal of
progesterone but in addition requires removal of
milk from the gland by suckling (Martyn & Hansen,
1980), raises the question of which steps of
synthesis are stimulated by milk removal.

In the present study we have used treatments

in vivo that alter the normal changes in lipogenic
rate and have measured the activities of acetyl-CoA
carboxylase, ATP citrate-lyase and fatty acid syn-
thetase. The results indicate that milk removal by
suckling, together with the hormonal alterations
that occur during lactogenesis, is an important
stimulus for the increase in the first two of these
enzymes.

Materials and methods

Na2"4CO3 (sp. radioactivity 2.18 GBq/mmol)
was obtained from The Radiochemical Centre,
Amersham, Bucks., U.K. Ovine prolactin (N.I.H.
PS10, 30i.u./mg) was a gift from the Endocrinology
Study Section, National Institutes of Health,
Bethesda, MD, U.S.A. Protamine/zinc/bovine in-
sulin (40 units/ml) was from the Boots Co. Ltd.,
Nottingham, U.K. Corticosterone, progesterone,
calf thymus DNA type 1, ATP, reduced glutathione,
bovine serum albumin (fraction V), CoA, malonyl-
CoA, f,-NADH, /3-NADPH and malate dehydro-
genase (EC 1.1.1.37) were from Sigma Chemical
Co. Ltd., St. Louis, MO, U.S.A. Acetyl-CoA was
prepared by the method of Simon & Shemin (1953).

Female Wistar rats from our colony were used
as described previously (Martyn & Hansen, 1980).
Parturition, except in those rats given progesterone,
occurred on day 22, taken as day 0 of lactation.

Mammary-tissue extracts were prepared by the
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procedure of Mackall & Lane (1977), except that
tissue was homogenized in 3vol. of buffer and the
pellet obtained after centrifugation of the homo-
genate for 10min at 2000g was stored in 0.5M-
HC104 at -15°C and used for the determina-
tion of DNA. Enzyme activities were measured in
the final supernatant obtained by centrifugation at
73 000g for 45 min.

Measurement ofenzyme activities
Acetyl-CoA carboxylase (EC 6.4.1.2) activity

was determined by measuring fixation of [14C]-
bicarbonate in the presence of acetyl-CoA (Mackall
& Lane, 1977).

Activity of ATP citrate-lyase (EC 4.1.3.8) was
measured spectrophotometrically at 340nm, essen-
tially by the method of Srere (1959). The reaction
mixture contained 50mM Tris/HCl buffer, pH8.3,
3 mM-MgCl2, 3 mM-ATP, 0.1 mM-CoA, 10mM-
glutathione, 20mM-citrate, about 0.1 mM-NADH,
55g (55 units) of malate dehydrogenase and high-
speed supernatant in a final volume of 3.0ml. The
reaction was started by the addition of ATP.
Controls omitting either citrate or enzyme prepara-
tion gave negligible rates.
The activity of fatty acid synthetase was measured

spectrophotometrically at 340nm by a modification
of the assay described by Lynen (1962). The assay
system contained 0.2 M-potassium phosphate buffer,
pH 6.6, 0.08 mM-acetyl-CoA, 0.08 mM-malonyl-
CoA, 6 mM-glutathione, 1 mM-EDTA and 0.075 mm-
NADPH in a final volume of 3.0ml. The reaction
was started by the addition of enzyme. Controls
in which the enzyme was omitted produced negligible
reaction rates.

Expression ofresults
All three enzymes were assayed under conditions

where the activity was linearly related to the amount
of protein and to the time of incubation. Enzyme
activities are expressed in units/mg of cellular DNA
or munits/mg of cytosol protein, where 1 unit trans-
forms l,umol of HCO3-, NADH or NADPH/min
at 37, 30 and 300C respectively. Both methods of
expression have- been used, as the ratio of DNA
to tissue protein varies within the period studied
(Baldwin & Milligan, 1966). Protein was determined
by the method of Lowry et al., (1951), with bovine
serum albumin as a standard. DNA was measured
by the method of Burton (1956), with calf thymus
DNA as a standard. The values of enzyme activities
reported represent the mean + S.E.M., with the
numbers of rats used to obtain the means in
parentheses.

Results

Inhibition ofnormal changes by progesterone
The activities of acetyl-CoA carboxylase, ATP

citrate-lyase and fatty acid synthetase remained low
until parturition and increased significantly (2-4-
fold) by day 1 of lactation with suckling (Fig. 1).
By day 2, under normal circumstances, these in-
creases were even more noticeable. The plasma
progesterone concentration begins to decrease about
2 days before parturition (Nicholas & Hartmann,
1975; Bartholomeusz et al., 1976), but we have
shown that injection of- small amounts of pro-
gesterone at this time inhibits the normal increase
in fatty acid synthesis from glucose (Martyn &
Hansen, 1980). As Table 1 shows, injection of
progesterone prevents enzyme activities from in-
creasing by day 2 of lactation.

Effects ofpremature withdrawal ofprogesterone
When 18-day-pregnant rats are foetoplacent-

ectomized, the concentration of circulating pro-
gesterone decreases quickly and lactose synthesis
begins, but fatty acid synthesis does not increase
within 96h of surgery (Martyn & Hansen, 1980).
As Table 2 shows, we found a slight, transient
increase (P <0.2) in the activity of fatty acid syn-
thetase, but no increase in the activities of acetyl-
CoA carboxylase and ATP citrate-lyase within
96h. When prematurely delivered rats were given
foster pups (aged 1-2 days) about 2 h after
surgery, the activities of acetyl-CoA carboxylase,
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Fig. 1. Activity of lipogenic enzymes in rat mammary
tissue before and after parturition

Extracts of tissue were prepared in 3 vol. of buffer
by the method of Mackall & Lane (1977). Enzyme
activities were measured in the cytosol fraction as
described in the Materials and methods section and
related to DNA concentration in the extract: 0,
acetyl-CoA carboxylase; A, ATP citrate-lyase;
0, fatty acid synthetase. Each value plotted repre-
sents the mean + S.E.M. (except where the S.E.M.
is too small to show) obtained from the 3 and 13
rats. For each enzyme the values on day 1 were
significantly higher than on day 0 [P <0.001, 0.002
and 0.05 respectively].
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Table 1. Changes in enzyme activity by day 2 oflactation in control andprogesterone-treated rats
Four rats were injected subcutaneously with 8mg of progesterone in peanut oil on days 20 and 21 and again at
parturition (delayed to day 23 in treated rats) before suckling had commenced. Four control rats received oil only.
At parturition the size of each litter was adjusted to 12. Enzyme activities were measured as in Fig. 1. Significance
of the difference between progesterone-injected rats and control rats: *P < 0.05, **P < 0.001.

Enzyme activity (units/mg ofDNA)

Day 2
11A_

Specific activity (munits/mg of protein)
A Day 2
.Day 2

Enzyme
Acetyl-CoA carboxylase
ATP citrate-lyase
Fatty acid synthetase

Day 0
(untreated)

0.16 +0.02 (10)
0.44 +0.07 (10)
0.31 + 0.08 (5)

Oil-
injected

0.89 + 0.23
9.61 + 1.29
3.60+0.37

Progesterone-
injected

0.17 + 0.04**
0.44 + 0.22**
0.68 + 0.05**

Day 0
(untreated)

2.0 +0.3 (12)
5.3 + 1.2 (10)
4.3 +0.8 (7)

Oil-
injected
6.7 + 2.0

54.4 + 2.0
20.7 + 1.9

Progesterone-
injected

1.2 + 0.2*
3.3 + 1.0**
4.9+ 1.1**

Table 2. Activity ofenzymes in mammary tissue of18-day-pregnant rats afterfoetoplacentectomy
At zero time, animals were foetoplacentectomized and some were given 12-15 foster pups (aged 1-2 days) about 2h
afterwards. Each value represents the mean ± S.E.M.; (n) represents the number of rats used to obtain each value
and is the same for each enzyme activity expressed on similar basis. Significance of the difference between suckled
and unsuckled glands: *P < 0.05, **P < 0.02, ***P < 0.001.

Activity (units/mg ofDNA)

Time after
surgery

(h)
0

24
48
72
96

Acetyl-CoA carboxylase ATP citrate-lyase Fatty acid synthetase

Unsuckled Suckled Unsuckled Suckled Unsuckled Suckled
0.22 + 0.01 (3) 0.55 + 0.04 0.63 + 0.05
0.12 +0.02 (5) 0.09 +0.01 (4) 0.75 +0.09 0.78 +0.18 0.92 +0.14 0.59 +0.09
0.20+0.03 (7) 0.27+0.16 (4) 0.44+0.12 1.25 +0.13** 1.52+0.38 1.91 +0.38
0.05 +0.01 (6) 0.33 + 0.10 (5)* 0.27 +0.07 2.37 + 0.47*** 0.85 +0.15 2.00 + 0.25**
0.07 +0.02 (5) 0.95 + 0.36 (5)* 0.66 +0.23 5.02 + 1.41** 0.88 +0.21 4.84 + 3.07

Specific activity (munits/mg of protein)
r - A- 5~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 4.8+ 1.2 (3)
24 1.7 +0.3 (5)
48 2.3 + 0.3 (9)
72 0.6 + 0.2 (6)
96 0.7+0.1 (4)

2.1 +0.3 (4)
5.0+ 3.1 (4)
4.0 ± 0.4 (5)***
10.7 + 2.0 (5)**

ATP citrate-lyase and fatty acid synthetase in-
creased progressively over 96h (Table 2), although,
as with fatty acid synthesis from glucose, the
differences between suckled and unsuckled glands
were significant only after about 48 h.

Effects ofsuckling after normalparturition
When the whole litter is removed at parturition

before suckling can commence, the rate of fatty acid
synthesis does not increase as it does when the
glands are suckled (Martyn & Hansen, 1980).
Table 3 shows that unsuckled glands have signifi-
cantly lower activities of acetyl-CoA carboxylase
and ATP citrate-lyase than suckled glands, but
that the activity of fatty acid synthetase appears
to increase within 48 h even in the absence of
suckling. To test the effects of hormones associated
with suckling or lipogenesis, unsuckled dams were
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injected with either prolactin, corticosterone or

insulin as described in Table 3. The activities of
acetyl-CoA carboxylase and ATP citrate-lyase were
similar to, or even less than, the activities observed
before parturition (Table 3, cf. Table 1). The
activity of fatty acid synthetase was similar to that
in unsuckled glands from animals not treated with
hormones, except that prolactin-treated rats had
lower activity.
As suckling without milk removal does not

increase the rate of glucose incorporation into
fatty acids (Martyn & Hansen, 1980), enzyme
activities were measured under similar conditions.
Ligation of the gland ducts prevented the activities
of only acetyl-CoA carboxylase and ATP citrate-
lyase from increasing as they did in sham-operated
contralateral glands in 24 h (Table 4). However,
in these sham-operated controls the values were

9.4 + 2.0
10.0+ 1.5
6.0+ 1.0
6.3 + 2.5
6.2 + 2.2

16.1+ 3.3
16.9 + 1.7***
28.5 + 4.7**
61.3 + 13.6**

11.2 + 2.7
12.9 + 2.2
18.9 ±4.1
13.5 ± 2.6
10.2 + 3.5

14.3 + 3.4
26.0+ 2.7
23.7 + 2.6*
40.2 + 14.5
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Table 4. Enzyme activities in suckled ligated or sham-
operated glands

The ducts of the right-hand side abdominal and
inguinal glands of four unsuckled parturient rats
were ligated through an incision in the adjacent skin,
and the contralateral glands were sham-operated.
The rats were then allowed to suckle 12-14 pups for
24h. Significance: *P<0.05.

Activity (units/mg ofDNA)
AI I

Enzyme
Acetyl-CoA carboxylase
ATP citrate-lyase
Fatty acid synthetase

Sham-operated
0.21 + 0.04
0.98 ± 0.24
0.94 + 0.11

Ligated
0.05 + 0.04*
0. 10+ 0.03*
0.88 + 0.02

lower than in normal rats (cf. Table 3), perhaps
because rats after operation suckled less than
normal.

Discussion

The development of enzymes involved in pro-
vision of the carbon skeleton and reducing equiv-
alents for fatty acid synthesis in rat mammary
glands has been studied by a number of authors
and reviewed many times. In the present work we
have restricted our study to the three enzymes most
directly involved in synthesis of the carbon chain.
Although the reported activities of these enzymes
relative to either DNA or protein, measured under
various assay conditions (Howanitz & Levy, 1965;
Baldwin & Milligan, 1966; Kuhn & Lowenstein,
1967; Mackall & Lane, 1977) are not strictly com-
parable, the general pattern found is similar to that
described here: all three activities normally remain
low until parturition and then increase as lactation
progresses.

The increase in these activities coincides with
the sudden increase in incorporation of glucose into
fatty acids that occurs after parturition (Martyn &
Hansen, 1980). In the first 24h the activity of the
enzymes relative to DNA or protein increases 2-4-
fold (the present paper; Baldwin & Milligan, 1966;
Mackall & Lane, 1977). During the perinatal period
there is a 2-3-fold increase in the number of secre-
tory cells, observed histologically (Jeffers, 1935;
Greenbaum & Slater, 1957), and a similar increase
in the amount of DNA and protein (Baldwin &
Milligan, 1966), whereas the weight of the whole
gland remains constant. The 10-fold increase in the
rate of fatty acid synthesis per g of tissue, which we
reported previously to occur at 1 day post partum,
appears to be the product of these two changes.
When progesterone is injected during late preg-

nancy and at parturition to counteract the normal
decrease in plasma progesterone concentration, the
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normal stimulation of fatty acid synthesis is
abolished and the activity of the three lipogenic
enzymes does not increase for at least until day 2
after parturition. However, after either normal
parturition or foetoplacentectomy, when the proges-
terone concentration is low, the activity of fatty
acid synthetase increases over the 48 h period
whether suckling occurs or not, although fatty acid
synthesis is not stimulated unless milk is removed
from the gland by suckling. Since a decline in
progesterone concentration is followed by release of
prolactin and other anterior-pituitary hormones
(Kuhn, 1969), and since prolactin promotes the
synthesis of fatty acid synthetase and inhibits its
degradation in organ cultures of rabbit mammary
gland in the presence of insulin and glucocorticoids
(Speake et al., 1976), the increased activity of fatty
acid synthetase can probably be explained by these
factors alone. The increase in activity, which is the
result of increased enzyme concentration (Smith &
Ryan, 1979), was apparently inhibited by injection
of ovine prolactin in our experiments, but this effect
has also been seen on lactose synthesis and ascribed
to the luteotrophic action of the hormone prepara-
tion (Kuhn, 1969). Furthermore, administration
of ovine prolactin to rats in advanced lactation,
unsuckled for 24 h, has been shown to suppress
fatty acid synthesis in liver and adipose tissue as
well as in the mammary gland (Agius et al., 1979).

The rate of fatty acid synthesis does not increase
in unsuckled glands because of other circumstances,
such as the low activities of acetyl-CoA carboxylase
and ATP citrate-lyase, neither of which is ap-
parently stimulated by prolactin or other factors
enumerated above. Injection of prolactin, insulin or
corticosterone failed to increase the activities of
these two enzymes, although these hormones are
apparently necessary for mammary-gland function
(Nicholas & Topper, 1980). Insulin has been found
to stimulate synthesis of milk fatty acids (Balmain
et al., 1954; Abraham et al., 1957; Robinson &
Williamson, 1977); cortisol therapy restores activity
of ATP citrate-lyase in mammary glands in hypo-
physectomized rats (Baldwin, 1969) and acetyl-
CoA carboxylase and ATP citrate-lyase in adrena-
lectomized rats (Korsrud & Baldwin, 1969;
Plucinski & Baldwin, 1976). The failure of endo-
genous prolactin to increase the activities of acetyl-
CoA carboxylase and ATP citrate-lyase was shown
by ligating the ducts of the glands on one side of
the body and then allowing suckling, which brings
about release of prolactin (Subramaniam & Reece,
1975), corticotropin and adrenocorticoids (Meites,
1959; Cowie & Folley, 1961) into the circulation.
The only effective stimulus for enzyme activity

that we have found is milk removal, but how this
functions is not clear. After weaning during estab-
lished lactation the activities of acetyl-CoA car-

boxylase and ATP citrate-lyase decrease rapidly,
owing to accumulation of milk (Howanitz & Levy,
1965; Jones, 1967). The concentration of long-chain
fatty acyl-CoA increases (Gumaa et al., 1971), and
this can inhibit both enzymes to a similar extent
(Howanitz & Levy, 1965); but this does not
adequately explain the decrease in the amount of
enzyme present, and the operation of some other
'local factor' has been invoked (Jones, 1967).
Similarly, in the initiation phase, the increase in
activity of acetyl-CoA carboxylase after parturition
is due to an increase in the concentration of the
enzyme rather than to activation of existing inactive
enzyme (Mackall & Lane, 1977), and a local factor
that causes this must be sought.

It has been shown that synthesis of thioesterase II,
which terminates the chain in the synthesis of milk-
specific fatty acids in the rat, is induced early in
pregnancy, whereas fatty acid synthetase develops
only after parturition (Smith & Ryan, 1979) or after
foetoplacentectomy (Table 2). Initiation of acetyl-
CoA carboxylase and of ATP citr4te-lyase are
perhaps the last and most critical events necessary
to complete the lipogenic sequence. Although acetyl-
CoA carboxylase is recognized as an important
regulatory site in this pathway (Howanitz & Levy,
1965; Mackall & Lane, 1977), it can only function
as such when the supply of acetyl-CoA is sufficient,
and this requires an active ATP citrate-lyase.
Although citrate synthetase activity changes very
little with weaning and suckling after lactation is
established, ATP citrate-lyase responds very
rapidly (Howanitz & Levy, 1965; Gumaa et al.,
1973). At initiation of lactation, although the
activities of acetyl-CoA carboxylase and ATP
citrate-lyase are both very low before they are
stimulated by suckling, the specific activity of the
latter enzyme increases much more rapidly (Kuhn
& Lowenstein, 1967; the present paper). Under such
circumstances, ATP citrate-lyase activity may be an
important factor in determining the flux through
the lipogenic pathway.

We thank Dr. P. E. Hartmann for his advice and co-
operation. P. M. was supported by a University of
Western Australia Research Studentship.

References

Abraham, S., Cady, P. & Chaikoff, I. L. (1957) J. Biol.
Chem. 224, 955-962

Agius, L., Robinson, A. M., Girard, J. R. & Williamson,
D. H. (1979) Biochem. J. 180, 689-692

Baldwin, R. L. (1969) J. Dairy Sci. 52, 729-736
Baldwin, R. L. & Mulligan, L. P. (1966) J. Biol. Chem.

241, 2058-2066
Balmain, J. H., Folley, S. J. & Glascock, R. F. (1954)

Biochem. J. 56, 234-239

Vol. 198



192 P. Martyn and I. A. Hansen

Bartholomeusz, R. K., Bruce, N. W., Martin, C. E. &
Hartmann, P. E. (1976) Acta Endocrinol. (Copen-
hagen) 82,436-443

Burton, K. (1956) Biochem. J. 62, 315-322
Cowie, A. T. & Folley, S. J. (1961) in Sex and Internal

Secretions (Young, W. C., ed.), vol. 1, pp. 590-642,
Williams and Wilkins, Baltimore

Greenbaum, A. L. & Slater, T. F. (1957) Biochem. J.
66, 155-161

Gumaa, K. A., Greenbaum, A. L. & McLean, P. (1971)
in Lactation (Falconer, I. R., ed.), pp. 197-238,
Butterworths, London

Gumaa, K. A., Greenbaum, A. L. & McLean, P. (1973)
Eur. J. Biochem. 34, 188-198

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

Howanitz, P. J. & Levy, H. R. (1965) Biochim. Biophys.
Acta 106, 430-433

Jeffers, K. R. (1935) Am. J. Anat. 50, 257-277
Jones, E. A. (1967) Biochem. J. 103, 420-427
Korsrud, G. 0. & Baldwin, R. L. (1969) Biol. Reprod.

1,21-30
Kuhn, N. J. (1969) J. Endocrinol. 44, 39-54
Kuhn, N. J. (1971) in Lactation (Falconer, I. R., ed.),

pp. 161-176, Butterworth, London
Kuhn, N. J. (1977) in Comparative Aspects ofLactation

(Peaker, M., ed.), pp. 165-192, Academic Press,
London

Kuhn, N. J. & Lowenstein, J. M. (1967) Biochem. J.
105, 995-1002

Lowry, 0. H., Rosebrough, N. J., Farr, A. L. & Randall,
R. J. (1951) J. Biol. Chem. 193, 265-275

Lynen, F. (1962) Methods Enzymol. 5, 443-451
Mackall, J. C. & Lane, M. D. (1977) Biochem. J. 162,

635-642
Martyn, P. & Hansen, I. A. (1980) Biochem. J. 190,

171-175
Meites, J. (1959) in Reproduction in Domestic Animals

(Cole, H. H. & Cripps, P. T., eds.) pp. 539-593,
Academic Press, New York

Nardacci, N. J., Lee, J. W. C. & McGuire, W. L. (1978)
Cancer Res. 38, 2694-2699

Nicholas, K. R. & Hartmann, P. E. (1975) Proc. Aust.
Biochem. Soc. 8, 59

Nicholas, K. R. & Topper, Y. J. (1980) Biochem. Bio-
phys. Res. Commun. 94, 1424-1431

Otway, S. & Robinson, D. S. (1968) Biochem. J. 106,
677-682

Plucinski, T. & Baldwin, R. L. (1976) J. Diary Sci. 59,
157-160

Robinson, A. M. & Williamson, D. H. (1977) Biochem. J.
164, 153-159

Simon, E. J. & Shemin, D. J. (1953) J. Am. Chem. Soc.
75, 2520

Smith, S. & Ryan, P. (1979) J. Biol. Chem. 254, 8932-
8936

Speake, B. K., Dils, R. & Mayer, R. J. (1976) Biochem. J.
154, 359-370

Srere, P. A. (1959) J. Biol. Chem. 234, 2544-2547
Subramanian, M. G. &- Reece, R. P. (1975) Proc. Soc.

Exp. Biol. Med. 149, 754-756

1981


