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Abstract
Mammary epithelial cells (MECs) are the only cell types that produce milk components such as 
casein and milk fat. Synthesized milk components are secreted from the apical membranes of MECs; 
cell polarity is, thus, necessary for milk production in MECs. The enhanced milk production ability 
of MECs contributes to increased milk yield in lactating cows. MECs are confronted with mastitis-
causing pathogens in mammary glands when cows afflicted with mastitis experience decreased milk 
production. Experiments have been conducted using lactating cows in vivo to explain the mechanisms 
of milk production and mastitis. However, considering costs, workers, and space constraints, setting 
a large sample size or treatment group for trials is difficult. In vitro culture models using bovine 
MECs (BMECs) have, therefore, been developed as an alternative. Previous culture models have been 
reported to produce several components of milk. However, limited information is available on culture 
models of BMECs with cell polarity. In contrast, our established culture model introduced in this 
study demonstrates cell polarity with milk component secretion and less-permeable tight junctions. 
This review introduces the establishment of a BMEC culture model and its application to investigate 
the mechanisms of milk production or mastitis, along with our research.
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Introduction

Mammary epithelial cells (MECs) are parenchymal 
cells of the mammary alveoli and ducts in the mammary 
glands. They are the only cells that produce milk 
components, such as caseins and milk fat, during 
lactation. To synthesize these milk components, MECs 
absorb nutrients such as glucose and amino acids through 
transporters such as glucose transporter 1 (GLUT1) and 
large neutral amino acid transporters in the basolateral 
membranes (Yu et al. 2013, Tsugami et al. 2021b, Tsugami 
et al. 2023). MECs, subsequently, secrete milk 
components from the apical membranes into the lumen of 
the mammary alveoli (Truchet et al. 2014, Wooding & 
Kinoshita 2024). The directional flow from basal to 
apical is crucial for milk production in MECs, and the 

formation of tight junctions (TJs) is required to establish 
this direction. TJs are composed of occludin and claudin, 
transmembrane proteins, and are formed at the 
most-apical regions in the lateral membranes 
(Baumgartner et al. 2017). TJs separate the apical and 
basolateral membranes, which contribute to establishing 
and maintaining cell polarity (Otani & Furuse 2020). 
Inducing milk component secretion and TJ formation is 
necessary to establish an MEC’s culture model that 
recreates the lactation period (Fig. 1).

Milk component production and less-permeable TJ 
formation in the MECs of lactating mammary glands are 
regulated by prolactin-STAT5 and glucocorticoids-
glucocorticoid receptor (GR) signaling. The activation of 
STAT5 promotes mRNA expression of milk components 
such as α-casein and α-lactalbumin (Singh et al. 2017), 
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and glucocorticoids especially induce TJ closure in 
bovine mammary glands (Wall et al. 2016). STAT5 and 
GR signaling regulate milk production ability and 
less-permeable TJs in culture models using mouse MECs 
(Kobayashi et al. 2017, Kobayashi et al. 2016). In contrast, 
milk production in mammary glands is down-regulated 
by activated STAT3, NFκB, and MAPK (ERK, p38, and 
JNK) signaling in inflammation like involution or 
mastitis (Singh et al. 2017, Yang et al. 2022).

Mastitis is one of the most prevalent diseases in the 
dairy industry. Mastitis results in significant economic 
losses, including increased treatment costs and decreased 
milk yield and quality (Ruegg 2017). There is a 
three-phase process in the development of mastitis: (1) 
the invasion of a pathogen into the mammary glands via a 
teat canal, (2) infection, and (3) inflammation (Murphy 
1947). Over 150 mastitis-causing pathogens, including 
Escherichia coli and Staphylococcus aureus, have been 
reported. Pathogens and their cell wall components, such 
as lipopolysaccharide (LPS) and lipoteichoic acid (LTA), 
cause inflammation in the mammary glands (Kobayashi 
et al. 2013b, Kobayashi et al. 2022). MECs are exposed to 
mastitis-causing pathogens in mammary glands afflicted 
with mastitis.

In vivo experiments have been performed using 
lactating dairy cows to improve milk production and 
develop a mastitis treatment (Shangraw et al. 2020, 
Leroux et al. 2023, Choudhary et al. 2024, Hu et al. 2024, 
Del Valle et al. 2024). Setting a large sample size, 
increasing the treatment group, or increasing the number 
of trials is, however, difficult in vivo using lactating 
cows. This is because primiparous milking cows are 
expensive, feeding management requires a high level of 

expertise, and in vivo experiments using cows require 
many personnel. Moreover, it is impossible to investigate 
the changes in cell signaling in bovine MECs (BMECs) 
in a short period, such as minutes or hours, using whole 
cows. The advantages of using a culture model generally 
induce cost and effort saving. Several in vitro culture 
models of BMECs have, thus, been used to elucidate the 
mechanism of milk production in BMECs and to identify 
effective physiologically active substances for milk 
production (Wang et al. 2022, Huang et al. 2023, Yang 
et al. 2023, Lu et al. 2024).

In previous culture models using BMECs, BMECs 
have been observed to produce and secrete the milk fat 
(Cheng et al. 2020, Cheng et al. 2022), express the 
α-casein mRNA (Sakamoto et al. 2005), or secrete 
β-casein (Zhao et al. 2022), major milk proteins (Kumar 
et al. 1994). Establishing a BMEC culture model that 
recreates in vivo features is required to improve milk 
production and develop mastitis prevention and treatment 
methods. However, limited information is available on 
culture models that recreate the secretion of milk 
components from apical membranes with less-permeable 
TJs in BMECs. In contrast, our established BMEC 
culture model exhibits distinct cell polarity with milk 
component secretion and less-permeable TJs. This review 
introduces our established BMEC culture model and its 
application to investigate the mechanisms of milk 
production or mastitis, along with our research.

Establishment of a BMEC culture model

Milk production in BMECs is directed from the 
basal to the apical region, where TJ formation is vital for 

Fig. 1. �Characteristics of mammary gland epithelial cells (MECs) during lactation�  
Schematic diagram demonstrating the characteristics of MECs during lactation. 
MECs take up nutrients from the blood through transporters in the basolateral 
membranes, synthesize milk components in the endoplasmic reticulum and Golgi 
body, and secrete these components into the mammary lumen from the apical 
membranes. Tight junctions (TJs) separate apical and basolateral membranes and 
regulate paracellular permeability.



19

BMEC Culture Model to Investigate Lactation and Mastitis

establishing cell polarity. Previous BMEC culture models 
have predominantly focused on milk production, leaving 
the formation of TJs and the establishment of cell polarity 
unclear. A culture model using a transwell plate recreated 
the formation of TJs and cell polarity similar to that in 
vivo in previous research using intestinal epithelial cells 
(Gunasekara et al. 2018, Speer et al. 2019). MECs cultured 
on dishes coated with type I collagen also demonstrated 
increased casein mRNA expression (Lee et al. 1985). 
Thus, the culture system and scaffold were examined to 
induce TJ formation and establish cell polarity.

First, primary BMECs were seeded in three ways: 
(1) onto a general culture plate, (2) onto a transwell plate, 
and (3) onto a transwell plate coated with collagen gel 
(Fig. 2). BMECs were isolated from deep areas within the 
mammary glands of parous Holstein cows using 
collagenase and trypsin treatment. The BMECs grew and 
formed tightly arranged epithelial sheets in all culture 
models. To examine TJ formation, cultured BMECs were 
immune stained for claudin-3 and occludin, the major TJ 
proteins in lactating mammary glands (Kobayashi & 
Kumura 2011, Tsugami et al. 2021b). BMECs cultured on 
a plate and transwell demonstrated irregular and 
fragmented TJ networks. In contrast, BMECs cultured on 
a transwell coated with collagen gel showed a continuous 
TJ network co-localized with claudin-3 and occludin.

The effects of STAT5 and GR signaling on milk 
production ability and TJ formation were subsequently 

examined using bovine pituitary extract (BPE), which 
contains prolactin, and dexamethasone (DEX), which is a 
substitute for glucocorticoids. BMECs secreted β-casein 
in the presence of BPE. DEX treatment failed to induce 
the secretion of β-casein, although the level of intracellular 
β-casein increased. In contrast, the presence of DEX 
enhanced the TJ barrier function. The DEX and BPE 
double treatment additionally resulted in higher lactose 
and triglyceride secretion levels with less-permeable TJs 
(Tsugami et al. 2020).

The localization of plasma membrane proteins was 
observed by immunostaining to confirm the establishment 
of cell polarity in BMECs cultured on a transwell plate 
coated with collagen gel in the presence of BPE and DEX. 
The claudin-3 and occludin co-localized at the most-apical 
region of the lateral membranes. GLUT-1 was additionally 
localized to the lateral membranes, and Toll-like receptor 
(TLR) 4 was localized to the apical membranes and 
cytosol near the apical membranes. The direction of milk 
secretion was examined, and milk components such as 
lactoferrin and lactose were secreted into the medium on 
the upper side.

These findings revealed that BMECs cultured on a 
transwell coated with collagen gel in the presence of BPE 
and DEX exhibited a TJ network, distinct cell polarity, 
and milk component secretion from apical membranes, 
similar to in vivo BMECs during lactation (Knight et al. 
1998). Furthermore, approximately 2,000 samples can be 

Fig. 2. �Differences of culture models on tight junction (TJ) network structure�  
Bovine mammary epithelial cells (BMECs) were cultured on a general culture 
plate, transwell, or transwell coated with collagen gels. The images show phase-
contrast and immunostaining images of claudin-3 (green) and occludin (red; TJ 
marker) in BMECs from each culture model. The scale bars represent 50 µm.
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tested in a 24-well transwell from approximately 10 g of 
bovine mammary glands, and isolated BMECs can be 
cryopreserved. The following sections provide examples 
of the applications of our established BMEC 
culture model.

Application of BMEC culture model for lactation

The behavior of MECs is affected by environmental 
hormones and food ingredients. Isoflavones, known as 
phytoestrogens (Dixon 2004), are abundant in legumes 
that dairy cows consume, although their types and 
amounts vary depending on the legumes. Soybeans are 
rich in genistein and daidzein, whereas red clover is rich 
in formononetin and biochanin A (Mazur 1998, Andersen 
et al. 2009). Orally ingested isoflavones are often 
metabolized and converted into other types by the rumen, 
intestine, and liver. There are two pathways for the 
metabolic conversion of isoflavones: the biochanin A–
genistein–paraethylphenol pathway and the 
formononetin–daidzein–equol pathway (Batterham et al. 
1965, Lundh 1995, Day et al. 1998). It is, therefore, 
difficult to identify the effects of specific isoflavones on 
the mammary glands by oral ingestion using in vivo 
lactating cows, considering a wide variety of isoflavones 
exist in the body depending on metabolic conversion. In 
contrast, it is possible to examine the effects of specific 

isoflavones on milk production ability and TJs using 
cultured BMECs.

Using our established culture model, it was found 
that biochanin A and formononetin adversely affected 
milk production ability (Tsugami et al. 2022). Genistein 
demonstrated adverse effects on milk production ability 
at high concentrations but demonstrated positive effects 
at low concentrations. In contrast, daidzein and equol 
activated STAT5 and increased claudin-3. Paraethylphenol 
additionally demonstrated no significant impact on milk 
production ability or TJs. These findings indicated that 
isoflavones upstream of the metabolic pathway have 
adverse effects. In contrast, isoflavones downstream of 
the metabolic pathway have positive or no inhibitory 
effects on lactating BMECs (Fig. 3). This additionally 
suggests that isoflavones in legumes and the metabolic 
activity of isoflavones in dairy cows fed legumes may 
affect milk production ability and TJs in BMECs 
(Tsugami et al. 2022).

Polyphenols are particularly susceptible to metabolic 
conversion and conjugate formation in vivo, which affects 
their physiological activity (Del Rio et al. 2013, Cottart 
et al. 2014). It is possible to screen the effects of various 
ingredients, including metabolites or conjugates, and 
examine the dose-dependent effects of cultured BMECs, 
which will contribute to feed development and feed 
design to promote milk production by exogenous control. 

Fig. 3. �Isoflavones and their metabolites influence the milk production of bovine 
mammary epithelial cells (BMECs) in a type-specific manner�  
Isoflavones (biochanin A, genistein, formononetin, and daidzein) and their 
metabolites (paraethylphenol and equol) influence the production of milk 
components, tight junctions, and regulatory pathways in BMECs in a type-specific 
manner. Upper arrows indicate an increase or upregulation, lower arrows indicate 
a decrease or downregulation, and hyphens indicate no statistical influence.
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Investigating the impact of hormones such as growth 
hormone, estrogen, and progesterone will contribute to 
revealing the milk production mechanism of BMECs 
through endogenous control.

Application of the BMEC culture model for 
mastitis

Mastitis is known to reduce milk yield and quality. It 
is necessary to reveal the mechanisms of mastitis and 
understand the changes in MECs to establish methods to 
prevent mastitis and its treatment. Previous studies using 
culture models of BMECs revealed that microRNAs 
regulate proliferation and apoptosis induced by LPS 
treatment (Lu et al. 2021), and live bacteria, such as S. 
aureus, adhere to and invade BMECs (Hensen et al. 
2000). LPS and LTA are cell wall components of 
Gram-negative and Gram-positive bacteria, respectively 
(Venkataranganayaka Abhilasha & Kedihithlu Marathe 
2021). Our established BMEC culture model exhibited 
milk component secretion and less-permeable TJs, as 
introduced above (Tsugami et al. 2020). Therefore, the 
effects of LPS and LTA on milk production ability and 

TJs were examined.
In terms of the effects on milk component 

production, LPS-treated BMECs decreased the secretion 
of β-casein, milk fat, and lactose. In contrast, LTA-treated 
BMECs increased the production of lactoferrin and 
decreased milk fat and lactose secretion (Fig. 4). 
Furthermore, the effects on the size of milk fat within 
BMECs differed, with LPS treatment increasing the 
proportion of large lipid droplets and LTA treatment 
increasing the proportion of small lipid droplets compared 
to the untreated control group (Tsugami et al. 2021a). 
Although both LPS and LTA decreased the TJ barrier 
function in BMECs, the adverse effects of LPS were 
stronger than those of LTA.

The effects of LPS and LTA on milk 
production-related signaling in BMECs were examined 
after 48 hours of treatment. The activation of STAT5 
promotes milk production (Jena et al. 2023), while the 
activation of STAT3 represses milk production in MECs 
(Matsunaga et al. 2018). Both LPS and LTA inactivated 
STAT5 and activated STAT3 in BMECs, but LPS 
inactivated STAT5 more strongly than LTA. The effects 
on inflammatory signaling were subsequently examined 

Fig. 4. �Lipopolysaccharide (LPS) and lipoteichoic acid (LTA) 
differently influence the cell signaling and milk production of 
bovine mammary epithelial cells (BMECs)�  
LPS decreases the secretion of β-casein, lactose, and triglycerides 
by activating the NF-κB, p38, and JNK pathways. LTA decreased 
the secretion of lactose and triglycerides by activating the NF-κB 
pathway.
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within six hours of treatment. NFκB and MAPK (ERK, 
p38, and JNK) are representative of inflammatory 
signaling in MECs (Yang et al. 2022). NFκB, p38, and 
JNK were activated in BMECs after a one-hour treatment 
with LPS, whereas only NFκB was activated after a 
one-hour treatment with LTA. Activation additionally 
occurred regardless of the concentration in the range of 
0.1 to 10 μg/mL in both LPS and LTA treatment. 
Moreover, signaling inhibitors alleviated the adverse 
effects of LPS and LTA on milk production. These 
findings suggest that LPS and LTA adversely affect the 
milk component production of lactating BMECs in 
different manners, and inhibition of the p38 and NFκB 
pathways may help recover the decrease in milk production 
by E. coli and S. aureus (Tsugami et al. 2021a).

Various plasma membrane proteins are involved in 
milk production in lactating MECs. Our established 
BMEC culture model exhibited distinct cell polarity, and 
these plasma membrane proteins were specifically 
localized at the apical and basolateral membranes; the 
effects of LPS on these plasma membrane proteins were, 
therefore, examined. TLR4 was translocated to the apical 
membranes of BMECs after a one-hour of LPS treatment, 
whereas TLR2 was not significantly affected. TLR4 acts 
as a receptor for LPS, while TLR2 serves as a receptor for 
LTA (Akira et al. 2001). GLUT1 and aquaporin 3 (AQP3) 
are transporters and channels for glucose and water, 

respectively. The expression of GLUT1 and AQP3 in the 
basolateral membranes gradually decreased after LPS 
treatment. In particular, the localization of AQP3 changed 
to the apical membranes and the cytoplasm near the 
apical membranes after 48 hours of LPS treatment 
(Fig. 5). Additionally, claudin-3 leaked from the TJ 
regions into the lateral membranes. In contrast, the 
expression of claudin-4 increased and was localized in 
the TJ regions. Increased expression of claudin-4 has 
been observed in mammary glands with mastitis or 
involution (Kobayashi & Kumura 2011, Kobayashi et al. 
2013a). The TJ barrier function was further weakened 
after LPS treatment. These findings suggest that local 
changes in plasma membrane proteins are related to 
decreases in the milk production ability of BMECs, 
independent of insufficient energy resulting from 
systemic symptoms, such as fever and anorexia, when 
dairy cows are afflicted with mastitis.

In the future, it is expected that the use of live 
bacteria will lead to the clarification of the response of 
BMECs against pathogens, as well as the mechanisms of 
pathogen adhesion and intracellular invasion. The 
interaction between the adhesins of pathogens and 
adhesin receptors expressed in cells is particularly 
important for pathogen adhesion to host cells. The 
application of our established BMEC culture model 
resulted in distinct cell polarity, which will contribute to 

Fig. 5. �Influence of lipopolysaccharide (LPS) on the localization of each membrane 
protein in bovine mammary epithelial cells (BMECs)�  
Glucose transporter 1 (GLUT1) and aquaporin 3 (AQP3) in lateral membranes 
are internalized by LPS. BMECs treated with LPS demonstrated localization of 
claudin-4 at the tight junction (TJ) region and claudin-3 in the lateral membranes, 
with disruption of TJ barrier function.
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elucidating the detailed mechanism of pathogen 
attachment to BMECs. Experiments using our established 
BMEC culture model indicated that the ratio of adhesion 
to invasion differed among S. aureus strains (unpublished 
data). The culture model may additionally be useful for 
identifying physiologically active substances and 
developing drugs that are effective in the prevention and 
treatment of mastitis.

Other culture models using MECs

This paper introduced our established BMEC culture 
model and evaluated its application to lactation and 
mastitis based on our previous research. BMECs cultured 
on a transwell coated with collagen gel showed secretion 
of milk components and less-permeable TJs. This model 
used a gel primarily composed of type I collagen as a 
scaffold, although recent research has reported that the 
type of collagen around MECs changes depending on the 
stage of pregnancy, lactation, and involution (Tsutsui et al. 
2020). Mouse MECs cultured on Matrigel, a reconstituted 
basement membrane from the Engelbreth-Holm-Swarm 
tumor, demonstrate upregulated β-casein mRNA 
expression (Chou et al. 1989), and extracellular matrix 
density regulates cell-cell adhesions of human MECs 
(Kumar et al. 2014). Investigating a more appropriate 
extracellular matrix composition or density may be the 
next step in enhancing milk production ability in BMECs.

Three-dimensional culture models have also been 
developed to investigate the structure of mammary alveoli 
and ducts by embedding spheroids of MECs in Matrigel 
or collagen gel and culturing them (Nguyen-Ngoc et al. 
2015). The mechanism of the development of the 
mammary duct structure and the effects of heat stress or 
polyphenols on the structure have additionally been 
examined using three-dimensional culture models 
(Huebner et al. 2016, Kumai et al. 2020, Wakasa et al. 
2022). While three-dimensional culture models are 
appropriate for examining structural changes, they are 
unsuitable for examining changes in milk production 
ability, considering collecting the milk components 
secreted into the mammary lumen is impossible. 
Two-dimensional culture models, therefore, remain 
appropriate for investigating milk secretion. It is essential 
to use appropriate culturing methods depending on the 
specific subject of investigation.

Conclusions

MECs undergo proliferation, differentiation, and 
regression depending on the stage of pregnancy, lactation, 
and involution and are the only cells that produce milk 

components. Our established BMEC culture model 
induced in this study exhibited the secretion of milk 
components, less-permeable TJs, and distinct cell polarity, 
similar to in vivo BMECs during lactation. This model 
was additionally used to investigate the effects of 
polyphenols and mastitis-causing toxins on milk 
component production and TJ barrier function. The effects 
on milk production by BMECs were partly revealed, and 
it was possible to identify the effects of each polyphenol 
metabolite and examine the changes in cell signaling in a 
short time. Several studies have been conducted to identify 
physiologically active substances that enhance milk 
production ability or suppress inflammation during 
mastitis using BMEC culture models (Ouyang et al. 2023, 
Yao et al. 2023, Fan et al. 2023). These results are expected 
to be more efficiently applied to improve milk production 
via feeding management and mastitis treatment at the 
production site using a culture model recreating milk 
production ability and conditions during mastitis. 
Moreover, the microenvironment of the mammary glands 
is composed of MECs as well as other cell types, such as 
leukocytes, fibroblasts, and adipocytes, which are partly 
involved in milk yield and quality or inflammatory 
responses (Hughes & Watson 2018, Fu et al. 2020). 
Investigating the interaction between MECs and other cell 
types based on BMEC culture models recreating in vivo 
conditions will contribute to revealing the unique 
microenvironment of the mammary glands.
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