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Summary 

Vachkova, E., N. Vasilev, N. Grigorova & A. Milanova, 2021. Culturing of primary bovine 
mammary epithelial cells and validation of biotransformation capacity in experiments with 
enrofloxacin. Bulg. J. Vet. Med., 24, No 1, 97107. 

Many drugs and toxic compounds are subjected to disposition and metabolism in bovine mammary 
epithelial cells (bMECs). For rapid investigation of different compounds and their possible interac-
tions, validated in vitro models are needed. Therefore, the first objective of described experiments 
was to develop the techniques for cell isolation, purification and culturing of bMECs. The second 
objective was the application of these cell cultures in a well-known substrate for one of the major 
biotransformation enzymes in epithelial cells. To this end, the metabolism of enrofloxacin (ENR) into 
its active metabolite ciprofloxacin (CPR), was studied. This conversion is known to be catalysed by 
enzymes of the cytochrome P4501A and P4503A family. The expression profile of these enzymes 
shows a close correlation with cellular ABC-efflux transporters. Primary bMECs were isolated from 
healthy udders of lactating cows (n=5 animals). mRNA levels of α-casein, -lactoferrin and cyclo-
philin B were determined as markers of cell identity of purity of the cultures. Subsequently, bMECs 
cultures were incubated with ENR (10 µM). Concentrations of ENR and its main metabolite CPR in 
the medium and in the cells were determined by HPLC-FL analysis. Gene expression of CYP1A1, 
CYP1A2 and CYP3A4, bovine ABCG2 was detected by qRT-PCR. Results showed that ENR pene-
trated into bMECs and was converted to CPR. CPR was excreted in the medium suggesting participa-
tion of ABCG2 in fluoroquinolone efflux. In conclusion, the data showed that the established bMEC 
cultures expressed major CYP450 enzymes as well as the most relevant efflux transport ABGG2. This 
model should be further validated and can serve as an interesting model for further studies on site-
specific drug/toxin metabolism and transport in the bovine mammary gland. 
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INTRODUCTION 

The understanding of specific functions of 
bovine mammary gland is essential for 

optimising milk production and applica-
tion of proper care for dairy cows. In-
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tramammary drug formulations are often 
applied in treatment of mastitis and the 
mammary epithelium is the first effector 
site. Moreover, the excretion of parente-
rally applied drugs and undesirable sub-
stances/toxins ingested with feed into 
dairy milk is of public health concern, 
particularly regarding the exposure of 
children consuming often relatively high 
amount of milk, compared to their body 
weight (Martinez et al., 2018). 

Mammary epithelial cells (MECs) 
form a single cell layer in the alveoli and 
are involved in milk production and secre-
tion. In vitro models of homogenous cul-
ture from primary MECs are considered 
as optimal tools for investigating their 
multiple functions. At the same time, it is 
known that some features of primary cells 
can  change with increasing the number of 
passages and according to the culture me-
dium (Jedrzejczak & Szatkowska, 2014; 
Muroya et al., 2016), and early passages 
of primary cells are preferred. A typical 
marker of the functionality of such pri-
mary cells in culture is the mRNA expres-
sion levels of caseins, as indicator of 
MEC differentiation. Moreover, the ex-
pression of -lactoferrin is a suitable 
marker to verify the purity and functiona-
lity of bovine MECs (bMECs) under dif-
ferent culture conditions, culture sub-
strates (plastic and collagen) and cell pas-
sages (Wellnitz & Kerr, 2004; Lopez, 
2011; Stark et al., 2013).  

MECs become competent and ready to 
respond to lactogenic hormones in the 
presence of insulin and epithelial growth 
factor. Insulin increases prolactin-stimula-
ted β-casein mRNA transcription (Shan et 
al., 2008). Hence these hormones are of-
ten added as supplements to primary cell 
cultures of bMECs. However, some of 
these supplements can affect the function 
of ABC transporter proteins and the ex-

pression and activity of cytochrome P450 
(CYP450) enzymes and for this reason, 
are commonly avoided in experimental 
protocols studying drug and toxin metabo-
lism and transport. 

Enrofloxacin, a widely used antibacte-
rial drug in veterinary medicine, is me-
tabolised to ciprofloxacin in dairy cows 
by CYP450 mediated oxidative N-deal-
kylation catalysed predominantly by 
CYP450-1A and CYP450-3A enzymes 
(Idowu et al., 2010). BCRP, an ABC 
transporter encoded by ABCG2 gene, is 
expressed at high mRNA level in blood-
milk barrier and it is responsible for secre-
tion of many xenobiotics into the milk 
(Merino et al., 2006). This effect has been 
also confirmed for the excretion of enro-
floxacin across the blood-milk barrier into 
milk of dairy cows (Wassermann et al., 
2013). However, the available information 
on the expression and catalytic activity of 
biotransformation enzymes and BCRP in 
primary bMEC is still very limited. 

Therefore, the current study aimed to 
detail the techniques for isolation and 
maintenance of homogenous primary cul-
ture from bMECs at early passage in a cell 
culture medium not specifically supple-
mented with galactogenic hormones. The 
functionality of these cultures was demon-
strated by measuring the metabolism and 
transport of enrofloxacin in primary 
bMECs. 

MATERIALS AND METHODS 

Tissue samples from bovine mammary 
gland and isolation of primary MEC 

Tissue samples from the mammary gland 
were obtained from five lactating Holstein 
Friesian cows in late lactation, which were 
intended to be slaughtered. Microbiologi-
cal tests performed few days before tissue 
collection showed that the milk samples 
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from all four quarters were culture-
negative. Samples from mammary gland 
tissue were obtained from each cow 
within 30 min after stunning and were 
transported to the lab within an hour in 50 
mL RPMI 1640 medium supplemented 
with 100 µg/mL penicillin G, 100 µg/mL 
streptomycin at 20 C. All subsequent 
steps were performed under sterile labora-
tory conditions. All reagents and culture 
medium were obtained from Sigma 
(Sigma-Aldrich, FOT Ltd., Sofia, Bul-
garia). The tissue samples were washed 
twice in sterile PBS and cut in small 
pieces to less than 1– 5 mm3. Tissue di-
gestion was achieved by incubation in 
DMEM F12 (5 mL), supplemented with 
100 µg/mL penicillin G, 100 µg/mL strep-
tomycin and 600 µL of 0.1% solution of 
collagenase for 3 h at 37 C during which 
the cell suspension was well shaken every 
30 min. Cells were separated by centrifu-
gation at 300×g for 10 min. Thereafter 
cells were washed twice, transferred into 
T25 flasks and maintained at 37 C and 
5% CO2. The cells were incubated in 
DMEM F12 medium supplemented with 
100 µg/mL penicillin G, 100 µg/mL strep-
tomycin, 10% FBS and 1% ITS Liquid 
Media Supplement. The ITS reagent con-
tains recombinant human insulin, human 
transferrin, and sodium selenite and was 
added in order to promote structural and 
biochemical properties of the mammary 
epithelial cells.  

The cells were maintained under hu-
midified conditions at 37 C and 5% CO2 
till confluence. The culture medium was 
changed every third day. 

Removal of fibroblasts and cell culturing  

The cells were grown until reaching a 
confluence of 80–90% in DMEM F12 
medium as described above. A protocol 
for removal of fibroblasts was applied 

(Lopez, 2011; Anand et al., 2012) as fol-
lowed: 0.025 % trypsin was added to the 
confluent monolayer and allowed to act 
for 2–3 minutes. Cell were washed and the 
removed fibroblasts were seeded in 
DMEM containing 10% FBS, 100 µg/mL 
penicillin G, 100 µg/mL streptomycin and 
100 µg/mL L-glutamine in order to stabi-
lise and to use those cultures as negative 
controls. The rest of the cells were treated 
with trypsin for additional 4–5 min. The 
reaction was stopped by adding RPMI 
containing 10% FBS and 100 µg/mL 
penicillin G and 100 µg/mL streptomycin. 
The detached cells were centrifuged at 
4000 g for 5 min at 25 C. The super-
natant was removed, the pellet of cells 
was re-suspended in culture medium for 
bMECs and seeded in T25 flasks.  

qRT-PCR analysis 

Total RNA was extracted by using Tri 
Reagent (Genaxxon Bioscience GmbH, 
Germany). Tri Reagent was added to indi-
vidual bMECs cultured and further steps 
of isolation were performed according to 
manufacturer’s instructions. RNA concen-
trations were measured with spectropho-
tometer at A260/280 and stored at – 70 C 
until reverse transcription. Single-stranded 
cDNAs were synthesised from 3 µg total 
RNA using the ReversedAid First Strand 
cDNA Synthesis Kit (Thermo Scientific, 
SGP Bio Dynamics Ltd., Sofia, Bulgaria) 
on a Quanta Biotech QB-96 (Quanta Bio-
tech Ltd., Surrey, UK). The reaction mix-
ture (20 L) was incubated for 60 min at 
42 oC, then the enzyme was heat inacti-
vated at 70 oC for 5 min and the mixture 
was rapidly cooled to 4 oC. The synthe-
tised cDNA was stored at –70 oC.  

Specific primers for -lactoferrin, α-
casein, CYP1A1, CYP1A2, CYP3A4, 
ABCG2 and c-cyclophilin B as reference 
gene were used for qRT-PCR (Table 1). 
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The SYBR Green method was applied for 
the real-time PCR analysis (QuantiNova 
SYBR Green PCR Kit, Qiagen, SGP Bio 
Dynamics Ltd., Sofia, Bulgaria). qRT-
PCR reaction was performed on Exicy-
cler™ 96 Real-Time Quantitative Ther-
mal Block and the data were analysed 
with Exicycler3 V 3.55.0 (Bioneer, Re-
public of Korea). Each reaction went 
through a PCR cycle with a denaturation 
step at 95 oC for 20 s, and annealing at  
60 oC for 30 s. Gene expression values 
were normalised to c-cyclophilin B 
mRNA and are expressed as relative val-
ues (Livak & Schmittgen, 2001). The ana-
lysis was performed in duplicate for each 
original culture from an individual cow.  

Model experiments with enrofloxacin  

Primary bMECs were subjected to treat-
ment at the sixth passage. They were 
seeded with a density of 1.2×105 cells/ 
well in 24-well plates. The cells in each 
well were supplemented with culture me-
dium for bMECs and were kept at cell 

culture conditions as described above. 
The experiment was performed when  
>80% confluence of the monolayer was 
observed, which was equal to 2.9×105 
cells in a well. At the day of the experi-
ment the cells were washed once with 
PBS. Then the control wells with bMECs 
were incubated with DMEM F12 only, 
without any supplements. Enrofloxacin 
hydrochloride was added to DMEM F12 
medium at a concentration of 10 µM, 
equivalent to 3.96 µg/mL. The bMECs 
were incubated at 37 C in a 5% CO2 hu-
midified atmosphere for 0, 0.5, 1, 1.5, 2, 
2.5 and 3 h. At each time interval the me-
dium was removed and saved for further 
HPLC analysis of fluoroquinolone con-
centrations. Finally, bMECs were washed 
with PBS and were lysed by addition of 
ice cold deionised water and harvested. 
These samples were stored at – 70 oC. The 
protein content of bMECs was determined 
by the Bradford method according to the 
manufacturers’ instructions (Sigma-Ald-
rich, FOT Ltd., Sofia, Bulgaria). The ex-

Table 1. Specific bovine gene primers used in the study 

Gene NCBI number 
Reversed 5` 3` 
Forward 5` 3` 

Ta oC 

-lactoferrin1 L_08604 R: ATTTAGCCACAGCTCCCTGGAG  
F: GGCCTTTGCCTTGGAATGTATC 

60 

-casein2 NM_181029 R: TCAGAGCCAATGGGATTAGG  
F: AATCCATGCCCAACAGAAAG 

60 

CYP1A13 XM_588298 R: CCGGATGTGACCCTTCTCAA 
F: GACCTGAATCAGAGGTTCTACGTCT 

60 

CYP1A23 XM_591450 R: CAATGGTGGTGCCATCAGAC 
F: ACCATGACCCGAAGCTGT 

60 

CYP3A43 NM_174531 R: GCAGGTAGACGTAAGGATTTATGCT 
F: GCCAGAGCCCGAGGAGTT 

60 

ABCG24 NM_001037478.2 R: GGATCCTTCCTTGCAGCTAA 
F: GGAGTCATGAAACCTGGCC 

60 

c-cyclophilin B1 NM_174152.2 R: GATGCTCTTTCCTCCAGTGC 
F: GGTCATCGGTCTCTTTGGAA 

60 

Stark et al. (2013); 2 Zhou (2007); 3 Giantin et al. (2009); 4Boutinaud et al. (2013). 
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periments were done in duplicate with 
bMECs from each individual cow (n=5). 

HPLC analysis of enrofloxacin and  
its metabolite ciprofloxacin 

Reagents and enrofloxacin hydrochloride 
were of the highest purity (HPLC grade, 
Sigma-Aldrich, FOT LTD, Bulgaria). 
Concentrations of enrofloxacin and its 
main metabolite ciprofloxacin were ana-
lysed by high-performance liquid chroma-
tography (HPLC system, Thermo Fisher 
Scientific Inc., Waltham, MA, USA) cou-
pled with fluorescence detector (Haritova 
et al., 2012). The standard solutions of 
fluoroquinolones (enrofloxacin and cipro-
floxacin) were prepared in DMEM F12 
and in lysate of bMECs cultured in 
DMEM F12. LOD for ciprofloxacin and 
enrofloxacin were 10 ng/mL and 3 ng/mL, 
respectively. LOQ values were 30 ng/mL 
and 10 ng/mL, respectively. 

Statistical analysis 

Data are presented as mean±SD. Test for 
normal distribution of the data was per-

formed. Expression levels of -lactoferrin 
and α-casein mRNAs were compared by t-
test. P value < 0.05 was considered as 
significant (Statistica 10.0 for Windows, 
StatSoft Inc., USA). 

RESULTS  

The isolated primary bovine mammary 
cells were heterogeneous at the first pas-
sage. The culture consisted of both epithe-
lial and fibroblast cells. After selective 
purification, homogenous cultures of 
bMECs were obtained at the third pas-
sage. Fig. 1 shows the typical cobble sto-
ne-like cell colonies forming a monolayer 
after 4–5 days of culturing.  

The sixth passage was chosen as the 
most suitable for further experiments 
based on the microscopic appearance of 
the homogenous culture and expression 
levels of genes that serve as indicator of 
MEC differentiation. -lactoferrin mRNA 
was found at higher levels of expression if 
compared to α-casein mRNA (P<0.05) in 
bMECs at the sixth passage (Fig. 2). They 

   

    

B A 

Fig. 1. A: Homogenous primary bMECs culture at third passage after removal of fibroblasts. B: Fib-
roblast cells culture at third passage derived from primary bMECs culture during procedure of remo-
val of fibroblasts from heterogeneous cell suspension at early passages. Magnification 4×. 
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Fig. 2. Relative expression level (mean±SD) 
of β-lactoferrin mRNA and α-casein mRNA, in 
bMEC at sixth passage (n=5). c-cyclophilin B 
mRNA was used as reference gene. Low levels 
of β-lactoferrin and α-casein mRNAs were 
found in fibroblasts culture at second passage 
and were not detected at sixth passage.  
 
 

 
Fig. 3. Relative expression level (mean±SD)  
of CYP1A1 mRNA, CYP1A2 mRNA, 
CYP3A4 mRNA and ABCG2 mRNA in 
bMEC at sixth passage (n=5). c-cyclophilin B 
mRNA was used as reference gene. 

 
were not found at detectable levels in fi-
broblast culture at the sixth passage but 
were detectable at the second passage. 
bMECs from all five cows expressed 

CYP1A1, CYP1A2 and CYP3A4 mRNAs 
and ABCG2 mRNA (Fig. 3).  

Cellular concentrations of ENR in the 
bMECs derived from different cows 
showed large variations. In the group 
treated with ENR alone, the highest intra-
cellular concentrations (1.33±0.96 µg/mg 
protein) were measured at 0.5 h of incuba-
tion. They were stable and close to 1 
µg/mg protein thereafter (Fig. 4A). Cipro-
floxacin, the main metabolite of ENR, was 
found in bMECs (0.45±0.36 - 0.34±0.11 
µg/mg protein, Fig. 4A) and in the me-
dium (0.14±0.14 µg/mL – 0.09±0.03 
µg/mL) during the experiment (Fig. 4B).  

DISCUSSION 

The experimental protocol described here 
allowed the successful cultivation of pri-
mary bMECs from five different bovine 
mammary gland samples. After precultu-
ring and removal of fibroblast by differen-
tial trypsinisation steps, a homogenous 
culture with the typical cobblestone epi-
thelial cells was obtained. This is in line 
with previous studies using essentially the 
same method (Wellnitz & Kerr, 2004) and 
other studies describing the culturing of 
bMECs (Lopez, 2011). The current inves-
tigation confirmed also that primary 
bMECs from all cows (n=5) expressed 
highly specific genes for mammary epithe-
lium such as -lactoferrin and α-casein 
(Zhou, 2007; Stark et al., 2013) at the 
sixth passage. However, a down regula-
tion of caseins mRNA with increasing 
number of passages has been described in 
bMECs by Jedrzejczak & Szatkowska 
(2014). This may partly explain the rela-
tively low levels of α-casein mRNA ob-
served at sixth passage in our study. -
lactoferrin mRNA was found to be ex-
pressed at stable high levels in bMECs at 
different culture condition (Stark et al., 
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2013). 
While the principle isolation and cul-

ture technique of bMECs had been de-
scribed before, these experiments did not 
describe the expression of biotransforma-
tion enzymes or drug transporters. As the 
mammary gland is very often subjected to 
local administration of drugs and the 
blood-milk barrier regulates drugs excre-
tion into the milk after injectable treat-
ment of dairy animals, the analysis of the 
expression of such enzymes was the sec-
ond major objective of this study. Indeed, 
we could show that the major CYP450 
classes were expressed in our bMEC cul-
tures, even though only ITS was used as a 

supplement in the cell culture medium. 
Studying biotransformation and drug 

transport in in vitro models with bMECs 
require a re-thinking of culture conditions. 
Common supplements with a lactogenic 
potential such as corticosteroids and es-
trogens, which are often used in bMEC 
experiments, can modify the activity of 
metabolising enzymes (Martignoni et al., 
2004; Cantiello et al., 2009). For exam-
ple, different expression levels of ABCG2 
mRNA were found in undifferentiated and 
differentiated (prolactin and hydrocorti-
sone stimulated) mouse HC11 MEC line 
(Shan et al., 2008). Although bovine 
MEC line BME-UV did not show signifi-

 

 
Fig. 4. A: Cellular concentration of enrofloxacin (■) and its metabolite ciprofloxacin (□) in µg/mg 
protein in bMECs after incubation with 10 µM enrofloxacin. B: concentration of metabolite cipro-
floxacin in the medium (µg/mL, extracellular concentration) excreted from bMECs treated with enro-
floxacin. The experiments were performed in cell cultures from different cows, n=5 and conducted in 
duplicate. Data are presented as mean±SD. 
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cant changes after prolactin treatment 
(Yagdiran, 2015), absence of ABCG2 
mRNA was explained by loss of transcrip-
tion factors, selection of cells during pas-
sages and culturing conditions (Monzani 
et al., 2011; Yagdiran, 2015).  

Primary bMECs at sixth passage ex-
pressed CYP1A1, CYP1A2 and ABCG2 
mRNAs, genes that encode important en-
zymes from CYP450 family which are 
involved in metabolism of many drugs, 
including fluoroquinolones (Vaccaro et 
al., 2003). Recently, CYP1A1 mRNA 
expression was described in bMECs in 
experiments with dioxins (Girolami et al., 
2018). Our results are in line with the 
cited studies. To confirm the functionality 
of the expressed CYP450 enzymes, a flu-
oroquinolone –  enrofloxacin, was selec-
ted as a model substrate. Enrofloxacin is 
used in veterinary medicine among other 
indications in the treatment of mammary 
infections due to its wide tissue distribu-
tion and penetration into the intracellular 
space (Vallet et al., 2011). The concentra-
tion of ENR used for experiments with 
bMECs was chosen on the basis of the 
levels in milk found after treatment of 
lactating cows with conventional doses 
(Kaartinen et al., 1995). Similarly to in-
vestigations with white blood cells (Mi-
chot et al., 2005), intracellular fluoroqui-
nolone levels were demonstrated also in 
bMECs already after 30 minutes, and re-
mained constant in bMECs during several 
hours of incubation. The demonstrated 
high intracellular concentrations of enro-
floxacin are in line with the observed 
clinical efficacy of intramammary drug 
dosage forms of enrofloxacin (Viveros et 
al., 2018). Presence of CYP450 enzymes 
is a prerequisite for enrofloxacin metabo-
lism to ciprofloxacin in bMECs. ENR 
undergoes oxidative N-dealkylation to 
active metabolite ciprofloxacin in many 

animal species, including dairy cows (Id-
owu et al., 2010). Experiments with pri-
mary bMECs showed that they are able to 
convert the parent drug to ciprofloxacin, 
which can be attributed to the activity of 
investigated enzymes. 

Previous studies revealed that ENR is 
subjected to ATP dependent efflux into 
the milk of ruminants by BCRP, encoded 
by ABCG2 gene (Pullido et al., 2006). 
Studies with MDCK-II cell line (Merino 
et al., 2006) and bovine ABCG2–expres-
sing MDCKII cells (Wassermann et al., 
2013; Machnke et al., 2016) proved that 
ENR and ciprofloxacin are substrates for 
ABCG2. Altogether in vitro studies and 
previous pharmacokinetic investigations 
conducted by us or other research groups 
show that the protein product of ABCG2 
can play significant role in efflux of 
fluoroquinolone drugs from MECs into 
the milk. Our results suggest that cipro-
floxacin might be a substrate for BCRP as 
well and therefore this efflux transporter 
encoded by ABCG2 is most likely in-
volved in its secretion into milk (Merino 
et al., 2006).  

In conclusion, primary bMECs cul-
tured with ITS remain differentiated du-
ring six passages after their isolation and 
express typical lactogenic genes as de-
monstrated by mRNA levels of casein and 
lactoferrin. More importantly, these cells 
also expressed CYP450 1A1, 1A2, and 
3A as well as ABCG2 mRNAs, and ac-
tively biotransformed and excreted enro-
floxacin and its metabolite ciprofloxacin 
in the model study. Therefore this in vitro 
model with primary bMECs cultures can 
be deemed a valid model suitable for fur-
ther studies with drugs and toxins relevant 
to bovine therapy and milk safety.  
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