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Objective: Glucose is an essential fuel in the energy metabolism and synthesis pathways of all
mammalian cells. In lactating animals, glucose is the major precursor for lactose and is a substrate
for the synthesis of milk proteins and fat in mammary secretory (alveolar) epithelial cells.
However, clear utilization of glucose in mammary cells during lactogenesis is still unknown,
due to the lack of in vitro analyzing models. Therefore, the objective of this study was to test
the reliability of the mammary alveolar (MAC-T) cell as an in vitro study model for glucose
metabolism and lactating system.

Methods: Undifferentiated MAC-T cells were cultured in three types of Dulbecco's modified
Eagle's medium with varying levels of glucose (no-glucose: 0 g/L, low-glucose: 1 g/L, and
high-glucose: 4.5 g/L) for 8 d, after which differentiation to casein secretion was induced.
Cell proliferation and expression levels of apoptotic genes, Insulin like growth factor-1 (IGF1)
receptor, oxytocin receptor, aS1, aS2, and [ casein genes were analyzed at 1, 2, 4, and 8 d after
differentiation.

Results: The proliferation of MAC-T cells with high-glucose treatment was seen to be signifi-
cantly higher. Expression of apoptotic genes was not affected in any group. However, expression
levels of the mammary development related gene (IGF1 receptor) and lactation related gene
(oxytocin receptor) were significantly higher in the low-glucose group. Expressions of aS1-casein,
aS2-casein, and P-casein were also higher in the low-glucose treated group as compared to
that in the no-glucose and high-glucose groups.

Conclusion: The results demonstrated that although a high-glucose environment increases
cell proliferation in MAC-T cells, a low-glucose treatment to MAC-T cells induces higher
expression of casein genes. Our results suggest that the MAC-T cells may be used as an in vitro
model to analyze mammary cell development and lactation connected with precise biological
effects.

Keywords: Glucose; Mammary alveolar (MAC-T) Cell; Insulin-like Growth Factor-1 (IGF-1);
Oxytocin; Casein

INTRODUCTION

Glucose is a universal and essential fuel in the energy metabolism and synthesis pathways of all
mammalian cells [1]. It is constantly and widely required at sufficient levels in the blood stream,
and is metabolized by the process of glycolysis. In lactating animals, glucose is the major precursor
for lactose and is a substrate for the synthesis of milk proteins and fat in mammary secretory
(alveolar) epithelial cells. However, the mammary tissue is unable to synthesize glucose from
other precursors due to the lack of the enzyme glucose-6-phosphatase. Therefore, glucose in
blood is the alternative supply for its glucose needs [2].

The supply of glucose to mammary glands is a metabolic priority in lactating mammals, and
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the resulting glucose uptake by the mammary gland can account
for as much as 60% to 85% of the total glucose that enters the
blood [3,4]. Xiao and Cant [5] reported that 80% of glucose
intake in blood is utilized for producing milk fat, lactose and
CO, [5]. The remaining 20% glucose is used for activating glucose
receptors, enzymes and regulatory proteins [5]. However, the
process of utilizing glucose for milk production is still unclear.
Rulquin et al [6] reported that infusion of glucose directs circu-
lating amino acids to the mammary gland, resulting in higher
production of milk in dairy cows [6]. Although the future poten-
tial is unknown, Brown et al [7] demonstrated that higher energy
and protein intake from 2 to 8 weeks of age increased parenchymal
mass in mammary glands of heifer calves without increasing
deposition of parenchymal fat [7]. Therefore, it is suggested that
diet influenced histological development of mammary paren-
chyma and subsequent proliferation of ductal epithelial cells.
In contrast, because glucose only plays a basic role in primary
metabolism, surplus glucose is unnecessary or even adverse for
lactation [8]. Additionally, because growing ruminants have
the ability to adapt rapidly to variations in food intake linked
metabolic changes, continuous food restriction followed by
re-feeding shift energy and nitrogen metabolism [9]. Another
study suggested that the rate of body weight gain has a minimal
impact on the histological development of mammary ductal
development [10]. These conflicting opinions may be due to
lack of appropriate in vitro analyzing models of the lactation
system, thus leading to a lack of understanding of the role of
glucose in lactating metabolism.

There are limited cell lines which are derived from bovine
mammary glands such as mammary alveolar (MAC-T) and
bovine mammary epithelial (BME-UV1) cell lines [11]. Among
them, the immortalized MAC-T cell is established by transfection
with the SV40 T-antigen [12] and is known as a reliable cell line
model with very similar responses for biochemicals and proteins
including inflammation related proteins and hormones to pri-
mary mammary epithelial cells [13]. MAC-T cell is also assumed
to be a typical in vitro model of the mammary gland because
these cells have similar biochemical and morphological char-
acteristics to mammary epithelial cells in vivo [14]. Therefore,
this cell line has been widely used for analyzing bioactivities
of hormones, cytokines and mammary extracts as well as for
analyzing biological events such as proliferation, apoptosis, gene
expression, cell signaling and lipogenesis [15-21]. Recently,
application of bovine mammary epithelial cell lines has been
extended and extensively studied for breast cancer, immune
response, and hormone regulation during lactation and devel-
opment of drugs [22,23].

Therefore, we propose that the MAC-T cell might be an appro-
priate in vitro model to test the effects of energy consumption
related to lactogenesis. Thus, the hypothesis of this study is that
different levels of glucose treatment to the MAC-T cell may affect
lactating efficiency. To test this hypothesis, an objective of this
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study was to investigate the expression of aS1, aS2, and B-casein
mRNA as markers of lactating levels after treatment with differ-
ent levels of glucose. Additionally, levels of mRNA, which were
related to lactation, regulatory, mammary development and
mammary gland specific glucose transporter genes, were analyzed.
Therefore, our study was conducted to test the reliability of
MAC-T cell as an in vitro study model for glucose metabolism
and lactating system.

MATERIALS AND METHODS

Cell culture

The MAC-T cells were cultured in three types of Dulbecco’s
modified Eagle’s medium (DMEM; Hyclone, Waltham, MA,
USA) based on concentration of glucose (no-glucose: 0 g/L, low-
glucose: 1 g/L, and high-glucose: 4.5 g/L), containing 10% fetal
bovine serum (FBS; Hyclone), 100 IU/mL penicillin, and 100
pg/mL streptomycin (Sigma, St. Louis, MO, USA) at 37°C in
an atmosphere of 5% CO, and air for 8 d. For induction of
differentiation, cells were detached with 0.05% of trypsin-ethyl-
enediaminetetraacetic acid (Sigma, USA). The initial number
of cells in each group was 5x10° cells/well in a 6-well plate and
cultured for 4 d, and then the cells in each group were split on
additional 6-well plates on 4 and 5 d. Induction of differentiation
of MAC-T cells was conducted as we described previously [24].
Briefly, cells were cultured (5x10" cells/well in 6-well plate) in
serum-free DMEM for 16 h and then cultured in high-glucose
DMEM addition of 5% FBS, 5 ug/mL insulin (Sigma, USA), 1
pg/mL hydrocortisone (Sigma, USA), 5 ug/mL prolactin (PRL)
(Sigma, USA) and 1 uM retinoic acid (RA) (Sigma, USA) for
4 d and then divided to 6-well plates on 4 and 6 d. The medium
was changed daily and mRNAs of cells were extracted at 1, 2, 4,
and 8 d. Numbers of cells were counted using a hemocytometer
after detachment and stained with 0.04% trypan blue (Gibco,
Grand Island, NY, USA) diluted 1:1 with 1xphosphate-buffered
saline.

Quantitative real-time polymerase chain reaction

Total RNA was isolated from MAC-T cells with RNAiso Plus
reagent (Takara, Otsu, Japan). The cDNA was prepared with
Superscript III (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Quantitative polymerase chain
reaction (Q-PCR) was performed on a Bio-Rad CFX Connect
optical module (Bio-Rad, Hercules, CA, USA) using SYBR Green
(Toyobo, Osaka, Japan) as a marker for DNA amplification. The
Q-PCR was performed with 2 puL of DNA (input DNA was diluted
1:5) using 40 cycles of 3-step amplification. The primers used
for PCR were as follows: Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) (NM001034034), GGGTCATCATCTCTGCA
CCT (forward), GGTCATAAGTCCCTCCACGA (reverse);
Bcl-xL (NM001077486), CTCAGAGTAACCGGGAGCTG (for-
ward), CCATTCACAGCAGGGCTATC (reverse); Bax (NM
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173894), TCTGACGGCAATTTCAACTG (forward), TGGGT
GTCCCAAAGTAGGAG (reverse); Caspase 8 (NM001045970.2),
TGAGGGCCCTGGGATTTTAT (forward), GTAGTTGTTACCAG
AGGCGG (reverse); insulin like growth factor-1 (IGF1) receptor
(NM001244612), AAGAACCATGCCTGCAGAAGG (forward),
GGATTCTCAGGTTCTGGCCATT (reverse); Oxytocin receptor
(NM174134.2), ATCCGCACGGTCAAGATG (forward), AGAG
GAAGCGCTGCACAA (reverse); aS1-casein (BC109618), CAC
TGAGTCAAAGGGAATTAAAG (forward), TGATGGCACT
TACAGGAGA (reverse); aS2-casein (NM174528.2), CTGGAAT
TAACTGCTTCTACCT (forward), TACTCTGCGATTTGTCTT
ATTGA (reverse); B-casein (NM181008), CCTAACAGCCTCCC
ACAAAA (forward), AGACTGGAGCAGAGGCAGAG (re-
verse); GLUT1 (NM_174602), CGGCTGCCCTGGATGTC
(forward), GCCTGGGCCCACTTCAAA (reverse); GLUT4
(BC114082.1), GTCAACACAGTCTTCACCTTAGTCT (for-
ward), CCAGGCCCAGGAGATGGA (reverse); GLUTS (AY
208940), TTCAGCAGTCTCATGGAGGT (forward), TTTGGA
GTCACAGGTAGGCT (reverse); GLUT12 (NM 001011683.2),
CTTGTTAGTCCTGACCTGCC (forward), CTTCTGTGTTGG
GGAGCAAT (reverse).

Western blot

The total secreted casein was obtained from the 4 d cultured
media with induction of differentiation, and it was concentrated
using a protein concentration kit (Merck Millipore, Darmstadt,
Germany; 100196) according to the manufacturer’s instruction.
Fifty micrograms of protein from each sample was separated
by 4% to 20% gradient gel (Bio-Rad, USA; 456-1094) electro-
phoresis and transferred to polyvinylidene fluoride membranes
(Bio-Rad, USA; 162-0177). The membrane was blocked in 1%
bovine serum albumin in tris-buffered saline plus 0.25% tween-20
(TBS-T) and incubated for 1 h at room temperature (RT) with
dilutions of primary antibodies using anti-bovine Casein (1:2,000
dilution; Abcam, Cambridge, UK; ab166596). After washing the
membrane three times for 5 min using TBS-T, goat anti-rabbit
IgG-HRP (1:2,500 dilution; Santa Cruz Biotechnology, Texas,
USA; SC-2004) was added for 1 h at RT. Protein expression was
confirmed using enhanced chemiluminescence.

Statistical analysis

The general linear models procedure in the SAS software (SAS
Institute Inc., Cary, NC, USA) was used to analyze the data from
all experiments. Significant differences were determined using
the Tukey multiple range test, and p<0.05 was considered sig-
nificant.

RESULTS
Proliferation of cells was observed daily in all groups both before
and after induction of differentiation (Figure 1A). Results indi-

cated that proliferation of cells in all groups were not significantly
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different until 2 d, both before, and after induction of differ-
entiation (Figure 1A, B, C). Proliferation of cells treated with
high-glucose was significantly higher than that of no-glucose
and low-glucose treated cells before differentiation induction
(Figure 1B). However, no significant difference in proliferation
rates was observed between low and high-glucose treatment
(Figure 1C). These results indicate that former glucose environ-
ment may not affect present cell proliferation.

To test whether levels of glucose affect induction of apoptosis
to MAC-T cells, we assessed the mRNA expression levels of the
apoptosis related genes such as caspase8 (CASPS8), Bcl-xL, and
Bax (Figure 1D, E). Expression of CASP8 in the high-glucose
treated group was significantly higher at 1 and 8 d (Figure 1D).
However, expression of CASPS in the high-glucose group at 2
and 4 d was significantly lower than that in the no-glucose group
(Figure 1D). Although expression levels of CASP8 are signifi-
cantly different in each group, the maximum difference of gene
expression was less than two fold (Figure 1D) and there is no
significant difference of Bcl-xL:Bax ratio in each group indicating
that the levels of glucose before induction of differentiation did
not affect apoptosis of MAC-T cells (Figure 1E).

Expression levels of the glucose transporter (GLUT) 1, 4, 8,
and 12 were analyzed. Results indicated that there are no signifi-
cant differences of expression of GLUT 1, 4, 8, and 12 genes in
each group 1, 2,4, and 8 d after differentiation (Figure 2A, B, C, D).

In this study, expression of IGF-1 receptor gene in low-glucose
group was significantly higher than that in the other groups at
2,4, and 8 d (Figure 3A). Especially, expression of IGF-1 receptor
gene was highest in the low-glucose group at 2 d of differentiation
(Figure 3A). Expression levels of the oxytocin receptor in the
low-glucose group were significantly higher than those in the
no-glucose and high-glucose groups at 1, 2, 4, and 8 d (Figure
3B). Expression of casein, including aSI, aS2, and 3 genes, was
evaluated in all treatment groups at 1, 2, 4, and 8 d (Figure 3C,
D, E). In case of aS1, expression levels in the low-glucose group
were significantly higher than those in the other groups at 1 and
2 d. However, no significant differences in gene expressions of
aS1 and P casein were observed at 4 and 8 d. Cells treated with
low-glucose exhibited an approximately 1.5-fold increase in aS2-
casein mRNA expression at 1 d compared to that in other groups
(Figure 3D). Exposure to low-glucose increased the expression
of B-casein mRNA with 3-fold higher expression at 1 d and over
3.5-fold higher expression at 2 d than that in the control group
(Figure 3E). In addition, the protein expression levels of total
bovine casein as determined by western immunoblot revealed
that casein expression was higher in the low-glucose condition
than in the others (Figure 3F).

DISCUSSION

Lactation occurs by the secretion of large quantities of proteins,
carbohydrates, and lipids. Therefore, proliferation and differen-
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Figure 1. Effects of glucose level on the proliferation and apoptosis of MAC-T cells. The cells were cultures in none, low and high (0, 1, and 4.5 g/L) glucose DMEM media. MAC-T
cells which treated different level of glucose were observed by microscope on 1, 2, 4, and 8 d (A). The cell proliferations of the treatment groups before (B) and after (C) differentiation
induction was analyzed by cell counting. Apoptotic effects by different glucose level were determined by real-time, reverse transcription-PCR and GAPDH was use as the endogenous
housekeeping gene (D, E). Expression of the apoptosis-related genes caspase8 (D) Bcl-xL and Bax (E) in MAC-T cells was measured at 1, 2, 4, and 8 d after induction of differentiation.
Results are expressed as the Bcl-xL:Bax mRNA ratios (E). Each experiment was repeated 3 times. All values are expressed as mean= standard error of the mean. MAC-T, mammary
alveolar; DMEM, Dulbecco’s modified Eagle's medium; PCR, polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Each experimental group indicated a-c

to significant differences between each treatment for same days (p<0.05).

tiation of mammary gland cells are very essential biological
events. Bovine MAC-T cells, which are derived from the bovine
mammary gland, have the ability to differentiate into -casein
secreting cells when treated with PRL. However, the efficiency of
differentiation induction of MAC-T cells into B-casein-secreting
cells by PRL is only approximately 30% [25]. Our previous study
revealed that treatment of PRL with RA to MAC-T cells dramati-
cally increases the efficiency of differentiation induction of
MAC-T cells [24]. Therefore, in this study, we used a mixture of
PRL, RA, insulin, and hydrocortisone for differentiating MAC-T
cells as described previously [24]. Previous studies used 1 g/L as

low-glucose, 2.5 g/L as intermediate, and 4.5 g/L as high-glucose
concentrations based on the physiological requirement of glucose
[26]. Therefore, the concentration of glucose in culture media
in this study was determined to be 0 g/L as no-glucose, 1 g/L as
low-glucose and 4.5 g/L as high-glucose.

It is well reported that the Bcl-xL:Bax mRNA ratio is a more
precise evaluation of apoptosis than the absolute concentration
of either Bcl-xL mRNA or Bax mRNA [27]. Therefore, the ratio
of Bcl-xL:Bax gene expression was analyzed in all experimental
groups at 1, 2, 4, and 8 d after differentiation induction. Our
results indicated that glucose concentration did not affect
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Figure 2. Effects of glucose level on the expression of glucose transporters in differentiated MAC-T cells. Expression levels of mammary gland specific glucose transporters (1, 4, 8,
and 12) genes were determined by real-time, reverse transcription-PCR and GAPDH was used as the endogenous housekeeping gene. Expressions of GLUT 1 (A), 4 (B), 8 (C), and 12
(D) genes in MAC-T cells was measured at 1, 2, 4 and 8 d after induction of differentiation. Each experiment was repeated 3 times. All values are expressed as mean=standard error
of the mean. MAC-T, mammary alveolar; PCR, polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GLUT, glucose transporter.

apoptosis in cultured MAC-T cells.

It is well known that there are two types of glucose transporters
such as facilitative glucose transporters (GLUT 1 to 12 and H'/
myo-inositol transporter) and sodium-dependent (sodium-depen-
dent transport proteins 1 to 5, sodium myo-inositol transporter
2 and sodium monocarboxylate transpoter 2) [28]. Among them,
GLUT 1, 4, 8, 12 are mammary gland specific glucose transporters.
Interestingly, glucose concentration does not regulate expression
of the glucose transporter but inhibits glucose phosphorylation
[29]. Our results also concur with those of the previous study,
showing that different concentrations of glucose did not change
the expression levels of mammary specific glucose transporter
genes such as GLUT 1, 4, 8, and 12.

The IGF-1 is an essential biological factor for sustaining life
with various functions. Previous studies intensely revealed the
role of growth hormone and IGF-1 in mammary gland develop-
ment. Briefly, growth hormone (GH) stimulates expression of
IGF-1 mRNA and then IGF-1 mimics the action of GH in
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mammary cell differentiation and development [30,31]. Addi-
tionally, IGF-1 and 2 regulate the expression of p-casein in
cultured mammary epithelial cells [32]. Our results correlate
with previous reports where expression of casein mRNA is shown
to be proportional to expression of IGF-1 mRNA in cultured
MAC-T cells [31].

Previous studies have described that oxytocin is one of the
major endocrines in lactation. In addition, the presence of oxytocin
receptor in mammary epithelial cells and its dynamic changes
enable the binding of oxytocin to secretory cells during lactation
in mammalian species [33].

Expression of the milk protein casein is an important indi-
cator of the differentiation of MAC-T cells [34]. Our analysis
showed that a low-glucose environment to MAC-T cells increases
expression of aS1-casein, aS2-casein and P-casein. Thus, these
data may support that surplus glucose is unnecessary and/or
even disadvantageous for differentiating mammary secretory
cells.
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Figure 3. Effects of glucose level on the expression of bovine IGF-1 receptor, oxytocin receptor, aS1-casein, aS2-casein, and -casein genes in differentiated MAC-T cells. Expression
levels of genes were determined by real-time, reverse transcription-PCR and GAPDH was used as the endogenous housekeeping gene. Expression of the mammary cell development
related gene IGF-1 receptor (A), and lactation related gene Oxytocin receptor (B) in MAC-T cells was measured at 1, 2, 4, and 8 d after induction of differentiation. Expressions of
bovine aS1-casein (C), aS2-casein (D), and -casein (E) genes were analyzed at 1, 2, 4, and 8 d after induction of differentiation. Expression of bovine total casein in cultured media (F)
was identified at 4 d after induction of differentiation. Each experiment was repeated 3 times. All values are expressed as mean=standard error of the mean. IGF-1, insulin like growth
factor-1; MAC-T, mammary alveolar; PCR, polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Each experimental group indicated a-c to significant

differences between each treatment for same days (p<0.05).

In conclusion, the present results are consistent with the effects
of glucose level to expression of casein genes in MAC-T cells,
and the expression levels of mammary cell development related
gene and lactation related gene. Although a high-glucose en-
vironment enhances proliferation of MAC-T cells, low-glucose
treatment increases expression of casein genes. The precise mech-
anism by which levels of glucose affect the secretion of milk from
mammary epithelial cells clearly requires further study. However,

our results may be interesting to understand the effects of glucose
on MAC-T cell differentiation more precisely and may suggest
ways of enhancing the glucose utilization for improving efficiency
of milk productivity and its connected biological effects.
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