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Lactogenic hormones stimulate expression of lipogenic genes but
not glucose transporters in bovine mammary gland

Y. Shaoa, E.H. Walla, T.B. McFaddenb, Y. Misraa, X. Qiana, R. Blauwiekela, D. Kerra,
F.-Q. Zhaoa,*

a Department of Animal Science, University of Vermont, Burlington, VT 05405, USA
b Department of Agricultural, Food and Nutritional Sciences, University of Alberta, Edmonton, Alberta T6G 2P5, Canada

Received 29 June 2012; received in revised form 14 August 2012; accepted 10 September 2012

Abstract

During the onset of lactation, there is a dramatic increase in the expression of glucose transporters (GLUT) and a group of
enzymes involved in milk fat synthesis in the bovine mammary gland. The objective of this study was to investigate whether the
lactogenic hormones mediate both of these increases. Bovine mammary explants were cultured for 48, 72, or 96 h with the
following hormone treatments: no hormone (control), IGF-I, insulin (Ins), Ins � hydrocortisone � ovine prolactin (InsHPrl), or
Ins � hydrocortisone � prolactin � 17�-estradiol (InsHPrlE). The relative expression of �-casein, �-lactalbumin, sterol
regulatory element binding factor 1 (SREBF1), fatty acid synthase (FASN), acetyl-CoA carboxylase � (ACACA), stearyol-CoA
desaturase (SCD), GLUT1, GLUT8, and GLUT12 were measured by real-time PCR. Exposure to the lactogenic hormone
combinations InsHPrl and InsHPrlE for 96 h stimulated expression of �-casein and �-lactalbumin mRNA by several hundred-fold
and also increased the expression of SREBF1, FASN, ACACA, and SCD genes in mammary explants (P � 0.01). However, those
hormone combinations had no effect on GLUT1 or GLUT8 expression and inhibited GLUT12 expression by 50% after 72 h of
treatment (P � 0.05). In separate experiments, the expression of GLUTs in the mouse mammary epithelial cell line HC11 or in
bovine primary mammary epithelial cells was not increased by lactogenic hormone treatments. Moreover, treatment of dairy cows
with bovine prolactin had no effect on GLUT expression in the mammary gland. In conclusion, lactogenic hormones clearly
stimulate expression of milk protein and lipogenic genes, but they do not appear to mediate the marked up-regulation of GLUT
expression in the mammary gland during the onset of lactation.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Glucose is an important nutrient in general, but it is
absolutely essential for milk production in the mam-
mary gland of lactating animals because it is an energy

source as well as a key substrate for synthesis of milk
protein and lipids, and, especially, of lactose. The mam-
mary gland does not synthesize glucose; thus, it needs
to take up glucose from blood. Glucose uptake by
mammary epithelial cells may play a rate-limiting role
in milk production [1].

Glucose transport across the plasma membrane of
mammary epithelial cells is mainly mediated by facil-
itative glucose transporters (GLUTs). The family of
GLUTs consists of 13 isoforms, which are designated
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as GLUT1 to GLUT12 and H�/myo-inositol cotrans-
porter [2]. These transporters are structurally conserved
and have different tissue distributions, transport kinet-
ics, and regulatory properties. The lactating mammary
gland mainly expresses GLUT1, GLUT8, and GLUT12
isoforms [3–5].

The demand for glucose by the mammary gland
increases dramatically at the onset of lactation. The
glucose transport activity increases 40-fold from the
virgin state to the midlactating state [6,7]. Conse-
quently, there is a coordinated increase in the expres-
sion of GLUTs in the mammary gland during the onset
of lactation. From late pregnancy to early lactation, the
mRNA abundance of GLUT1, GLUT8, and GLUT12
in bovine mammary gland increases markedly, by sev-
eral-fold to several hundred-fold [1].

Expression of genes that code for enzymes and pro-
teins required for de novo lipogenesis is also strikingly
upregulated in the mammary gland during lactogenesis.
For example, expression of sterol regulatory element
binding factor 1 (SREBF1), the master regulator of
lipid synthesis [8], increases approximately 2-fold in
both mouse and cow mammary gland from late preg-
nancy to early lactation [9,10]. Expression of its known
targets, fatty acid synthase (FASN) and acetyl-CoA
carboxylase � (ACACA), also increases during the
same period [9,10]. In addition, stearoyl-CoA desatu-
rase (SCD) is upregulated more than 40-fold from late
pregnancy to lactation [9].

Mammary development and milk synthesis are reg-
ulated both by systemic hormones and by local factors.
It has been established that prolactin (Prl) and gluco-
corticoids (GCs) are the main mediators of secretory
cell differentiation and lactogenesis [11,12]. In cows,
concentrations of Prl, GCs, and GH in blood increase
during late pregnancy and peak near parturition [11].
Concentrations of estrogens (Es) also increase gradu-
ally during late pregnancy, then surge several days
before parturition. It has been shown that Prl-induced
secretion of �-lactalbumin is markedly enhanced by
adding 17�-estradiol to mammary explants [11]. Lo-
cally produced IGF-I is believed to mediate the effects
of GH on the mammary gland, and the numbers of
IGF-I receptors on mammary epithelial cells increase
markedly during late gestation [11]. In addition, dis-
ruption of Prl signaling in the mammary gland de-
creased GLUT1 expression [13,14]. On the basis of
these facts, we hypothesized that some combination of
Prl, GCs, E, and/or IGF-I is responsible for the upregu-
lation of GLUTs and lipogenic genes in the bovine
mammary gland during onset of lactation. Our objec-

tive was to investigate the effects of those hormones on
the expression of GLUTs and lipogenic genes in the
mammary gland.

2. Materials and methods

2.1. Mammary tissue biopsy and explant culture

All animal use was approved by the University of
Vermont Institutional Animal Care and Use Commit-
tee. Mammary tissues were obtained via biopsy from
the rear quarters of 2 Holstein heifers and 2 multiparous
Holstein dry cows approximately 37 d prepartum (37 �
5 d). The biopsy procedures were performed as de-
scribed previously [15].

Immediately after biopsy, a small piece (5 mg) of
tissue was fixed in 4% paraformaldehyde for 4 h at 4°C.
After fixation, the tissue was rinsed with 3 changes of
cold PBS (2.67 mM potassium chloride, 1.47 mM po-
tassium phosphate monobasic, 137.93 mM sodium
chloride, and 8.06 mM sodium phosphate dibasic), im-
mersed in 0.5 M sucrose in PBS overnight at 4°C,
preserved in optimal cutting temperature compound
(Tissue-Tek; Sakura Finetek, Torrance, CA, USA), and
then frozen in liquid nitrogen chilled isopentane. Fro-
zen tissues were stored at �80°C until use. The remain-
ing tissue (�1 g) was cut into small pieces (�50 mg per
piece). Two pieces of fresh tissue were immediately
frozen in liquid nitrogen for RNA isolation. The re-
maining tissue was placed in 50-mL tubes containing
basic medium [Medium 199 with Earle’s salts and
L-glutamine (Sigma, St. Louis, MO, USA), containing
26.2 mM sodium bicarbonate, 10 mM sodium acetate,
15 mM HEPES, 100 U/mL penicillin, 100 �g/mL
streptomycin, and 0.25 �g/mL amphotericin B; room
temperature] and transported to the laboratory within
30 min. In a sterile, laminar flow hood, tissue was
washed 3 times with PBS containing 100 U/mL peni-
cillin, 100 �g/mL streptomycin, and 0.25 �g/mL am-
photericin B and then diced into explants (�1 mm3).
Explants were washed 3 times with basic medium
which was removed by use of a strainer after each
wash. Explants were placed on siliconized lens paper
(Whatman, Piscataway, NJ, USA) floating on culture
media supplemented with various hormone treatments.
Lens paper was siliconized as described previously
[16]. There were 5 hormone treatments: NH (basic
medium without hormone), IGF-I (basic medium �
200 ng/mL IGF-I), Ins (basic medium � 5 �g/mL
insulin), InsHPrl (basic medium � 5 �g/mL Ins � 5
�g/mL ovine Prl � 1 �g/mL hydrocortisone), and
InsHPrlE (basic medium � 5 �g/mL Ins � 5 �g/mL
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ovine Prl � 1 �g/mL hydrocortisone � 500 ng/mL
17�-estradiol). Insulin-like growth factor I was pur-
chased from PeproTech (Rocky Hill, NJ, USA), and all
other hormones were products of Sigma. The IGF-I
group was treated for 48 or 72 h. Other groups were
treated for 48, 72, or 96 h. The doses of individual
hormones used were based on previous studies [17–20].
There were 4 replicate cultures for each treatment, at
each time point. After hormone treatment, a small piece
(�5 mg) of explants was fixed and preserved for im-
munostaining as described above. The remaining ex-
plants were stored in liquid nitrogen for RNA isolation.
The experiment was repeated with mammary tissues
from 4 individual animals.

2.2. Culture of HC11 cells and primary bovine
mammary epithelial cells

HC11 (mouse mammary epithelial cell line) cells
were grown in complete growth medium [RPMI 1640
(Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum, 50 �g/mL gentamicin, 5
�g/mL Ins, and 10 ng/mL epidermal growth factor] and
kept confluent for 3 d. Then, the cells were primed in
RPMI 1640 medium supplemented with 10% charcoal-
stripped horse serum (Cocalico Biologicals, Ream-
stown, PA, USA) and 5 �g/mL Ins for 2 d. For lacto-
genic hormone induction, ovine Prl (5 �g/mL) and
dexamethasone (0.1 �M) were added to priming me-
dium, and incubations were continued for an additional
48 h. Each experiment was repeated 3 times.

Bovine primary mammary epithelial cells (BMECs)
were obtained as described [21]. Collagen was prepared
from rat tail tendons, and cell culture dishes were
coated with collagen gel according to the procedures
described by Imagawa et al [22]. BMECs were seeded
on collagen gels, grown in Dulbecco modified Eagle
medium (Invitrogen) supplemented with 10% fetal bo-
vine serum and 5 �g/mL Ins and allowed to grow until
reaching confluence. The collagen gels were then re-
leased by rimming each gel with a sterile scalpel blade.
For lactogenic hormone induction, ovine Prl (5 �g/mL)
and hydrocortisone (1 �g/mL) were added to culture
medium, and incubations continued for 48 h. Each
experiment was repeated 3 times.

2.3. In vivo Prl administration

Five Holstein multiparous cows were injected intra-
venously with bovine Prl (provided by John Byatt,
Monsanto Co., St. Louis, MO, USA; 1 �g/kg of body
weight) twice daily during the first 3 wk of lactation,
whereas 5 additional cows served as controls [23].

After 7 d of treatment, mammary tissue was obtained
by biopsy from all 10 cows and was used for RNA
isolation as described by Wall et al [23].

2.4. Quantitative real-time PCR

RNA was isolated from cells or mammary explants
with the use of Trizol reagent (Invitrogen). The con-
centrations of isolated RNA were measured with a
NanoDrop spectrophotometer (Thermo Scientific, Wil-
mington, DE, USA). Reverse transcription (RT) was
performed with 1 �g of total RNA and Moloney murine
leukemia virus reverse transcriptase (USB, Cleveland,
OH, USA) according to the manufacturer’s protocol.
TaqMan Gene Expression Assays (Applied Biosys-
tems, Carlsbad, CA, USA) were used to quantify
mRNA for �-actin (Bt03279175), �-casein (Bt03217428),
�-lactalbumin (Bt03213964), GLUT1 (Bt03215313),
GLUT8 (Bt03217728), and GLUT12 (Bt03210346)
with the use of a Bio-Rad (Hercules, CA, USA) CFX96
Real-Time PCR Detection System. Reactions were per-
formed in duplicate in a 10-�L volume containing 5 �L
of Universal PCR Master Mix (Applied Biosystems),
0.5 �L of TaqMan Assay mixture containing primers
and probe, and 4.5 �L of diluted cDNA (corresponding
to 50 ng of reverse-transcribed total RNA). The relative
expression of target genes was normalized to that of
�-actin and calculated by the 2���C

T method [24].
Expression of lipogenic gene mRNA was measured by
RT-PCR with the use of SYBR Green. Reactions were
performed in duplicate in a 20-�L volume containing
10 �L of SsoFast EvaGreen Supermix (Bio-Rad), 1 �L
of forward primer, 1 �L of reverse primer and 8 �L of
diluted cDNA (corresponding to 25 ng of reverse-tran-
scribed total RNA). All primers were designed to span
the junction of 2 exons to avoid amplification of
genomic DNA during quantitative PCR (primer se-
quences are shown in Table 1). The relative expression
of target genes was normalized to �-actin and calcu-
lated by the 2���C

T method.

2.5. Immunohistochemistry

Fixed and embedded mammary tissues were cut into
10-�m sections on a Cryostat HM 505 N (Microm,
Walldorf, Germany) and mounted onto gelatin-coated
slides. Tissue sections were immersed in goat serum
(10% in PBS) for 1 h at room temperature to block
nonspecific binding. After 3 PBS washes, tissue sec-
tions were incubated with a GLUT1 antibody (Milli-
pore, Billerica, MA, USA) diluted 1:500 in PBS con-
taining 1% bovine serum albumin for 1 h at room
temperature, followed by 3 PBS washes for 5 min each
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time. Sections were then incubated with goat anti-rabbit
secondary antibody conjugated with Alexa Fluor 555
(Invitrogen) diluted 1:500 in PBS at room temperature
in the dark. After 1-h incubation, sections were washed
3 times for 5 min each in PBS, stained with 4,6-
diamidino-2-phenylindole (Invitrogen) diluted 1:10,000 in
PBS for 5 min, and then washed twice in PBS for
15 min. Finally, slides were covered with a coverslip,
and immunofluorescence was observed with a Zeiss
(Thornwood, NY, USA) LSM 510 META Laser Scan-
ning Microscope.

2.6. Statistical analysis

Statistical analyses were performed with JMP soft-
ware (SAS Institute, Cary, NC, USA). The means of
different hormone treatments were compared with
ANOVA and the Tukey-Kramer honestly significant
difference method was used for comparing individual
means. For both studies (mammary explants and cell
culture), hormone treatment was included in the model
as fixed effect. For the explant study, the cow effect
was used as block.

Before our in vivo experiment, we ran power calcu-
lations with the use of gene expression data from our
previous, similar experiments. On the basis of those
data, and using a 2-tailed t-test and P � 0.05, we
calculated that we would have 80% to 90% power to
detect a 1.5-fold difference in GLUT expression be-
tween treatment groups with 3 to 4 per group.

3. Results

3.1. Lactogenic hormones stimulate �-casein and
�-lactalbumin gene expression in bovine mammary
explants

Mammary explants were treated with or without Ins,
IGF-I, InsHPrl, or InsHPrlE for 48, 72, and 96 h.
Expression of �-casein mRNA in cultured explants, as
well as in fresh tissue (FT), was measured by quanti-
tative RT-PCR. Compared with FT, �-casein expres-

sion in explants exposed to the Ctrl, IGF-I, or Ins
treatment decreased sharply (P � 0.001), whereas the
InsHPrl and InsHPrlE treatments increased the expres-
sion of �-casein (P � 0.05) (Fig. 1A). In addition,
�-casein expression did not differ between the InsHPrl
and InsHPrlE treatments. We also measured �-lactal-
bumin expression in explants as an indicator of lactose
synthesis. As shown in Fig. 1B, expression of �-lact-
albumin in the InsHPrl and InsHPrlE treatments was
10-to several hundred-fold higher than that in the Ctrl,
IGF-I, and Ins groups (P � 0.01). However, �-lactal-
bumin expression in explants was lower than that in FT
(P � 0.05).

3.2. Lactogenic hormones regulate lipogenic gene
expression in bovine mammary explants

In addition to milk protein and lactose synthesis,
lactogenesis also involves induction of milk lipid syn-
thesis, so we also investigated the regulation of
SREBF1, FASN, ACACA, and SCD gene expression
by lactogenic hormones in bovine mammary explants
(Fig. 2). At 48 h, no difference was observed in
SREBF1 mRNA expression among the Ctrl, Ins, and
InsHPrl treatments. However, the InsHPrl treatment
increased SREBF1 expression 2-fold (P � 0.001) at
96 h compared with Ctrl, whereas Ins had no effect
(Fig. 2A). The expression of FASN in explants treated
with InsHPrl was about 4 times higher than that of Ctrl
explants throughout the experiment (P � 0.001). Re-
gardless of treatment, expression of FASN in all cul-
tured explants was lower than that in FT (P � 0.001;
Fig. 2B). Incubation in InsHPrl increased the expres-
sion of ACACA relative to that of the Ctrl group
throughout the experiment (P � 0.001), whereas Ins
alone had no effect (Fig. 2C). However, Ins alone
supported an increase of approximately 3.5-fold in
SCD expression, relative to Ctrl (P � 0.001 at 48 and
72 h; P � 0.05 at 96 h; Fig. 2D). Incubation in the
InsHPrl group further increased SCD expression by
5.7-fold (48 h), 7.4-fold (72 h), and 7.9-fold (96 h)

Table 1
Sequences of primers used in quantitative reverse transcription PCR for quantifying expression of lipogenic genes.

Gene Forward Reverse

ACTB GATCTGGCACCACACCTTCT CCAGAGGCATACAGGGACAG
SREBF1 ACCGCTCTTCCATCAATGAC GCTGAAGGAAGCGGATGTAG
FASN CTGAGTCGGAGAACCTGGAG CGAAGAAGGAAGCGTCAAAC
ACACA TGGTCTGGCCTTACACATGA TGCTGGAGAGGCTACAGTGA
SCD ACAATTCCCGACGTGGCTT GGCATAACGGAATAAGGTGGC

Abbreviations: ACACA, acetyl-CoA carboxylase �; ACTB, �-actin; FASN, fatty acid synthase; SCD, stearoyl-CoA desaturase; SREBF1, sterol
regulatory element binding factor 1
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compared with Ctrl, at the same times (P � 0.01).
Expression of SCD also differed between the Ins and
InsHPrl treatments (P � 0.01).

3.3. Effects of lactogenic hormones on GLUT
expression in bovine mammary explants

We next investigated the effect of lactogenic hor-
mones on the expression of GLUT1, GLUT8, and
GLUT12 in these explants (Fig. 3). At 48 and 96 h,
GLUT1 mRNA expression was 50% to 80% higher in
Ins alone relative to Ctrl (P � 0.05), but other treat-
ments had no effect on GLUT1 expression (Fig. 3A).
At 72 h, although all hormone treatments increased
GLUT1 expression compared with Ctrl (P � 0.05), no
difference was observed among the hormone treat-
ments. None of the hormone treatments affected
GLUT8 mRNA levels (Fig. 3B), nor did they affect
GLUT12 expression at 48 h. But in explants incubated
in InsHPrl or InsHPrlE, GLUT12 expression was 50%
lower at 72 h and 96 h (P � 0.05; Fig. 3C). Compared
with FT, explants from all treatments had higher
GLUT1 expression and lower GLUT8 and GLUT12
expressions (P � 0.05). These results indicate that
lactogenic hormones and IGF-I apparently do not stim-

ulate expression of GLUT1, GLUT8, and GLUT12 in
the bovine mammary gland.

3.4. Effect of lactogenic hormones on GLUT1
localization in bovine mammary explants

The subcellular localization of GLUT1 in the bovine
mammary explants was examined by immunofluores-
cence. As shown in Fig. 4, GLUT1 was mostly local-
ized to the plasma membrane of epithelial cells in all
treatments, and no apparent difference was observed in
subcellular localization of GLUT1. Explants did not
exhibit fluorescence above background when normal
(nonimmune) rabbit IgG replaced the first antibody nor
when either the first or second antibody was omitted
(data not shown).

3.5. Effects of lactogenic hormones on GLUT
expression in bovine primary mammary cells and
mouse mammary epithelial cell line HC11 cells

To verify the results obtained from explants, we also
cultured BMECs on collagen gel with various hormone
treatments (Fig. 5). Relative to Ins, expression of �-ca-

Fig. 1. Expression of mRNA for �-casein (panel A) and �-lactalbumin (panel B) in bovine mammary explants cultured in the presence of various
hormones, including no hormone (Ctrl), IGF-I, insulin (Ins), insulin � hydrocortisone � prolactin (InsHPrl), and insulin � hydrocortisone �
prolactin � 17�-estradiol (InsHPrlE) for 48, 72, or 96 h. Abundance of �-casein and �-lactalbumin mRNA transcripts was compared with that
of fresh tissue (FT) and normalized to �-actin expression (n � 4). Different superscripts represent P � 0.05.
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sein mRNA in these cells was increased 20-fold by the
InsHPrl treatment for 48 h (P � 0.01); however, no
effect was observed of InsHPrl on expression of
GLUT1, GLUT8, or GLUT12 mRNA.

We further examined the effects of these hormones
on the HC11 mouse mammary epithelial cell line (Fig.
6). Similar to the explants and the primary mammary
epithelial cells, the lactogenic complex, InsHPrl, in-

Fig. 2. Expression of mRNA for sterol regulatory element binding protein 1 (SREBF1; panel A), fatty acid synthase (FASN; panel B), acetyl-CoA
carboxylase � (ACACA; panel C), and stearoyl-CoA desaturase (SCD; panel D) in bovine mammary explants cultured in the presence of no
hormone (Ctrl), insulin (Ins), or insulin � hydrocortisone � prolactin (InsHPrl) for 48, 72, or 96 h. The mRNA abundance of target genes was
compared with that of fresh tissue (FT and normalized to �-actin expression (n � 4). Different superscripts represent P � 0.05.
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duced �-casein mRNA more than 100-fold (P � 0.01)
but had no effect on expression of GLUT1, GLUT8, or
GLUT12 mRNA (Fig. 6).

3.6. Effect of Prl administration in vivo on GLUT
expression in bovine mammary gland

To examine possible effects of Prl on GLUT expres-
sion in the mammary gland, in vivo, 5 cows in early
lactation were treated with Prl, and mRNA levels of
GLUT1, GLUT8, and GLUT12 in the mammary gland
were measured. Although Prl injections resulted in in-
creased milk yield and a 2-fold increase in �-lactalbu-
min mRNA expression in the mammary gland [23], no

difference was observed in expression of GLUT mR-
NAs between Prl-treated and nontreated cows (Fig. 7).

4. Discussion

Lactogenesis in the mammary gland is stimulated by
the lactogenic hormones, mainly Prl [12]. Bovine ex-
plant culture has been used extensively for in vitro
studies of functional differentiation of the mammary
gland and hormonal induction of milk synthesis be-
cause there are few, if any, bovine mammary epithelial
cell lines that are capable of undergoing hormonal in-
duction of milk gene expression in vitro [25,26]. In
those studies, it was clearly established that expression

Fig. 3. Expression of mRNA for GLUT1 (panel A), GLUT8 (panel B), and GLUT12 (panel C) in bovine mammary explants cultured in the
presence of different hormones, including no hormone (Ctrl), IGF-I, insulin (Ins), insulin � hydrocortisone �prolactin (InsHPrl), and insulin �
hydrocortisone � prolactin � 17�-estradiol (InsHPrlE) for 48, 72, or 96 h. Abundance of GLUT mRNAs was compared with that of fresh tissue
(FT) and was normalized to �-actin expression (n � 4). Different superscripts represent P � 0.05.
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of �-casein and �-lactalbumin mRNA can be induced
by the lactogenic complex of Ins, Prl, and GCs
[25,26] and that Prl-induced secretion of �-lactalbu-
min can be markedly enhanced by addition of Es
[11]. These results were verified in our explant cul-

tures, except that 17�-estradiol did not enhance the
induction of milk protein gene expression stimulated
by the lactogenic complex in our study. Reasons for
this inconsistency are unknown, but Barrington et al
[27] reported similar findings.

Fig. 4. Immunofluorescent staining (red) of GLUT1 subcellular localization in bovine mammary explants cultured in the presence of different
hormones, including no hormone (Ctrl), IGF-I, insulin (Ins), insulin � hydrocortisone � prolactin (InsHPrl), and insulin � hydrocortisone �
prolactin � 17�-estradiol (InsHPrlE) for 48 h. Nuclei of epithelial cells were stained with 4,6-diamidino-2-phenylindole (blue).
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In addition to the milk protein genes, a set of genes
encoding enzymes involved in milk lipid synthesis
pathways are also under tight regulation in the mam-
mary gland. The mRNA levels of several key enzymes
in fatty acid synthesis were increased at secretory ac-
tivation in both mouse [28] and cow [9]. We hypothe-
sized that upregulation of lipogenic genes during this
time is also mediated by lactogenic hormones. Indeed,
SREBF1, FASN, ACACA, and SCD were upregulated
by lactogenic hormones in our explant cultures, sup-
porting our hypothesis. In hepatocytes and adipocytes,
Ins promotes lipid synthesis by upregulating SREBF1,
FASN, and ACACA as one of the mechanisms for
maintaining blood glucose homeostasis [29]. However,
in our mammary explant cultures, Ins alone had no
effect on expression of these 3 genes. This may indicate
tissue specificity in response to Ins. However, Ins alone
stimulated SCD expression in our explant cultures, and
the addition of Prl and hydrocortisone further increased

its expression, indicating that SCD expression is regu-
lated by mechanisms that differ from those controlling
expression of SREBF1, FASN, and ACACA. In addi-
tion, among the lipogenic genes assayed in our ex-
plants, SCD had the strongest response to lactogenic
hormones. This is consistent with the findings of
Bionaz and Loor [9] who examined the expression of
45 genes associated with lipid synthesis and secretion
in the bovine mammary gland from late pregnancy to
lactation and reported that SCD was one of the most
abundantly expressed genes during lactation and was
upregulated more than 40-fold from late pregnancy to
peak lactation.

During the transition from late pregnancy to early
lactation the mammary gland undergoes dramatic func-
tional differentiation, leading to the onset of lactation.
This is accompanied by a markedly increased demand
for glucose by the mammary gland. This demand is met
mainly by increased expression of GLUTs. The mRNA

Fig. 5. Expression of mRNA for �-casein and glucose transporters in bovine primary mammary epithelial cells. Cells were treated with insulin
(Ins) or insulin � hydrocortisone � prolactin (InsHPrl) for 48 h. Gene expression of the InsHPrl group was compared with that of the Ins treatment
and was normalized to �-actin expression (n � 3). **P � 0.01.
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levels of GLUT1, GLUT8, and GLUT12 increase by
more than 100-fold, 10-fold, and 10-fold, respectively,
in bovine mammary gland from 40 d before lactation to
7 d of lactation [1]. We hypothesized that this increased
GLUT expression was stimulated by lactogenic hor-

mones because expression of GLUT genes has similar
patterns to the expression of milk protein genes. In
addition, in CIT3 mouse mammary epithelial cells,
treatment with Prl, hydrocortisone, and Ins caused a
15-fold induction of GLUT1 [30]. Three mouse models

Fig. 6. Expression of mRNA for �-casein and glucose transporters in cells of the HC11 mouse mammary epithelial cell line. Cells were treated
with insulin (Ins) or insulin � hydrocortisone � prolactin (InsHPrl) for 48 h. Gene expression of the InsHPrl group was compared with that of
the Ins treatment and was normalized to �-actin expression (n � 3). **P � 0.01.

Fig. 7. Expression of mRNA for glucose transporters in early lactating cows injected intravenously with bovine prolactin twice daily for 7 d. Gene
expression of prolactin-treated cows was compared with that of control cows and was normalized to �-actin expression (n � 5).
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with disrupted Prl signaling pathways exhibited a fail-
ure of secretory activation and decreased expression of
GLUT1 [13]. In a similar vein, use of bromocriptine to
inhibit Prl secretion in lactating rats caused a 37%
decrease in GLUT1 expression. A more profound inhi-
bition (up to 90% decrease) was observed in response
to treatment with bromocriptine plus a growth hor-
mone-neutralizing antibody [14]. Contrary to these pre-
vious findings and our hypothesis, our study showed
that lactogenic hormones did not stimulate the expres-
sion of GLUT1, GLUT8, or GLUT12 in bovine mam-
mary explants, BMECs, or in the mouse HC11 cell line.
Furthermore, GLUT expression was not affected in
early lactating cows that were treated with Prl intrave-
nously, even though expression of the milk protein
gene, �-lactalbumin, was induced [23]. Thus, our data
suggest that the lactogenic complex does not mediate
the marked upregulation in expression of GLUTs in the
bovine mammary gland during the onset of lactation.
Reasons for the discrepancy between our results and
those of previous studies in rodents [13,14,30] are not
clear. It may reflect species differences between cattle
and rodents, but expression of GLUTs was also not
affected by the lactogenic hormones in the mouse mam-
mary epithelial cell line HC11 in this study. It is pos-
sible that the lactogenic hormones do not regulate
GLUT1 expression directly. For example, Prl is essen-
tial for mammary secretory activation and lactogenesis,
and, if Prl secretion is disrupted, the mammary gland
may display a lower than normal metabolic rate, which
could, in turn, reduce GLUT1 expression indirectly.
Along these lines, one of the main challenges in study-
ing regulation of lactogenesis and milk secretion has
been the universal inability to elicit lactose synthesis by
in vitro mammary model systems, despite clear induc-
tion of the A and B components of the lactose synthase
enzyme. Thus, it may be that the failure to induce
lactose synthesis uncouples the expected demand for
glucose and so increased GLUT expression is not re-
cruited. Our data also present a novel possible expla-
nation for the failure to induce lactose synthesis in
vitro; perhaps the inability to recruit heightened GLUT
expression deprives the biosynthetic machinery of the
sole substrate required for lactose synthesis. In addi-
tion, we cannot rule out the possibility that the lacto-
genic hormones may induce GLUT1 expression in the
mammary gland specifically in lactogenesis stage 2
because the main increase of GLUT expression in bo-
vine mammary gland occurs around parturition [1], and
the explant tissues used in our study were taken from
pregnant animals about 1 mo before parturition.

Transcriptional regulation of GLUT1 gene expres-
sion has been studied in some detail because of its role
in cancer development and the response of cells to
stress. Increased GLUT1 expression is elicited by a
variety of factors and stressful stimuli, including hyp-
oxia, glucose deprivation, hyperosmolarity, growth fac-
tors, and transformation and inhibition of oxidative
phosphorylation [31–36]. Of all of these factors, hyp-
oxia is of most interest. It is well established that
GLUT1 expression is increased in many cell types in
response to hypoxia [37]. Mammary consumption of
oxygen increases steadily during late pregnancy and
peaks during lactation [38]. This may well result in a
chronic local hypoxia. In addition, it has been shown
that mice in which the hypoxia-inducible factor 1� has
been deleted from the mammary gland exhibit impaired
mammary differentiation and lipid secretion, striking
changes in milk composition, and failure to lactate [39].
Thus, hypoxia may also be an important regulator of
GLUT1 expression in the mammary gland.

Progesterone is another hormone that may regulate
GLUT expression in the mammary gland during the
transition period. Concentrations of progesterone in
blood remain high throughout pregnancy but drop dra-
matically shortly before parturition [11]. High concen-
trations of progesterone may inhibit expression of
GLUTs, and progesterone withdrawal prepartum may
be permissive for induction of GLUT expression in the
mammary gland. However, others have reported that
progesterone upregulates GLUT1 expression in
Ishikawa endometrial cancer cells [40] and primary
murine and human endometrial stromal cells [41].
Therefore, the role of progesterone in regulating GLUT
expression in the mammary gland needs to be investi-
gated.

Little research has been done on the regulation of
GLUT8 and GLUT12 expression, and, to our knowl-
edge, this is the first report on the regulation of GLUT8
and GLUT12 expression by lactogenic hormones. Each
GLUT isoform serves specific physiological functions,
and each is regulated by distinct mechanisms. It is not
surprising that different factors may be responsible for
upregulating expression of individual GLUTs in the
mammary gland. This is supported by our observations
that, although Ins alone increased GLUT1 expression in
bovine mammary explants, it had no effect on GLUT8
or GLUT12 expression. Likewise, exposure to the lac-
togenic complex of hormones reduced expression of
GLUT12, but not GLUT1 or GLUT8, in bovine mam-
mary explants.
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We conclude that IGF-I, 17�-estradiol, and lacto-
genic hormones do not elicit the upregulation of
GLUTs in bovine mammary epithelial cells during the
transition period from late pregnancy to early lactation.
Hypoxia, or other factors, may play a role, but need
further investigation.
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