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Summary
This study was conducted to investigate the effects of phenylalanine (Phe) and threonine (Thr) oligopeptides on
as1 casein gene expression and milk protein synthesis in bovine mammary epithelial cells. Primary mammary epithelial cells were obtained from Holstein dairy cows and incubated in Dulbecco’s modified Eagle’s medium-F12
medium (DMEM/F12) containing lactogenic hormones (prolactin and glucocorticoids). Free Phe (117 lg/ml)
was substituted partly with peptide-bound Phe (phenylalanylphenylalanine, phenylalanyl threonine, threonylphenylalanyl-phenylalanine) in the experimental media. After incubation with experimental medium, cells were
collected for gene expression analysis and medium was collected for milk protein or amino acid determination.
The results showed that peptide-bound Phe at 10% (11.7 lg/ml) significantly enhanced as1 casein gene expression and milk protein synthesis as compared with equivalent amount of free Phe. When 10% Phe was replaced
by phenylalanylphenylalanine, the disappearance of most essential amino acids increased significantly, and gene
expression of peptide transporter 2 and some amino acid transporters was significantly enhanced. These results
indicate that the Phe and Thr oligopeptides are important for milk protein synthesis, and peptide-bound amino
acids could be utilised more efficiently in milk protein synthesis than the equivalent amount of free amino acids.
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Introduction
Milk protein is synthesised with 20 amino acids (AA)
as precursors in the mammary gland. Free amino acids
are the main forms in which amino-N is taken up by
mammary tissue. However, it has been observed that
the uptake of certain essential AA (EAA) across the
mammary gland is insufficient for their output in milk
protein in lactating dairy cows and goats (Metcalf
et al., 1994; Mabjeesh et al., 2002). A contribution
(2.5–23.8%) of circulating peptide-bound EAA to
individual EAA has been found to be involved in
mammary metabolism and milk protein synthesis
(Tagari et al., 2008). The mechanism by which the
mammary gland utilises peptides has not been well
characterised. The peptide transporter 2 (PepT2) was
detected in bovine mammary gland epithelial cells
(Zhou et al., 2011). The dipeptides may be taken up
in intact form to serve as a source of amino acids
(Groneberg et al., 2002; Zhou et al., 2011).

In our previous studies, we investigated supplementation of methionine (Met)- or lysine (Lys)-containing
dipeptide for maximal as1 casein gene expression in
cultured bovine mammary epithelial tissue/cells (Wu
et al., 2007a; Wu, 2007b). Phenylalanine (Phe) and
threonine (Thr) are other potential limiting AA after
Met and Lys for lactating dairy cows (Bequette et al.,
1998; Chamberlain and Yeo, 2003). In this study, we
investigate the effects of Phe and Thr oligopeptides
supplementation on milk protein synthesis in mammary gland epithelial cells.
Materials and methods
Preparation and culture of mammary gland epithelial
cells

Mammary tissues obtained from three healthy midlactation Chinese Holstein dairy cows were cut into
1-mm3 pieces and incubated in medium at 37 °C. The
culture medium used was Dulbecco’s modified Eagle’s
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medium (DMEM)-F12 (Gibco, Grand Island, NY, USA),
which was supplemented with 1% glutamine, 100 IU/
ml penicillin, 100 lg/ml streptomycin, 5 lg/ml insulin
(Bovine; Sigma, St Louis, MO, USA), 5 lg/ml prolactin
(Bovine; Sigma), 1 lg/ml hydrocortisone (Sigma) and
10% foetal calf serum (FCS; Sangon, Shanghai, China).
When cells that spread from the tissues covered 80% of
the six-well plate bottom, they were dispersed and
cultured following the method of Zhao et al. (2010).
Briefly, the tissues were removed, and epithelial cells
and fibroblasts were separated according to their different sensitivity to 0.25% or 0.15% trypsin plus 0.02%
EDTA. The dispersed cells were seeded at a density of
5 9 104 cells/ml on six-well plates and incubated in
2 ml well-cultured medium.
Experimental design and treatments

Cells were subjected to the following experiments. In
all treatments, media without FCS were used. Additional AA (Purity >98.5%, Bio Basic, Markham, Canada) were added in culture medium (Table 1). The AA
contents were set according to our previous study (Lai,
2006; Liu et al., 2007; Wu et al., 2007a; Wu, 2007b).
Except for Phe and Thr, the concentrations of all other
free EAA were kept the same. All treatments were carried out in triplicate in each tissue for 48 h, followed
by cell harvest for RNA extraction and medium collection for milk protein and/or AA analyses: (i) substitution of 0, 5, 10, 15 and 20% of total free Phe (117 lg/
ml) with Phe–Phe dipeptide; and (ii) substitution of
10% of total free Phe (117 lg/ml) with different Phecontaining oligopeptides with equivalent peptidebound Phe (Phe–Phe, Phe–Thr and Thr–Phe–Phe).
RNA extraction and cDNA synthesis

Total RNA was extracted from the cells using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). The RNA
purity was determined by optical density (OD260 nm/
OD280 nm absorption ratio >1.80). RNA quality and
integrity was checked by gel electrophoresis, and RNA
with good quality was used for cDNA synthesis.
Average RNA quantity was approximately 7 lg per
Table 1 Concentration of several essential amino acids in medium
Several essential amino acids in medium

Concentration (lg/ml)

Phe

Thr

Met

Lys

Leu

Ile

Val

117

123

60

210

214

120

154

sample. RNA was eluted and immediately used as
template in first-strand cDNA synthesis. Reverse transcription was performed in 0.2-ml PCR tubes in a total
volume of 10 ll containing 2 ll PrimeScriptTM Buffer
(59), 0.5 ll PrimeScriptTM RT, 0.5 ml Oligo (dT) primer (25 lM), 0.5 ll Random 6 mer (50 lM; Takara,
Tokyo, Japan) and 6.5 ll RNA (total quantity
<500 ng). The reaction was incubated at 37 °C for
15 min followed by 85 °C for 5 s, and the cDNA was
then stored at 20 °C.
qPCR

The mRNA expression of individual genes was determined by SYBR green method of quantitative realtime PCR following the MIQE guidelines (Bustin
et al., 2009). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a reference gene. The
primers of as1 casein (GenBank Accession Number
NM_181029), PepT2 (NM_001079582), dipeptidase 2
(DPEP2, XM_586714), sodium- and chloride-dependent neutral and basic amino acid transporter B(0+)
(ATB0+, NM_001098461), cationic amino acid transporter (y+ system, member 2-like isoform 2; y+CAT2,
XM_865568), aromatic amino acid transporter (TAT1,
NM_001192847), neutral amino acid transporter
(ASCT1, NM_001081577) and GAPDH (AJ_000039)
were specifically designed from their cDNA sequences
(Table 2). Real-time PCR was performed in 96-well
clear optical plates in triplicate. The reaction contains
10.0 ll of 19 SYBRâ Premix Ex TaqTM (Takara), 0.4 ll
of forward primer (10 lM), 0.4 ll of reverse primer
(10 lM), 0.4 ll of ROX Reference Dye II (509, Takara), 6.8 ll of ddH2O and 2 ll of the template cDNA
2 ll of ddH2O instead of template cDNA was used as
negative controls. PCR cycle conditions were 10 s at
95 °C, followed by 40 cycles of 5 s at 95 °C and 34 s
at 60 °C in an ABI 7500 Sequence Detector (Applied
Biosystems, Grand Island, NY, USA). The Cq values of
as1 casein, PepT2, DPEP2, ATB0+, y+CAT2, TAT1,
ASCT1 and GAPDH were calculated under default settings of the real-time sequence detection software
(Applied Biosystems). The Cq was defined as the
quantification cycle at which a significant increase in
the magnitude of the signal generated by the PCR was
first detected. Amplification efficiencies of all detected
genes were within 95%–105%. The proportional
change detected in mRNA is calculated as 2ΔΔCq.
Total protein content determination

Phe, phenylalanine; Thr, threonine; Met, methionine; Lys, lysine; Leu,
leucine; Ile, isoleucine; Val, valine.

Total protein content in culture medium was determined by the method of Bradford (1976), using the
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Table 2 Oligonucleotide primer sets for real-time PCR
Gene

Forward primer (50 –30 )

Reverse primer (50 –30 )

Source

as1 casein
PepT2
GAPDH
DPEP2
ATB0+
y+CAT2
TAT1
ASCT1

CCTAAACATCCTATCAAGCACCAA
ATGGCAATGCCCAATGAAG
GCCAAGAGGGTCATCATCTC
GACCAGAAACTAACCAGAACTCCAA
TGGAAGTGAAGTTTATCAGACAGGA
TCCCAATGCCTCGTGTAATCT
CTTCGTGTTTGTCCTCTTTCTGG
TGTAGTTGTTGGTGTGTATGTGTGG

ATTGACCTTCTCCTTTCCAAACAC
CACCAACACAGCAACAAACAAA
GGTCATAAGTCCCTCCACGA
CACCAGAGCCAAAGAATGAGG
GACTATGAGCCAAGCCAGAAGAA
CGAAAAGGAACGCCATCAC
GTCTGTTGCCTCCTTTGGTTG
GAGGTAGGTAAAAGGCAGGTGATG

NM_181029
NM_001079582
AJ_000039
XM_586714
NM_001098461
XM_865568
NM_001192847
NM_001081577

PepT2, peptide transporter 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DPEP2, dipeptidase 2; ATB0+, sodium- and chloride-dependent
neutral and basic amino acid transporter B(0+); y+CAT2, cationic amino acid transporter (y+ system, member 2-like isoform 2; TAT1, aromatic amino
acid transporter; ASCT1, neutral amino acid transporter.

BOSTER Protein Assay Kit according to the manufacturer’s instructions (BOSTER, Wuhan, China). Bovine
serum albumin (BSA) was used in making the
standard curve.

(a)

Amino acid content determination

Concentrations of individual AA in culture medium
were analysed using post-cation exchange column
ninhydrin colorimetric method with commercial kits
(Diasys Diagnostic Systems, Shanghai, China) according to the procedures described by Calder et al.
(1999).

(b)

Statistical analysis

For every treatment, data of three different wells from
the same cow was averaged. Three averaged data from
different cows were subjected to one-way ANOVA using
SAS statistical software package, and the maximum
response was determined using the PROC RSREG in
SAS (SAS Institute, 2000). For all the analyses, differences were considered significant at p < 0.05.
Results
Effect of partial replacement of free Phe by Phe–Phe
dipeptide on milk protein synthesis

Replacement of free Phe with Phe–Phe dipeptide at
10% increased the as1 casein mRNA expression quadratically (p < 0.01; Fig. 1a). The optimal replacement
for the highest protein synthesis was estimated to be
7.06% (Fig. 1b). When 10% of free Phe were replaced
by Phe–Phe, concentrations of Lys, Phe, leucine (Leu),
isoleucine (Ile) and valine (Val) in culture medium
decreased (p < 0.05; Fig. 2). It also significantly
increased mRNA abundance of as1 casein, PepT2,
ATB0+ and y+CAT2 (p < 0.05), and had no effect on
TAT1, ASCT1 and DPEP2 gene expression (Fig. 3).
Journal of Animal Physiology and Animal Nutrition © 2014 Blackwell Verlag GmbH

Fig. 1 Effects of partial replacement of free Phe with Phe–Phe dipeptide on as1 casein gene expression (a) and protein secretion (b). Bovine
mammary gland epithelial cells were incubated in DMEM/F12 medium
containing substitution of free Phe by Phe–Phe for 48 h. A. Alpha s1
casein mRNA abundance relative to GAPDH was determined by real-time
PCR. B. Total protein relative to DNA of attached cells was detected by
Bradford method. Average values SE from three independent analyses
are presented in the bar graphs. Bars with different superscripts (a and
b) are statistically different (p < 0.05).

Effects of Phe–Phe, Phe–Thr and Thr–Phe–Phe on milk
protein synthesis

Bovine mammary epithelial cells were cultured in
medium in which 10% free Phe (117 lg/ml) were
replaced by Phe–Phe, Phe–Thr or Thr–Phe–Phe for
48 h. The treatment with Thr–Phe–Phe increased as1
217
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Fig. 2 Effects of replacement of 10% free Phe
by Phe–Phe dipeptide on the utilisation of
individual amino acids in culture medium.
Bovine mammary gland epithelial cells were
incubated in DMEM/F12 medium in which 0%
(open bar) or 10% (filled bar) free Phe was
replaced by Phe–Phe for 48 h. Amino acid
concentrations in culture medium were
analysed according to the procedure described
by Calder et al. (1999). Bars with different
superscripts (a and b) are statistically different
(p < 0.05).

Fig. 3 Effects of replacement of 10% free Phe by Phe–Phe dipeptide on mRNA abundance of as1 casein, PepT2, DPEP2 and amino acid transporter.
Bovine mammary gland epithelial cells were cultured in DMEM/F12 medium in which 0% (open bar) or 10% (filled bar) by Phe–Phe for 48 h. The mRNA
abundance of individual genes relative to GAPDH in the cells was determined by real-time PCR. Average values SE from three independent analyses
are presented in the bar graphs. Bars with different superscripts (a and b) are statistically different (p < 0.05).

casein gene expression (p < 0.01; Fig. 4a). Compared
with control, treatments with Phe–Phe, Phe–Thr and
Thr–Phe–Phe all increased total protein in the media
(p < 0.05; Fig. 4b).

Peptide-bound amino acids (PBAA) have been
observed to contribute to mammary gland metabolism and protein synthesis and secretion in different
studies (Backwell et al., 1997; Remond et al., 2000;
Tagari et al., 2008). In this study, substitutions of
10% free Phe with Phe–Phe significantly promoted
the as1 casein expression in cultured mammary epithelial cells. The optimal ratio of Phe–Phe to total
Phe for milk protein synthesis was estimated to be
7.06%, in which Phe–Phe could be utilised with a
higher efficiency than equivalent free Phe in milk
protein synthesis. With the further increases in
Phe–Phe, the as1 casein gene expression and milk
protein were depressed. It seems that along with
increasing concentration of Phe–Phe and decreasing

concentration of Phe, the free Phe alone may not
satisfy the requirement for milk protein synthesis.
The result is consistent with the finding that histidine (His)- containing dipeptide enhanced milk protein production compared with free His (Backwell
et al., 1996). Arteriovenous balance studies across
the mammary gland of dairy cows have indicated
that the uptake of Phe is only 80–90% of that
required for milk protein output (Bickerstaffe et al.,
1974; Metcalf et al., 1994). Backwell et al. (1996)
compared plateau enrichments of blood, plasma and
casein of the lactating dairy goat and concluded that
sources other than the labelled plasma-free amino
acids (e.g. peptides or proteins) contribute l0–20%
of Phe for casein biosynthesis. The present result is
consistent with their conclusion.
The mechanism for the utilisation of dipeptides in
mammary gland is still unclear. In the in vivo experiment with rats by Shennan et al. (1998), it was
observed that dipeptides were hydrolysed extracellularly followed by the uptake of the constituent amino
acids. However, it is hard to explain that the addition
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(a)

(b)
Fig. 4 Effects of Phe–Phe, Phe–Thr and Thr–
Phe–Phe supplementation on as1 casein gene
expression (a) and protein secretion (b). Bovine
mammary gland epithelial cells were cultured
in DMEM/F12 medium containing Phe–Phe (PP),
Phe–Thr (PT) or Thr–Phe–Phe (TPP) replacing
10% free Phe (P) by for 48 h. A. Alpha s1 casein
mRNA abundance relative to GAPDH was
determined in the cells by real-time PCR. B.
Total protein relative to DNA was detected by
Bradford method. Average values SE from
three independent analyses are presented in
the bar graphs. Bars with different superscripts
(a and b) are statistically different (p < 0.05).

of 60 lg/ml of Met–Met dipeptide promoted the as1
casein expression in cultured mammary epithelial
cells as much as 60 lg/ml free Met treatment (Wu
et al., 2007a). In the present study, as1 casein and
PepT2 gene expression were significantly increased
when cells were incubated in medium containing
Phe–Phe. However, the cytomembrane-located dipeptidase 2 mRNA abundance was not affected by Phe–
Phe addition. This suggests that Phe dipeptide may be
taken up in intact form by PepT2 in mammary epithelial cells.
It has been proven that the peptide transporter
has a high affinity to oligopeptide consisting amino
acid residues that are hydrophobic and bulky, such
as Met and Phe, and a low affinity to oligopeptide
with hydrophilic and charged amino acids residues,
such as Thr (Matthews, 1991; Wang et al., 2004).
However, in this study, although treatment with
Thr–Phe–Phe significantly enhanced as1 casein gene
expression as compared with other groups, all three
oligopeptides had similar utilisation efficiency for
milk protein synthesis.
Amino acids are transported across the plasma
membrane by many carriers, and there are many
interactions among these carriers, involving inhibition or stimulation of AA transportation and even

competition for energy supply. When a peptide is
taken up, competition for transport between the
constituent amino acids may be partly or completely
avoided (Matthews et al., 1969). In the study, ATB0+
and y+CAT2 gene expression and total uptake of
some amino acids were significantly increased when
cells were incubated in Phe–Phe as 10% of total
Phe. This may be due to reduced competition
between AA. Thus, supply mammary gland with
small peptides may be a way to increase milk protein
synthesis.
In conclusion, the supply of the mammary gland
with small peptides has the potential to influence milk
protein synthesis to some extent. Mammary epithelial
cells have highest as1 casein abundance when peptidebound Phe accounts for about 10% of total Phe in the
medium.
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