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Introduction

The main goal of dairy industry development is 
the production of more high-quality milk by healthy 
heifers with well-functioning mammary glands with 
the capacity to synthesise and secrete large milk 
quantities (Akers, 2017). Proper development and 
functional differentiation of the bovine mammary 

glands is the key to reaching this goal. The mammary 
glands of dairy cows consist of teats, ducts, alveoli 
containing secretory cells, and sustentacular tissue 
(Akers, 2002). The mammary gland alveoli are 
lined with two layers of epithelial secretory cells 
that synthesize and secrete milk and are considered 
the functional unit of the mammary gland (Akers, 
2002). Milk production is commonly attributed to

ABSTRACT. The experiment was designed to evaluate the effect of sodium 
selenite (Na2SeO3) on the proliferation of bovine mammary gland epithelial 
cells (BMECs), and to assess the underlying mechanisms. The addition of 
Na2SeO3  at doses ranging from 18 to 140 nM stimulated BMEC proliferation. 
Nevertheless, high doses of Na2SeO3 (> 70 nM) did not further stimulate 
BMEC proliferation compared to 35 nM Na2SeO3. Therefore, the addition of 
35 nM Na2SeO3 increased the proportion of epithelial cells undergoing DNA 
replication, mRNA expression of proliferating cell nuclear antigen (PCNA), 
Cyclin A2 (CCNA2) and Cyclin D1 (CCND1), as well as protein expression of 
PCNA and Cyclin A1. Transcription and translation of the B-cell lymphoma 2 
(BCL2) gene and the ratio of BCL2 to BCL2-associated X 4 (BAX4) genes were 
significantly elevated, while mRNA and protein expressions of BAX, caspase 3 
(CASP3) and caspase 9 (CASP9) genes were significantly reduced as a result of  
35 nM Na2SeO3 supplementation. Additionally, both the Akt and mTOR signalling 
pathways were activated by 35 nM Na2SeO3. On the other hand, the stimulation 
of BMEC proliferation, altered expression of proliferative and apoptotic genes 
and proteins, as well as mTOR signalling pathway activation caused by 35 nM 
Na2SeO3 addition was suppressed by the Akt inhibitor (AKT-IN-1). Likewise, 
rapamycin-mediated suppression of mTOR completely reversed the 35 nM 
Na2SeO3-stimulated BMEC proliferation and alteration of proliferous gene and 
protein expressions, without affecting mRNA or protein expression of genes 
related to apoptosis and the Na2SeO3-activated Akt signalling pathway. In 
conclusion, the results implicated that the proliferation of BMECs was stimulated 
by 35 nM Na2SeO3 through the Akt-mTOR signalling pathway.
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Real-time quantitative PCR
Exactly 4 × 104 BMECs were seeded in 12-well 

plates and exposed to 0 and 35 nM Na2SeO3 for 
3 days, 6 replicate wells per dose. The transcripts 
of cyclin A2 (CCNA2), and cyclin D1 (CCND1), 
PCNA, BCL2, BCL2-associated X 4 (BAX4), cas-
pase 3 (CASP3) and caspase 9 (CASP9) genes were 
analysed by real-time quantitative PCR. Briefly, to-
tal RNA was extracted using the RNA extraction 
kit (Magen Biotechnology Co., Ltd, Guangzhou, 
GD, China) based on the manufacturer’s specifica-
tions. Complementary DNA (cDNA) was synthe-
sized using 2 µg of total RNA, reverse transcriptase  
(M-MLV, RR047A; TaKaRa, Tokyo, Japan) and ran-
dom primers based on the manufacturer’s specifica-
tions. GAPDH was used as a housekeeping gene. 
Real-time quantitative PCR was performed in an ABI 
QuantStudio5 instrument (Thermo Fisher Scientific, 
Fremont, NY, USA). The 20 μl reaction mixture con-
tained 10 μl SYBR Green Real-time PCR Master 
Mix reagents (RR820A; TaKaRa, Tokyo, Japan), 2 μl 
DNA template, 0.8 µl forward primer (10 μM), 0.8 µl 
reverse primer (10 μM), 0.4 μl of ROX Reference 
Dye II (TaKaRa, Tokyo, Japan), and 6.0 µl dH2O. 
The PCR assay conditions were as follows: 1 cycle at 
95 °C for 20 s, 40 cycles at 95 °C for 15 s, annealing 
at 55 °C for 20 s, followed by melting curve analysis. 
The primer sequences used for real-time quantitative 
PCR are listed in Table 1. 

Western blot analysis
Exactly 8 × 104 BMECs were seeded in 6-well 

plates and exposed to 0 and 35 nM Na2SeO3 for 
3 days, 3 replicate wells per dose. The protein content 
was analysed using the Thermo Scientific Pierce™ 
BCA Protein Assay Kit (23225, Thermo Fisher Sci-
entific, Waltham, MA, USA) based on the manufac-
turer’s specifications. β-actin was used as a loading 
control, equal quantities of protein (20 µg) were 
loaded onto 12% SDS/PAGE and the separated 
proteins were transferred onto nitrocellulose 
membranes (1704271; BioRad, Hercules, CA, USA). 
Membranes were blocked with 6% (w/v) bovine se-
rum albumin (BSA) in Tris-HCl buffer solution + 
Tween (TBST) for 2 h at room temperature. Mem-
branes after transfer were incubated with primary an-
tibodies for: Cyclin A1 (1:2000), PCNA (1:2000), 
Akt (1:2000), p-AktSer473 (1:2000), mTOR (1:2000), 
p-mTORSer2448 (1:2000), BCL2 (1:2000), BAX 
(1:2000), Caspase-3 (1:2000), Caspase-9 (1:2000) 
and β-actin (1:10000) diluted with TBST, and incu-
bated overnight at 4 °C. Membranes were washed 
five times in 1 × TBST for 5 min to remove excess 

Table 1. Primer sequences used in real-time quantitative PCR

Target species (Forward/Reverse) Sequence 5’→3’ GeneBank accession no. Amplification length, bp
CCNA2 F: ACCACAGCACGCACAACAGTC 

R: AGTGTCTCTGGTGGGTTGAGGAG
NC_037333.1 87

CCND1 F: GCCGAGGAGAACAAGCAGATCATC 
R: CATGGAGGGCGGGTTGGAAATG

NC_037356.1 96

PCNA F: ACATCAGCTCAAGTGGCGTGAAC 
R: GCAGCGGTAAGTGTCGAAGCC

NC_037340.1 101

BCL2 F: TGTGGATGACCGAGTACCTGAA 
R: AGAGACAGCCAGGAGAAATCAAAC

NC_037351.1 221

BAX4 F: TTTTGCTTCAGGGTTTCATCCAGGA 
R: CAGCTGCGATCATCCTCTGCAG

NC_037345.1 231

CASP3 F: AGAACTGGACTGTGGCATTGAG 
R: GCACAAAGCGACTGGATGAAC

NC_037354.1 163

CASP9 F: CCAGGACACTCTGGCTTCAT 
R: CGGCTTTGATGGGTCATCCT

NC_037343.1 70

GAPDH F: CCTGGAGAAACCTGCCAAGT 
R: AGCCGTATTCATTGTCATACCA

NC_037332.1 120

CCNA2 – cyclin A2, CCND1 – cyclin D1, PCNA – proliferating cell nuclear antigen, BCL2 – B cell lymphoma 2, BAX4 – BCL2-associated X 4, 
CASP3 – caspase 3, CASP9 – caspase 9, GAPDH – glyceraldehyde-3-phosphate dehydrogenase

the number of mammary epithelial cells and their 
secretory function (Kim and Wu, 2009). Therefore, 
the correct development of the bovine mammary 
gland during pregnancy is crucial for improving 
milk performance of dairy cows. Many factors have 
been shown in the literature to influence mammary 
epithelial cell proliferation, including nutrition 
(Molenaar et al., 2020), hormones (Macrina et al., 
2011) and environment (McCabe et al., 2021).

Selenium (Se), an essential trace element for 
normal growth, development and health of dairy 
cows, plays an essential role in numerous metabolic 
processes of tissues and organs due to its antioxi-
dant function (Xiao et al., 2021; Zhong et al., 2022). 
Se is involved in the formation of many Se-depen-
dent enzymes, including glutathione peroxidase  
(GSH-Px), thioredoxin reductase, selenoprotein-P, 
and thioredoxin. These oxidoreductases regulate the 
intracellular inflammatory and apoptotic signalling 
cascades to maintain the internal environment (Huang 
et al., 2012; Li et al., 2014). Numerous studies have 
highlighted the relationship between Se and produc-
tion performance of dairy cows. Se supplementa-
tion was shown to increase the production of milk 
(Wang et al., 2009; Ullah et al., 2019), milk fat and 
protein (Najafnejad et al., 2013), nutrient digestibility  
(Najafnejad et al., 2013), improve neutrophil function 
and adaptive immunity (Souza et al., 2012), as well as 
reduce the incidence of mastitis and embryonic mor-
tality (Xiao et al., 2021; Zhang et al., 2021). More-
over, previous works indicated the role of Se in the 
regulation of several protein kinases and intracellu-
lar signalling pathways involved in cell proliferation 
and apoptosis (He et al., 2016). Recent studies have 
demonstrated that Se addition promoted the prolifera-
tion of lens epithelial cells (HLECs), after damage in-
duced by ultraviolet radiation B (Zhong et al., 2022), 
as well as proliferation of sheep spermatogonial stem 
cells (Shi et al., 2020). Furthermore, Zhang et al. 
(2020) reported that the addition of 50 nmol/l Se sig-
nificantly increased cell viability and relative growth 
rate of bovine mammary epithelial cells (BMECs). 
Therefore, it can be concluded that Se is involved in 
the stimulation of BMEC proliferation.

Both the Akt and mTOR pathways were shown 
to be involved in cell proliferation (Zhang et al., 
2018). Other studies reported that the PI3K/Akt (De 
Cicco et al., 2016; Meng et al., 2017) and mTOR 
signalling pathways (Jiang et al., 2017; Li et al., 
2017; Pan et al., 2017) were involved in cell pro-
liferation. To the best of our knowledge, the effect 
of Na2SeO3 on the Akt and mTOR signalling path-
ways with respect to BMEC proliferation remains 

unclear. Therefore, the current study aimed to evalu-
ate the impact of Na2SeO3 on BMEC proliferation 
and to explore the role of related signalling pathway 
in this process, as well as provide a new method of  
Na2SeO3 supplementation as a nutritional agent to 
promote mammary gland development in dairy cows.

Material and methods
The experimental protocol was approved by the 

Animal Welfare Committee of Shanxi Agriculture 
University (Taiyuan, Shanxi Province, China, IACUC 
Issue No. SXAU-EAW-2021C.FU.00301401). 

Reagents
Na2SeO3 used in the study was of cell grade 

and was purchased from Sigma-Aldrich (Cat. no. 
S5261; St. Louis, MI, USA). Foetal bovine serum 
(FBS) and Dulbecco’s modified Eagle’s medium 
F12 (DMEM-F12) were purchased from Gibco BRL 
(Gaithersburg, MA, USA). Akt inhibitor-1 (AKT-
IN-1) and mTOR inhibitor, rapamycin (Rap), were 
purchased from MedChemExpress LLC (Monmouth 
Junction, NJ, USA). The Cell Counting Kit 8 
(CCK-8) was purchased from Dojindo Laboratories 
(Kyushu, Japan). The Cell-LightTM EdU in vitro kit 
was purchased from Ribobio Biological Technology 
Co., Ltd (Guangzhou, GD, China). Cyclin A1 was 
targeted using a mouse anti-cyclin A1 monoclonal 
antibody (Cat. no. NB100-2660; Novus Biologicals 
LLC, Centennial, CO, USA), proliferating cell 
nuclear antigen (PCNA) was targeted using a mouse 
anti-PCNA monoclonal antibody (Cat. no. 2586; 
Cell Signaling Technology, Inc., Danvers, MA, 
USA), Akt and β-actin were targeted with rabbit 
monoclonal antibodies against Akt and β-actin (Cat. 
no. 9272 and 4970; Cell Signaling Technology, Inc., 
Danvers, MA, USA), phosphorylated p-AktSer473, 
p-mTORSer2448 and mTOR were targeted with 
rabbit polyclonal antibodies against p-AktSer473, 
p-mTORSer2448 and mTOR (Cat. no. bs-0876R, 
3495R and 1992R; BIOSS, Beijing, China), B-cell 
lymphoma 2 (BCL2), Caspase-3 and Caspase-9 
were targeted with rabbit polyclonal antibodies 
against BCL2, Caspase-3 and Caspase-9 (Cat. no. 
bs-20351R, 0081R and 0049R; BIOSS, Beijing, 
China), BCL2-associated X (BAX) was targeted with 
a mouse anti-BAX polyclonal antibody (Cat. no.  
bs-0127M; BIOSS, Beijing, China); goat anti-rabbit 
(Cat. no. bs-0295G) and goat anti-mouse (Cat. no. bs-
0296G) secondary antibodies were purchased from 
BIOSS (Beijing, China). Plastic culture plates were 
manufactured by Corning Inc. (New York, USA).

SXAU-EAW-2021C.FU
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BMEC isolation and culture
BMECs were isolated based on the method de-

scribed by Zhao et al. (2010). Briefly, three multipa-
rous Holstein cows (45 ± 4.1 months, 56 ± 2.4 days 
in milk, 638 ± 14.3 kg body weight; mean ± SD) were 
used to provide mammary gland tissue. The samples 
were cut into 1 mm3 pieces using sterile surgical scis-
sors and then washed several times in PBS buffer, 
and incubated in DMEM-F12 (10% foetal bovine 
serum, 1% glutamine, 1% penicillin-streptomycin,  
5 μg/ml insulin, 5 μg/ml transferrin, 5 μg/ml prolactin,  
1 μg/ml hydrocortisone and 10 ng/ml epidermal 
growth factor) (Gibco BRL, Gaithersburg, MA, 
USA) at 37 °C in a humidified 5% CO2 atmosphere. 
Tissues were removed when cells had migrated from 
them and covered up to 80% of the flask bottom sur-
face. Approximately 1 × 106 cells were cultured in  
10 cm2 plastic dishes in complete DMEM-F12.

Cell Counting Kit 8 assay and EdU 
incorporation assay 

The effect of Na2SeO3 on BMEC proliferation 
was assessed using CCK-8 and Cell-LightTM EdU 
according to the manufacturer’s protocol. Briefly, 
for the CCK8 assay, exactly 1 × 103 BMECs were 
seeded in 96-well plates and exposed to differ-
ent supplementary Na2SeO3 doses (0, 9, 18, 35, 70, 
140, 280 and 560 nM) for 3 days, with eight repli-
cate wells per dose, then 10 μl of CCK8 solution and 
100 μl of FBS-free DMEM-F12 were added to each 
well. Subsequently, the plates were cultured for 1 h 
at 37 °C in a humidified atmosphere of 5% CO2. The 
number of viable cells was evaluated by determining 
the absorbance at 450 nm using a microplate reader 
(Infinite 200 PRO, Tecan Austria GmbH, Grődig, 
Austria). BMEC proliferation was performed with 
Cell-LightTM EdU based on the procedure of Zhang 
et al. (2018). Briefly, exactly 1 × 103 BMECs were 
seeded in 96-well plates and exposed to 0 and 35 nM 
Na2SeO3 for 3 days, with six replicate wells per treat-
ment. BMECs were cultured with 50 μM EdU for 3 h, 
washed 3 times with PBS, fixed in 4% paraformalde-
hyde for 30 min at 25 °C, and then stained with Apol-
lo staining reaction solution and Hoechst 33342 (Ri-
bobio Biological Technology Co., Ltd, Guangzhou, 
GD, China) reaction solution in the dark at 25 °C 
for 30 min. Subsequently, cell images were acquired 
using an inverted microscope (100 × magnification, 
kFluor488: excitation 495 nm, emission 520 nm; 
Leica Microsystem CMS GmbH, Wetzlar, Germany). 
The rate of BMEC proliferation was estimated as the 
proportion of EdU-positive nuclei to total nuclei in 
five high-power fields for each well.

Real-time quantitative PCR
Exactly 4 × 104 BMECs were seeded in 12-well 

plates and exposed to 0 and 35 nM Na2SeO3 for 
3 days, 6 replicate wells per dose. The transcripts 
of cyclin A2 (CCNA2), and cyclin D1 (CCND1), 
PCNA, BCL2, BCL2-associated X 4 (BAX4), cas-
pase 3 (CASP3) and caspase 9 (CASP9) genes were 
analysed by real-time quantitative PCR. Briefly, to-
tal RNA was extracted using the RNA extraction 
kit (Magen Biotechnology Co., Ltd, Guangzhou, 
GD, China) based on the manufacturer’s specifica-
tions. Complementary DNA (cDNA) was synthe-
sized using 2 µg of total RNA, reverse transcriptase  
(M-MLV, RR047A; TaKaRa, Tokyo, Japan) and ran-
dom primers based on the manufacturer’s specifica-
tions. GAPDH was used as a housekeeping gene. 
Real-time quantitative PCR was performed in an ABI 
QuantStudio5 instrument (Thermo Fisher Scientific, 
Fremont, NY, USA). The 20 μl reaction mixture con-
tained 10 μl SYBR Green Real-time PCR Master 
Mix reagents (RR820A; TaKaRa, Tokyo, Japan), 2 μl 
DNA template, 0.8 µl forward primer (10 μM), 0.8 µl 
reverse primer (10 μM), 0.4 μl of ROX Reference 
Dye II (TaKaRa, Tokyo, Japan), and 6.0 µl dH2O. 
The PCR assay conditions were as follows: 1 cycle at 
95 °C for 20 s, 40 cycles at 95 °C for 15 s, annealing 
at 55 °C for 20 s, followed by melting curve analysis. 
The primer sequences used for real-time quantitative 
PCR are listed in Table 1. 

Western blot analysis
Exactly 8 × 104 BMECs were seeded in 6-well 

plates and exposed to 0 and 35 nM Na2SeO3 for 
3 days, 3 replicate wells per dose. The protein content 
was analysed using the Thermo Scientific Pierce™ 
BCA Protein Assay Kit (23225, Thermo Fisher Sci-
entific, Waltham, MA, USA) based on the manufac-
turer’s specifications. β-actin was used as a loading 
control, equal quantities of protein (20 µg) were 
loaded onto 12% SDS/PAGE and the separated 
proteins were transferred onto nitrocellulose 
membranes (1704271; BioRad, Hercules, CA, USA). 
Membranes were blocked with 6% (w/v) bovine se-
rum albumin (BSA) in Tris-HCl buffer solution + 
Tween (TBST) for 2 h at room temperature. Mem-
branes after transfer were incubated with primary an-
tibodies for: Cyclin A1 (1:2000), PCNA (1:2000), 
Akt (1:2000), p-AktSer473 (1:2000), mTOR (1:2000), 
p-mTORSer2448 (1:2000), BCL2 (1:2000), BAX 
(1:2000), Caspase-3 (1:2000), Caspase-9 (1:2000) 
and β-actin (1:10000) diluted with TBST, and incu-
bated overnight at 4 °C. Membranes were washed 
five times in 1 × TBST for 5 min to remove excess 

Table 1. Primer sequences used in real-time quantitative PCR

Target species (Forward/Reverse) Sequence 5’→3’ GeneBank accession no. Amplification length, bp
CCNA2 F: ACCACAGCACGCACAACAGTC 

R: AGTGTCTCTGGTGGGTTGAGGAG
NC_037333.1 87

CCND1 F: GCCGAGGAGAACAAGCAGATCATC 
R: CATGGAGGGCGGGTTGGAAATG

NC_037356.1 96

PCNA F: ACATCAGCTCAAGTGGCGTGAAC 
R: GCAGCGGTAAGTGTCGAAGCC

NC_037340.1 101

BCL2 F: TGTGGATGACCGAGTACCTGAA 
R: AGAGACAGCCAGGAGAAATCAAAC

NC_037351.1 221

BAX4 F: TTTTGCTTCAGGGTTTCATCCAGGA 
R: CAGCTGCGATCATCCTCTGCAG

NC_037345.1 231

CASP3 F: AGAACTGGACTGTGGCATTGAG 
R: GCACAAAGCGACTGGATGAAC

NC_037354.1 163

CASP9 F: CCAGGACACTCTGGCTTCAT 
R: CGGCTTTGATGGGTCATCCT

NC_037343.1 70

GAPDH F: CCTGGAGAAACCTGCCAAGT 
R: AGCCGTATTCATTGTCATACCA

NC_037332.1 120

CCNA2 – cyclin A2, CCND1 – cyclin D1, PCNA – proliferating cell nuclear antigen, BCL2 – B cell lymphoma 2, BAX4 – BCL2-associated X 4, 
CASP3 – caspase 3, CASP9 – caspase 9, GAPDH – glyceraldehyde-3-phosphate dehydrogenase
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antibodies, and incubated with secondary antibodies 
at 25 °C for 2 h.

Statistical analysis
CCK8 data were analysed using the mixed 

procedure of SAS (Proc Mixed; SAS Institute, 
2002), and linear and quadratic orthogonal contrasts 
were analysed using the CONTRAST statement 
of SAS with coefficients estimated based on the 
Na2SeO3 dose. Analysis of other experimental 
data was performed using the SigmaPlot statistical 
analysis package version 12.5 (Systat Software, Inc., 
San Jose, CA, USA). Statistical differences in means 
between treatments were analysed using Student’s 
t-test (t test), or analysis of variance (ANOVA) 
with Dunnett’s post-hoc test; the level of statistical 
significance was set at P < 0.05. Data in graphs are 
presented as means ± standard error of the mean.

Results
Effect of Na2SeO3 on BMEC proliferation

To determine the effect of supplemental  
Na2SeO3 on BMEC proliferation, the cells were cul-
tured in DMEM-F12 and different supplementary 
Na2SeO3 doses (0, 9, 18, 35, 70, 140, 280 and 560 nM) 
for 3 days. CCK8 assay results confirmed that the 
proliferation of BMECs increased quadratically  
(P < 0.05) due to Na2SeO3 addition. Although  
Na2SeO3 doses ranging from 18 to 140 nM sig-
nificantly promoted (P < 0.05) the proliferation 
of BMECs compared to control, higher doses of  
Na2SeO3 (> 70 nM) did not further stimulate 
BMEC proliferation compared to 35 nM Na2SeO3 

(Figure 1A). Therefore, a Na2SeO3 concentration 
of 35 nM was selected and used in the follow-
ing experiments. At the same time, the results of 
EdU incorporation indicated that the proportion of  
EdU-positive cell increased (P < 0.05) after 35 nM 
Na2SeO3 supplementation (Figure 1B, C). 

The CCNA2 and CCND1 genes encode Cyclin 
A2 and D1, respectively. Supplementary Na2SeO3 at 
35 nM significantly enhanced mRNA expressions 
of genes involved in cell proliferation, such as 
PCNA (P < 0.01), CCNA2 (P < 0.01) and CCND1  
(P < 0.01) (Figure 1D). PCNA (P < 0.01) and Cyclin 
A1 (P < 0.05) protein expression were also enhanced 
as a result of 35 nM Na2SeO3 supplementation 
(Figure 1E, F). The level of transcripts of genes 
associated with apoptosis inhibition, such as BCL2 
(P < 0.01), as well as the BCL2 to BAX4 ratio  
(P < 0.01) were significantly elevated by 35 nM 
Na2SeO3 supplementation, while mRNA expression 
of apoptosis-related genes, such as BAX4, CASP3 
and CASP9 were reduced (P < 0.05) (Figure 2A). 
BCL2 protein expression and the BCL2 to BAX 
ratio were significantly elevated (P < 0.01) by the 
35 nM Na2SeO3 dose, whereas BAX (P < 0.01), 
Caspase-3 (P < 0.05) and Caspase-9 (P < 0.05) 
protein expressions were reduced (Figure 2B, C).

Effect of Na2SeO3 on Akt and mTOR 
signalling pathways in BMECs

The ratios of the p-Akt/Akt and p-mTOR/mTOR 
were highly increased (P < 0.01) when BMECs 
were exposed to 35 nM Na2SeO3, suggesting that 
the activation of Akt/mTOR signalling pathways 
was stimulated by 35 nM Na2SeO3 (Figure 3A, B). 

Table 1. Primer sequences used in real-time quantitative PCR
Target species (Forward/Reverse) Sequence 5’→3’ GeneBank accession no. Amplification length, bp
CCNA2 F: ACCACAGCACGCACAACAGTC 

R: AGTGTCTCTGGTGGGTTGAGGAG
NC_037333.1  87

CCND1 F: GCCGAGGAGAACAAGCAGATCATC 
R: CATGGAGGGCGGGTTGGAAATG

NC_037356.1  96

PCNA F: ACATCAGCTCAAGTGGCGTGAAC 
R: GCAGCGGTAAGTGTCGAAGCC

NC_037340.1 101

BCL2 F: TGTGGATGACCGAGTACCTGAA 
R: AGAGACAGCCAGGAGAAATCAAAC

NC_037351.1 221

BAX4 F: TTTTGCTTCAGGGTTTCATCCAGGA 
R: CAGCTGCGATCATCCTCTGCAG

NC_037345.1 231

CASP3 F: AGAACTGGACTGTGGCATTGAG 
R: GCACAAAGCGACTGGATGAAC

NC_037354.1 163

CASP9 F: CCAGGACACTCTGGCTTCAT 
R: CGGCTTTGATGGGTCATCCT

NC_037343.1  70

GAPDH F: CCTGGAGAAACCTGCCAAGT 
R: AGCCGTATTCATTGTCATACCA

NC_037332.1 120

CCNA2 – cyclin A2, CCND1 – cyclin D1, PCNA – proliferating cell nuclear antigen, BCL2 – B cell lymphoma 2, BAX4 – BCL2-associated X 4, 
CASP3 – caspase 3, CASP9 – caspase 9, GAPDH – glyceraldehyde-3-phosphate dehydrogenase
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These findings indicated that Akt/mTOR signalling 
pathways could be involved in Na2SeO3-induced 
BMEC proliferation.

Akt suppression reversed the stimulation  
of BMEC proliferation and the activation  
of mTOR signalling pathways modulated  
by Na2SeO3

The results of the CCK-8 assay suggested that 
AKT-IN-1 had no effect on BMEC proliferation. 
AKT-IN-1 could completely block (P < 0.01) 
BMEC proliferation stimulated by 35 nM Na2SeO3 
(Figure 4A). In turn, significant increases in 
mRNA levels of PCNA (P < 0.01), CCND1  
(P < 0.01), CCNA2 (P < 0.01), BCL2 (P < 0.01) and  

Figure 1. Effect of sodium selenite (Na2SeO3) on the proliferation of bovine mammary gland epithelial cells (BMECs). (A) Effect of different doses of 
Na2SeO3 (0, 9, 18, 35, 70, 140, 280 and 560 nM) on the proliferation of BMECs after 3-day culture as determined by the Cell Counting Kit 8 (CCK-8) 
assay. (B) Effect of Na2SeO3 (0 and 35 nM) on BMEC proliferation as determined by the EdU incorporation assay. (C) Analysis of EdU-positive cell 
percentage in panel B. (D) mRNA expression levels of proliferating cell nuclear antigen (PCNA), cyclin A2 (CCNA2) and cyclin D1 (CCND1) in re-
sponse to 35 nM Na2SeO3. (E) Western blot analysis of PCNA and Cyclin A1 proliferation markers in BMECs after 3-day culture; β-actin was used as 
a loading control. (F) Mean ± SEM (standard error of the mean) of immunoblotting bands of PCNA and Cyclin A1, and band intensities are expressed in 
arbitrary units. Bars that do not share the same capital letter are significantly different (P < 0.01). * P < 0.05 and ** P < 0.01 compared to the control group.

Figure 2. Effect of sodium selenite (Na2SeO3) on the apoptosis of bovine mammary gland epithelial cells (BMECs). (A) mRNA expression levels 
of B cell lymphoma 2 (BCL2), BCL2-associated X 4 (BAX4), BCL2/BAX4, caspase 3 (CASP3) and caspase 9 (CASP9) in response to 35 nM 
Na2SeO3. (B) Western blot analysis of BCL2, BAX, BCL2/BAX, caspase-3 and caspase-9 apoptotic markers in BMECs after 3-day culture; β-actin 
was used as a loading control. (C) Mean ± SEM (standard error of the mean) of immunoblotting bands of BCL2, BAX, BCL2/BAX, Caspase-3 
and Caspase-9, and band intensities of the bands are expressed in arbitrary units. * P < 0.05 and ** P < 0.01 compared to the control group.

Figure 3. Effect of sodium selenite (Na2SeO3) on the Akt-mTOR 
signalling pathway in bovine mammary gland epithelial cells (BMECs). 
(A) Western blot analysis of p-Akt, Akt, p-mTOR and mTOR in BMECs 
treated with Na2SeO3 (0 and 35 nM) after 3-day culture; β-actin was 
used as a loading control. (B) Mean ± SEM (standard error of the 
mean) of immunoblotting bands of p-Akt/Akt and p-mTOR/mTOR, and 
band intensities are expressed in arbitrary units. ** P < 0.01 compared 
to the control group.
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BCL2/BAX-4 (P < 0.05) genes, and significant 
decreases (P < 0.05) in BAX4, CASP3 and CASP9 
mRNA levels promoted by 35 nM Na2SeO3 
were reversed (P < 0.05) by 30 nM AKT-IN-1 
(Figure 4B); the expression of PCNA, Cyclin A1, 
BCL2, BAX, BCL2/BAX, Caspase-3 and 
Caspase-9 proteins was also induced (P < 0.05) 
after 30 nM AKT-IN-1 addition (Figure 4C, D).  
In addition, the significantly elevated ratios 
of p-Akt/Akt (P < 0.01) and p-mTOR/mTOR 
(P < 0.01), as a response to 35 nM Na2SeO3 
stimulation also decreased (P < 0.01) after 30 nM 
AKT-IN-1 addition (Figure 4C, D). It should be 
noted that Na2SeO3-modulated activation of Akt, 
a downstream target of mTOR, was reversed 
by AKT-IN-1, indicating that mTOR was likely 
involved in the Na2SeO3-stimulated AKT signalling 
cascade. For this reason, subsequent experiments 
focused on mTOR.

Suppression of the mTOR signalling 
pathway eliminated Na2SeO3- stimulated 
BMEC proliferation

CCK-8 assay results showed that there was 
no effect of Rap on the proliferation of BMECs. 
The stimulation of BMEC proliferation induced by 
35 nM Na2SeO3 was abolished (P < 0.05) by 50 pM 
Rap (Figure 5A). Moreover, changes in PCNA  
(P < 0.01), CCNA2 (P < 0.05) and CCND1  
(P < 0.05) mRNA transcript levels (Figure 5B), as well 
as the expression of Cyclin A1 (P < 0.05) and PCNA 
(P < 0.05) (Figure 5C, D) proteins were also inhibited 
(P < 0.05) by 50 pM Rap. Moreover, the significant-
ly elevated ratios of p-mTOR/mTOR (P < 0.05) by 
35 nM Na2SeO3 decreased (P < 0.05) after 50 pM Rap 
addition (Figure 5C, D). Notably, mTOR suppression 
had no influence on the expression of mRNA or pro-
teins associated with cell apoptosis and the Na2SeO3-
activated Akt signalling pathway (Figure 5B, C, D).

Figure 4. Suppression of Akt reversed the stimulation of bovine mammary gland epithelial cell (BMEC) proliferation and activation of the mTOR 
signalling pathway modulated by 35 nM sodium selenite (Na2SeO3). (A) Effect of 30 nM Akt inhibitor-1 (AKT-IN-1) on the proliferation of BMECs 
after 3-day incubation was determined using the Cell Counting Kit 8 (CCK-8) assay. (B) mRNA expression levels of proliferating cell nuclear 
antigen (PCNA), cyclin A2 (CCNA2) and cyclin D1 (CCND1), B cell lymphoma 2 (BCL2), BCL2-associated X 4 (BAX4),BCL2/BAX4, caspase 3 
(CASP3) and caspase 9 (CASP9) in response to 35 nM Na2SeO3 and/or 30 nM AKT-IN-1. (C) Western blot analysis of PCNA, Cyclin A1, BCL2, 
BAX, BCL2/BAX, Caspase-3, Caspase-9, p-Akt, Akt, p-mTOR and mTOR in BMECs after 3-day culture in the presence of 35 nM Na2SeO3 and/
or 30 nM AKT-IN-1; β-actin was used as a loading control. (D) Mean ± SEM (standard error of the mean) of immunoblotting bands of PCNA, 
Cyclin A1, BCL2, BAX, BCL2/BAX, Caspase-3, Caspase-9, p-Akt/Akt and p-mTOR/mTOR, and band intensities are expressed in arbitrary units.  
* P < 0.05 and ** P < 0.01 compared to the control group, # P < 0.05 and ## P < 0.01 compared to the Na2SeO3 group.
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Discussion 

In the current study, Na2SeO3 supplementa-
tion promoted the proliferation of BMECs and 
suppressed the expression of mRNA or proteins 
involved in BMEC apoptosis, supporting previ-
ous findings regarding increased milk production 
(Wang et al., 2009; Ullah et al., 2019), and milk fat 
and protein yields (Najafnejad et al., 2013) after 
Se supplementation. The present study determined 
the effect of different concentrations of supple-
mental Na2SeO3 on BMEC proliferation. Although  
Na2SeO3 supplementation at doses ranging from 
4 to 160 nM stimulated the proliferation of BMECs, 
high doses of Na2SeO3 (> 70 nM) did not further 
stimulate BMEC proliferation compared to 35 nM 
Na2SeO3. These results indicated that the appropri-
ate dose of Na2SeO3 for BMEC proliferation was 
35 nM, and the proliferation of BMECs increased 
quadratically due to Se supplementation. Similarly, 

Zhang et al. (2020) reported that the addition of 
50 to 200 nM Se significantly increased cell viabil-
ity and relative growth rate of BMECs, with 50 nM 
Se being the optimum dose. Compared to the pres-
ent study, the dose of supplementary Se (0, 10, 20, 
50, 100, 150 and 200 nM, an equivalent to 0, 22, 44, 
110, 220, 330 and 440 nM Na2SeO3) in the study 
of Zhang et al. (2020) was higher. Based on all the 
above results, it was speculated that Na2SeO3 may 
had a dual effect on BMECs. Zhang et al. (2020) 
also found that the positive effect of high Se con-
centrations on antioxidant function was gradually 
reduced in healthy BMECs.  

Maximising the number of secretory cells in the 
mammary gland by stimulating proliferation and 
suppressing apoptosis should be a critical check 
point for extending lactation in dairy cows (Bae 
et al., 2020). The expression levels of proliferation 
marker genes, such as PCNA and cyclins (CCNA2 
and CCND1) were determined to illustrate the 

Figure 5. Suppression of the mTOR signalling pathway eliminated the promotion of bovine mammary gland epithelial cell (BMEC) proliferation 
modulated by 35 nM sodium selenite (Na2SeO3). (A) Effect of 50 pM rapamycin (Rap), an inhibitor of mTOR, on the proliferation of BMECs after 
3-day incubation was determined using the Cell Counting Kit 8 (CCK-8) assay. (B) mRNA expression levels of proliferating cell nuclear antigen 
(PCNA), cyclin A2 (CCNA2) and cyclin D1 (CCND1), B cell lymphoma 2 (BCL2), BCL2-associated X 4 (BAX4), BCL2/BAX4, caspase 3 (CASP3) 
and caspase 9 (CASP9) in response to 35 nM Na2SeO3 and/or 50 pM Rap. (C) Western blot analysis of PCNA, Cyclin A1, BCL2, BAX, BCL2/
BAX, caspase-3, caspase-9, p-Akt, Akt, p-mTOR and mTOR in BMECs after 3-day culture in the presence of 35 nM Na2SeO3 and/or 50 pM 
Rap; β-actin was used as a loading control. (D) Mean ± SEM (standard error of the mean) of immunoblotting bands of PCNA, Cyclin A1, BCL2, 
BAX, BCL2/BAX, Caspase-3, Caspase-9, p-Akt/Akt and p-mTOR/mTOR, and band intensities are expressed in arbitrary units; * P < 0.05 and  
** P < 0.01 compared to the control group, # P < 0.05 and ## P < 0.01 compared to the Na2SeO3 group.
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regulatory effect of Na2SeO3 on the proliferation 
of BMECs. Cyclin D modulates the transition from 
the G1 phase of the cell-cycle to the S phase, and 
Cyclin A is considered essential for the initiation and 
termination of DNA synthesis during the S phase 
(Bertoli et al., 2013). Cyclin A2 is ubiquitously 
expressed in all proliferating cells and has functions 
in both S-phase and mitosis (Bertoli et al., 2013). 
Additionally, PCNA has its main function in DNA 
replication and repair mechanism (Park et al., 
2016). Meanwhile, Cyclin D3 and PCNA have been 
implicated in previous studies in the regulation 
of mammary epithelial cell proliferation (Meng 
et al., 2017; Zhang et al., 2018). In the current 
study, supplementary 35 nM Na2SeO3 elevated 
mRNA expression levels of the PCNA, CCNA2 and 
CCND1 genes, as well as PCNA and Cyclin A1 
protein levels, indicating that supplementary 35 nM 
Na2SeO3 stimulated the expression of proliferation 
markers in BMECs. Apoptosis is executed in cells 
via a highly complex signalling cascade involving 
two pathways, i.e. mitochondrial and death receptor 
pathways, and is induced by BCL2 family proteins. 
Furthermore, the latter proteins take part in the 
modulation of apoptotic cell death, including anti-
apoptotic (BCL2, etc.) and pro-apoptotic (BAX, 
etc.) members of this family (Shamas-Din et al., 
2013). Since BCL2 prevents apoptosis by inhibiting 
the activity of BAX(-4), a high BCL2/BAX(-4) ratio 
is an indicator of suppressed apoptosis. Therefore, 
the ratio of BCL2/BAX protein expression levels 
may indicate a state of cellular apoptosis. Both 
mitochondrial and death receptor pathways 
converge in the common pathway of executioner 
caspases, namely CASP3 and CASP9 (Pisani et al., 
2020); these two caspases play a crucial role in the 
execution phase of cell apoptosis. Thus, reducing 
its expression inhibits the initiation of apoptosis. 
In the present study, increased mRNA and protein 
levels of the BCL2 gene, and the BCL2 to BAX(-4) 
ratio, reduced mRNA levels of BAX4, CASP3 and 
CASP9 genes, as well as lower expression of BAX, 
CASP3 and CASP9 proteins after 35 nM Na2SeO3 
supplementation suggested that its addition 
promoted the expression of apoptotic markers 
in BMECs. Therefore, the results illustrated that 
Na2SeO3 modulated proliferation by stimulating the 
expression of proliferative markers and inhibiting 
the expression of apoptotic markers. 

Recently, there have been many implications 
that the Akt signalling pathway is involved in 
modulating the proliferation and apoptosis of 

different cell types, e.g. breast cancer cells (Huang 
et al., 2021) or HC11 cells (Meng et al., 2017). 
Consistent with these results, in the current study, 
the Akt signalling pathway was activated by 35 nM 
Na2SeO3 during BMEC proliferation. This was 
further supported by the findings that suppression 
of the Akt signalling pathway with AKT-IN-1 
reversed Na2SeO3-promoted cell viability and 
the expression of proliferation and apoptotic 
markers in this study. The protein expression of the  
p-Akt/Akt and p-mTOR/mTOR ratios were 
decreased by 36.1% and 33.7% respectively. The 
findings provided evidence that activation of the 
Akt-mTOR signalling pathway could be involved 
in pro-proliferative effects of Na2SeO3 on BMECs.

The mTOR signalling pathway was also shown 
to participate in regulating the proliferation of various 
cells (Li et al., 2017). Moreover, the mTOR signal-
ling pathway was activated when BMECs were ex-
posed to 35 nM Na2SeO3 in the current study. More-
over, suppression of the mTOR signalling pathway 
by Rap reversed the Na2SeO3-modulated stimulation 
of BMEC proliferation and altered the expression 
of proliferation markers. The protein expression of  
p-mTOR/mTOR ratio was decreased by 31.2%. 
These observations demonstrated that the mTOR 
signalling pathway could be involved in the stimula-
tory effect of Na2SeO3 on BMEC proliferation.

Based on the above results, the upstream and 
downstream relationships between Akt and mTOR 
should be determined to further elucidate the sig-
nalling pathway involved in BMEC proliferation 
affected by supplementary Na2SeO3. In the cur-
rent study, the protein expression of p-Akt/Akt and  
p-mTOR/mTOR ratio were decreased by AKT-
IN-1. Meanwhile, the protein expressions of 
p-mTOR/mTOR ratio were decreased by Rap.  
Nevertheless, there was no impact of Rap on the ra-
tio of p-Akt/Akt. Therefore, Na2SeO3 supplementa-
tion stimulated BMEC proliferation by modulating 
the Akt-mTOR signalling pathway. Taken together, 
the results provided new information that Na2SeO3 
was able to stimulate BMEC proliferation by regu-
lating the Akt-mTOR signalling pathway. 

Conclusions

Se supplementation stimulated BMEC prolifer-
ation by promoting mRNA and protein expression 
of proliferative and inhibitory apoptotic markers 
by regulating the Akt-mTOR signalling pathway. 
The findings may provide new information on the 
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potential applications of Se as a nutritional regulator 
in the stimulation of mammary gland development. 
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