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  ABSTRACT 

  The aim of this study was to investigate the effects of 
insulin on glucose uptake in lactating bovine mammary 
epithelial cells (BMEC). Primary BMEC were cultured 
in Dulbecco’s modified Eagle’s medium/nutrient mix-
ture F-12 and treated with different levels of insulin (0, 
5, 50, and 500 ng/mL) for 48 h after a 24-h starvation 
without fetal calf serum. Compared with the control 
cells (0 ng of insulin/mL), cell proliferation was en-
hanced by insulin treatment at all tested levels. Insulin 
significantly increased glucose uptake at a concentra-
tion of 500 ng/mL. In addition, the protein synthesis 
inhibitor cycloheximide (0.5 mg/mL) counteracted the 
insulin-elevated glucose uptake, thereby suggesting that 
newly synthesized transporter protein might take part 
in the insulin-induced glucose uptake. Furthermore, 
pretreatment of the cells with SB203580, an inhibitor 
of p38 mitogen-activated protein kinase, did not influ-
ence the insulin-induced glucose uptake, but LY294002, 
a specific inhibitor of phosphatidylinositide 3-kinase, 
significantly reduced the insulin-stimulated glucose 
uptake. These results indicated that insulin-induced 
glucose uptake in BMEC may involve the phosphati-
dylinositide 3-kinase- but not mitogen-activated pro-
tein kinase-mediated signaling pathways. 
  Key words:    bovine ,  insulin ,  glucose uptake ,  glucose 
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  INTRODUCTION 

  In milk production, glucose is the main precursor 
for the synthesis of lactose, which plays an important 
role in controlling milk volume by maintenance of milk 
osmolarity. In dairy cows, glucose is essentially taken 
up by the mammary gland from the blood because the 
mammary gland cannot synthesize glucose due to its 
deficiency of glucose-6-phosphatase (Scott et al., 1976). 
Thus, glucose transport into the mammary gland is a 

potential regulator of milk production. Insulin is a key 
metabolic hormone in the regulation of plasma glucose 
concentrations, and it stimulates glucose uptake in adi-
pose tissue and striated muscle mainly via stimulation 
of the translocation of facilitative glucose transporter 
(GLUT) 4 from intracellular pools to the plasma 
membrane (Birnbaum, 1989; Gumà et al., 1995; Bryant 
et al., 2002). Because GLUT4 is not expressed in the 
lactating mammary gland of dairy cows (Zhao et al., 
1996; Komatsu et al., 2005) and because the plasma 
insulin concentration decreases in lactating cows com-
pared with their nonlactating counterparts (Peel et al., 
1983; Rose et al., 1997), it is generally considered that 
glucose uptake in lactating bovine mammary epithelial 
cells (BMEC) may not be regulated by insulin. How-
ever, supplementation of insulin stimulates glucose up-
take in mammary explants and epithelial cells (Moretti 
and DeOme, 1962; Myung and Ahn, 2002), and specific 
insulin receptors have been characterized in bovine 
mammary tissue (Oscar et al., 1986). Thus, it is pos-
sible that insulin may regulate glucose uptake in the 
bovine mammary gland. In this study, we showed that 
insulin stimulates mammary glucose uptake in BMEC 
and this stimulation is through a phosphatidylinositide 
3-kinase (PI3-K)-dependent mechanism. 

  MATERIALS AND METHODS 

  Cell Culture and Treatment 

  Primary BMEC were isolated and cultured as de-
scribed previously (Zhao et al., 2010; Liu et al., 2013). 
The cells used in this study were within passage 8, 
and the cells were from the mid-lactation stage. Un-
less otherwise stated below, the cells were seeded at 
a density of 5 × 104 cells/mL in Dulbecco’s modified 
Eagle’s medium/nutrient mixture F-12 (DMEM/F12; 
Gibco Laboratories, Gaithersburg, MD) containing 
10% fetal calf serum and 1% penicillin plus strepto-
mycin (Sangong Co. Ltd., Shanghai, China) in 35-mm 
plates (Corning Inc., Corning, NY), and the cells were 
cultured at 37°C in an atmosphere of 5% CO2. After 
24 h of serum starvation, the cells were treated with 
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different concentrations of insulin (0, 5, 50, and 500 
ng/mL; Sigma, St. Louis, MO) for 48 h without fetal 
calf serum. Cells were then harvested to isolate RNA, 
which was stored at −80°C until subsequent analysis. 
The culture medium was collected and immediately 
analyzed for glucose. To assess if ongoing protein syn-
thesis was involved in the insulin-stimulated glucose 
uptake, BMEC were incubated with or without the 
protein synthesis inhibitor cycloheximide (CHX; 0.5 
μg/mL; Sigma) for 48 h. In additional experiments, the 
cells were pretreated with SB203580 [an inhibitor of 
mitogen-activated protein kinase (MAPK); 5, 10, 20, 
or 40 μM; Sigma] or LY204002 (an inhibitor of PI3-
K; 0.25, 0.5, 1, or 2 μM; Sigma) for 30 min, which 
was followed by insulin treatment (500 ng/mL) for an 
additional 48 h. The glucose uptake was analyzed as 
described below.

Cell Proliferation

Cell proliferation was measured by a 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay with a few modifications (Ip et al., 1992). Briefly, 
2 × 104 cells/well were seeded in a 96-well plate. After 
incubation with different concentrations of insulin for 
48 h, the cells were incubated with the same medium 
containing 0.5 mg/mL of MTT (Sigma) at 37°C for 4 h. 
The MTT medium was then removed, and the resulting 
formazan crystals in the cells were solubilized in 200 
μL of 2-propanol containing 0.04 M hydrochloride. The 
absorbance of the solution was detected by a spectro-
photometer (SpectraMax M5; Molecular Devices LLC, 
Sunnyvale, CA) at 570 nm, and the absorbance was 
directly proportional to viable cell numbers.

Glucose Uptake

The amount of glucose uptake in BMEC was deter-
mined by the difference of glucose concentrations in the 
culture medium before and after incubation of the cells 
(Accorsi et al., 2005). Glucose levels in the medium 
were determined by an enzymatic coloring glucose 
oxidase/peroxidase assay method (Tiffany et al., 1972). 
The results were expressed as micrograms of glucose 
per microgram of protein for the cells on the plate, and 
the protein content was determined by the method of 
Bradford (1976).

Statistical Analysis

All data were analyzed by one-way ANOVA and 
Duncan’s multiple range test using SAS software (ver-
sion 9.0; SAS Institute Inc., Cary, NC); P < 0.05 was 
considered as a significant difference. The cells were 

isolated and pooled from 3 cows, and the experiments 
were repeated 3 times with at least 4 wells per treat-
ment in each experiment.

RESULTS

Effect of Insulin on Cell Proliferation

Compared with the control cells (0 ng of insulin/mL), 
supplementation of insulin at all concentrations (5, 50, 
and 500 ng/mL) significantly stimulated cell prolifera-
tion (P < 0.05; Figure 1). However, cell proliferation 
was not further enhanced beyond 50 ng of insulin/mL 
(P > 0.05; Figure 1). These data indicate that insulin 
stimulates BMEC proliferation.

Effect of Insulin on Glucose Uptake

As shown in Figure 2, supplementation of insulin 
did not influence glucose uptake at concentrations of 
5 and 50 ng/mL (P > 0.05), but 500 ng of insulin/
mL significantly enhanced the glucose uptake in BMEC 
(P < 0.05) compared with the control group (0 ng of 
insulin/mL). These data suggest that the treatment 
of BMEC with a high concentration of insulin above 
a certain threshold leads to a significant increase in 
glucose uptake.

Effect of CHX on Insulin-Stimulated Glucose Uptake

To study the involvement of protein synthesis in 
insulin-stimulated glucose uptake, BMEC were treated 
with CHX, a protein synthesis inhibitor, before insulin 
treatment. The effect of CHX on insulin-stimulated 
glucose uptake is shown in Figure 3. When the cells 

Figure 1. Cell proliferation of bovine mammary epithelial cells 
treated with different concentrations of insulin. Values with different 
letters (a–c) are significantly different (P < 0.05), and error bars indi-
cate the SE (n = 8).



3662 ZHAO ET AL.

Journal of Dairy Science Vol. 97 No. 6, 2014

were treated with insulin (500 ng/mL) or CHX (0.5 
mg/mL) alone, insulin significantly increased glucose 
uptake (P < 0.05) and CHX did not have an effect on 
glucose uptake compared with the control group (no 
insulin or CHX treatment). When the cells were treated 
with both CHX and insulin, the insulin-stimulated 
glucose uptake was completely abolished (P < 0.05). 
These results suggest that newly synthesized proteins 
are involved in the insulin-stimulated glucose uptake in 
BMEC.

Effects of SB203580 and LY294002  
on Insulin-Stimulated Glucose Uptake

To study the involvement of p38 MAPK and PI3-K in 
insulin-stimulated glucose uptake, BMEC were treated 
with either SB203580 or LY294002, the specific inhibi-
tors of MAPK and PI3-K, respectively, before insulin 
treatment. Pretreatment of BMEC with SB203580 (5, 
10, 20, or 40 μM) had no effect on basal glucose uptake 
in BMEC at any of the tested concentrations (Figure 
4A). Similarly, compared with the group supplemented 
with 500 ng of insulin/mL alone, glucose uptake in 
insulin-treated cells was not affected by SB203580 
treatment at concentrations of 20 or 40 μM (P > 0.05; 
Figure 4B). These results suggest that the p38 MAPK 
pathway may not be involved in the insulin-stimulated 
glucose uptake in BMEC.

Pretreatment of BMEC with LY294002 at concentra-
tions of 0.25 and 0.5 μM did not affect the basal glucose 
uptake, but the higher concentrations of LY294002 (1 or 
2 μM) significantly inhibited the basal glucose uptake 
(P < 0.05; Figure 5A). The LY294002 treatment at con-

centrations of 0.5 and 1 μM also significantly inhibited 
insulin-stimulated glucose uptake in a dose-dependent 
manner (P < 0.05; Figure 5B). These observations in-
dicate that the PI3-K pathway may be involved in the 
insulin-stimulated glucose uptake in BMEC.

DISCUSSION

Lactation in dairy cows requires a large supply of 
glucose to the mammary gland (Bell and Bauman, 
1997). During late pregnancy and early lactation, 
the muscle and adipose tissues become less sensitive 
to insulin stimulation of GLUT4 translocation to the 
plasma membrane (Rose et al., 1997; Komatsu et al., 
2005; Giesy et al., 2012). This insulin resistance, to-
gether with a decrease in plasma insulin concentration 
in early lactation (de Feu et al., 2009), is believed to 
mediate the priority of glucose supply from the pe-
ripheral tissues to the mammary gland because the 
glucose uptake in the lactating mammary gland is con-
sidered to be insulin-insensitive due to the absence of 
GLUT4 expression (Zhao et al., 1996; Komatsu et al., 
2005). However, in the present study, we showed that 
supplementation of insulin (500 ng/mL) significantly 
increased glucose uptake in lactating BMEC. Our data 
provides a new line of evidence that glucose uptake in 
lactating bovine mammary gland may be regulated by 
insulin via a GLUT4-independent mechanism.

Insulin may stimulate glucose uptake in BMEC 
through upregulating GLUT8 expression. Our previous 

Figure 2. Glucose uptake of bovine mammary epithelial cells treat-
ed with different concentrations of insulin for 48 h. The glucose uptake 
in insulin-treated cells is expressed relative to the glucose uptake in 
cells receiving no insulin, which is set to 1.0. Error bars indicate the 
SE (n = 6), and values with different letters (a and b) are significantly 
different (P < 0.05).

Figure 3. Effect of cycloheximide (CHX) on insulin-stimulated glu-
cose uptake in bovine mammary epithelial cells. Cells were incubated 
in medium with or without insulin (500 ng/mL) in the absence or 
presence of CHX (0.5 mg/mL). The glucose uptake in each group is 
expressed as a value relative to that in cells without insulin or CHX 
treatment, which is set to 1.0. Values with different letters (a and b) 
are significantly different (P < 0.05), and error bars indicate the SE 
(n = 6).
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study has shown that insulin increases GLUT8 expres-
sion in BMEC even at a low concentration of 5 ng/
mL (Zhao et al., 2012), which is in the physiological 
range of plasma insulin levels of lactating dairy cows 
(Blum et al., 1973). Glucose uptake in mammary epi-
thelial cells is a facilitative process mediated by GLUT. 
Bovine mammary glands mainly express GLUT1 and 
GLUT8 (Zhao et al., 1996, 2004), and their expression 
levels increase by 100- and 10-fold, respectively, from 
late pregnancy to early lactation (Zhao and Keating, 
2007). Because of the predominant expression and basal 
lateral membrane localization, GLUT1 is considered to 
be the major GLUT responsible for glucose uptake in 
mammary epithelial cells (Zhao, 2014), which is also 
supported by the observation that hypoxia increases 
GLUT1 expression and decreases GLUT8 expression 
but ultimately increases overall glucose uptake in 
BMEC (Zhao, 2014). Our previous study has shown 
that insulin does not affect the expression of GLUT1 

in BMEC (Zhao et al., 2012), which is consistent with 
GLUT1 as an insulin-independent transporter (Pessin 
and Bell, 1992; Komatsu et al., 2005). Thus, although 
our study showed that insulin may stimulate GLUT8-
mediated glucose uptake in BMEC, this stimulation 
may not have a significant effect on overall glucose 
uptake in the mammary gland in supporting lactation.

However, this study also showed that insulin stimu-
lated the proliferation of BMEC as in other cells, 
such as SH-SY5Y (Meghani et al., 1993), neuroretina 
(Hernández-Sánchez et al., 1995), and rat Schwann 
cells (Fex Svenningsen and Kanje, 1996). The growth of 
cells depends on energy and substrate supply. Glucose 
is the main calorie resource in mammalian cells (Liu et 
al., 2011). In addition, the intermediary metabolites of 
glucose, such as glucose-6-phosphate and NADPH, can 
act as survival factors of cells (Plas et al., 2002; Nutt 
et al., 2005). Therefore, insulin may stimulate GLUT8-
mediated glucose uptake to support the increased need 
for glucose in cell proliferation.

Figure 4. Effects of SB2030580, an inhibitor of mitogen-activated 
protein kinase, on insulin-stimulated glucose uptake in bovine mam-
mary epithelial cells. The glucose uptake in individual groups is ex-
pressed as a value relative to that of the group without SB203580 (A) 
or SB203580 and insulin (B) treatment, which is set to 1.0. Values 
with different letters (a–c) are significantly different (P < 0.05), and 
error bars indicate the SE (n = 6).

Figure 5. Effects of LY294002, an inhibitor of phosphatidylinosit-
ide 3-kinase, on insulin-stimulated glucose uptake in bovine mammary 
epithelial cells. The glucose uptake in individual groups is expressed 
as a value relative to that of the group without LY294002 (A) or 
LY294002 and insulin (B) treatment, which is set to 1.0. Values with 
different letters (a–d) are significantly different (P < 0.05), and error 
bars indicate the SE (n = 6).
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To study whether insulin-induced glucose uptake in 
BMEC involved protein synthesis, insulin-stimulated 
glucose uptake was measured after incubating cells 
with CHX, which inhibits protein translation in mam-
malian cells at multiple steps with a particular potency 
on translation initiation (Obrig et al., 1971). Supple-
mentation of cells with 0.5 mg of CHX/mL, which did 
not affect the basal glucose uptake, completely sup-
pressed the insulin-activated glucose uptake in BMEC. 
This result indicated that new synthesis of GLUT, 
rather than GLUT translocation, may be involved in 
the insulin-stimulated glucose uptake in BMEC. This 
observation was consistent with the report by Fladeby 
et al. (2003) who demonstrated that IGF-1-enhanced 
glucose uptake in chromaffin cells is dependent on the 
new synthesis of transporters. It is likely that insulin 
stimulates GLUT8 protein synthesis in BMEC, which 
accounts for the enhanced glucose uptake of the cells.

To further investigate the mechanism of insulin-stim-
ulated glucose uptake in BMEC, the insulin signaling 
pathways were investigated. Phosphatidylinositide 3-ki-
nase plays a central role in insulin signal transduction 
(Okada et al., 1994; Leibiger et al., 2010). Many studies 
have demonstrated that PI3-K is necessary for insulin-
stimulated GLUT4 translocation (Martin et al., 1996; 
Ono et al., 2001). In addition, although controversial, 
p38 MAPK may also be involved in the insulin-depen-
dent glucose transport system (Somwar et al., 2000, 
2002; Geiger et al., 2005). To study the involvement 
of PI3-K and p38 MAPK in insulin-stimulated glucose 
uptake in BMEC, we treated BMEC with SB203580 
and LY294002, the specific inhibitors of MAPK and 
PI3-K, respectively, before treatment with insulin. Our 
results showed that LY294002 (0.5 and 1 μM), but 
not SB203580 (20 and 40 μM), significantly inhibited 
insulin-stimulated glucose uptake, thereby suggesting 
that insulin may stimulate glucose uptake through the 
PI3-K pathway, but not the p38 MAPK pathway, in 
BMEC. It is possible that insulin may activate PI3-K-
dependent signaling pathways in BMEC to stimulate 
GLUT8 expression.

However, we cannot rule out the possibility that the 
glucose uptake stimulated by insulin in this study may 
not be mediated by GLUT8. First, due to the unavail-
ability of the specific antibody against bovine GLUT8, 
we were unable to study GLUT8 protein expression 
and subcellular localization. It is not clear if GLUT8 
is localized to the plasma membrane in BMEC, which 
is essential for glucose uptake. Second, in this study, 
GLUT8 expression was significantly increased by insu-
lin at all concentrations examined (5, 50, and 500 ng/
mL), but the insulin effect was not dose dependent. 
However, glucose uptake of the cells tended to be in-
creased by insulin in a dose-dependent manner and was 

only significantly increased by insulin at 500 ng/mL. 
Thus, increased GLUT8 expression did not necessarily 
result in enhanced glucose uptake, and the mRNA lev-
els of GLUT8 might not be correlated with its protein 
levels. In addition, the results of this study were not 
consistent with the findings of Shao et al. (2013), who 
reported that the addition of 5 μg of insulin/mL for 48, 
72, or 96 h significantly increased mRNA expression of 
GLUT1, but not GLUT8 in bovine mammary explants. 
The inconsistency might be due to the complexity of 
cell populations in tissue explants, which may respond 
to insulin differently. Furthermore, because GLUT8 
retains a dileucine motif similar to GLUT4 and may 
be located intracellularly in BMEC (Zhao et al., 2004), 
it is not known whether insulin is able to stimulate 
GLUT8 translocation in BMEC.

CONCLUSIONS

This study demonstrated that glucose uptake in lac-
tating BMEC was responsive to insulin treatment. In-
sulin may stimulate glucose uptake in lactating BMEC 
by upregulating GLUT8 expression, and this stimula-
tion may act through PI3-K-linked signaling pathways.
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