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Graphical Abstract

Summary
Milk produced from the mammary glands of dairy animals has been recognized as a vital source of high-quality 
protein for human consumption. In addition to the common form, free amino acids (AA) absorbed from blood 
as predominant precursors for milk protein synthesis, peptide-bound AA transported by multiple transport 
systems into mammary epithelial cells also facilitate milk protein production. Here we summarized the 
expanding knowledge about how the 2 different AA transporter systems contribute to mammary AA utilization 
for milk protein synthesis as well as the major mTORC1-S6K1-4EBP1-mediated regulatory mechanism in the 
context of lactation. Such knowledge possibly provides insights into the feeding strategies of improving milk 
protein production in dairy animals.
Highlights

• Free and peptide-bound AA serve as 2 major substrates for milk protein synthesis and participate in the 
regulation of this process as well.

• The transport and utilization of AA into bovine mammary epithelial cells are mediated by a multiple 
transport system that is affected by several influential factors.

• The peptide-bound AA transporters might render relatively high efficiency for milk protein synthesis 
compared with free AA transporters.

• Free and peptide-bound AA and their corresponding transporters are predominantly involved in mTOR 
signaling to influence milk protein synthesis.
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Abstract: Free and peptide-bound AA act as building blocks and key regulators of milk protein. To improve milk protein production, 
mammary epithelial cells of lactating mammals require extensive AA movement across the plasma membrane via multiple transport 
systems. Recent studies on bovine mammary cells/tissues have expanded the number of AA transporter systems identified and the knowl-
edge on their contribution to AA utilization for milk protein synthesis and the regulatory machinery. However, in lactating cows, the exact 
intracellular location of mammary AA transporters and the extent of mammary net AA utilization for milk protein production remain 
unclear. This review highlights the existing knowledge on various characteristics, such as substrate specificity, kinetics, their effects on 
AA uptake and utilization, and regulatory mechanism, of recently examined bovine mammary free and peptide-bound AA transporters.

Lactating mammary glands (MG) require large amounts of AA 
to support milk protein synthesis. Free and peptide-bound AA 

are 2 substrate sources for milk protein synthesis and affect the 
process of AA uptake by the mammary epithelial cells (MEC) 
from the blood mediated by their corresponding AA transporters 
(AAT; Zhou et al., 2021). Furthermore, dairy researchers have 
observed that supplying sufficient and balanced AA plays a criti-
cal role in elevating milk protein concentration and yield (Wang et 
al., 2010; Haque et al., 2012; Nichols et al., 2019). Recent studies 
have promoted new AA transporter identification and in-depth elu-
cidation of their unique properties and the regulatory mechanisms, 
advancing our knowledge in this field. This review highlights the 
progress in bovine mammary AA transporters research in terms of 
substrate specificity kinetics, AA utilization, and related regulatory 
mechanisms. The knowledge will expand our understanding of AA 
utilization and milk protein synthesis, possibly providing insights 
into how to achieve an optimal milk protein production in dairy 
animals.

The uptake of free AA by MEC mediated by their correspond-
ing AAT requires energy for AA movement across the plasma 
membrane (Shennan and Peaker, 2000). The solute carrier family 
accounts for the majority of AAT, which are further classified into 
various groups (A, N, ASC, B, L, T, x−c, and y+) based on their 
substrate binding specificity and transport mechanism (Chris-
tensen, 1990; Kandasamy et al., 2018). Studies have enhanced 
our understanding of functions and mechanisms of multiple AAT 
in bovine MG tissue/MEC (Table 1; Baik et al., 2009; Bionaz and 
Loor, 2011; Nan et al., 2014; Lin et al., 2018a; Qi et al., 2018; 
Dai et al., 2020a). The efficiency of AAT transporting free AA 
into lactating MEC, across the plasma membrane, may be directly 
influenced by the substrate binding specificity of the transporters. 
A recent study using 13C-labeled AA flux approach reported that 
the efficiency of bovine mammary cell uptake and utilization of 

EAA varied in response to different EAA (Huang et al., 2021). As 
Met and Lys are proven to be the first 2 limiting AA for lactating 
dairy cows (Council, 2001), increasing Met (Dai et al., 2020a) and 
Lys (Lin et al., 2018a) availability in bovine MEC led to a dose-
dependent increase in both casein production and total protein 
incorporation rate. This increase may have been caused by the 
elevation of transporter ASCT2 and ATB0,+ activities. Despite the 
difference in lactation stages, feeding rations and experimental 
designs in a meta-analysis study, dairy cows supplemented with 
rumen-protected Met (Chen et al., 2011; Wei et al., 2022) and Lys 
(Vyas and Erdman, 2009) displayed improved milk yield, milk 
protein content, milk N utilization efficiency, and milk fat con-
tent. In dairy cows, deficiency of either all 3 branched-chain AA 
(Leu, Ile, and Val) or Leu alone lowered the yield and percentage 
of milk protein, but no relationship was found between the defi-
ciency of these branched-chain AA and the activity of mTORC1-
mediated pathway (Doelman et al., 2015). In rat mammary cells, 
LAT1 (encoded by SLC7A5) has been identified as a specific 
Leu transporter that is Na+-independent (Km = 81 µM; Vmax = 
56 pmol/106 cells per min) (Matsumoto et al., 2013). Moreover, 
compared with the positive control supplemented with EAA, in 
MAC-T (an immortalized bovine mammary cell line) and bovine 
mammary tissues, Leu deficiency alone led to the dephosphoryla-
tion rate of mTOR and rpS6. Re-supplementation of Leu restored 
the phosphorylation of mTOR, rpS6, as well as fractional protein 
synthesis rates (Appuhamy et al., 2012). To date, there is no 
clear evidence of LAT1 being a specific Leu transporter in bo-
vine mammary cells. The aforementioned discussion indicates a 
certain linkage between precursors (the individual/combined AA) 
and their corresponding transporters that result in the increased 
milk protein production. In response to various AA in bovine 
MEC, specific AA transporter screening and manipulation of the 
activity and expression of these transporters would advance the 
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knowledge of the accurate function and location of multiple free 
AAT.

With the exception to substrate effects, lactating dairy cows 
require mammary AAT to be coordinately regulated by other fac-
tors, such as hormones, blood flow, physiological conditions, and 
their potential interactions, to ultimately maximize their function 
(Weaver and Hernandez, 2016; Cant et al., 2018). To initiate lacta-
tion, the lactogenic hormones (such as prolactin, cortisol, growth 
hormone, insulin, and so on), working coordinately, are essential 
for the functional differentiation of MEC and lactogenesis (Weaver 
and Hernandez, 2016). Growth hormone and insulin, individu-
ally or the combination of hydrocortisone, insulin, and prolactin, 
supplemented to dairy cows in pregnancy or mid-lactation periods 
improved lactation performance, showing higher mammary AA 
uptake and milk protein synthesis (Menzies et al., 2009; Burgos et 
al., 2010; Sciascia et al., 2015). Measuring the differences between 
arteriovenous/venous AA concentrations and blood flow rate has 
been considered as a reliable indicator for determining the net 
uptake of AA by bovine MEC and their utilization for milk protein 
synthesis (Wang et al., 2010; Cant et al., 2018; Malacco et al., 2022; 
Smith et al., 2022). As the requirement for AA precursor changes 
during the lactation cycle, dairy cows during late gestation and 
early lactation initiate muscle mobilization to provide AA for body 
maintenance and colostrogenesis (McCabe and Boerman, 2020). 
Dairy cows experience a significant negative protein balance, es-
pecially during the first 30 d of lactation, with a peak increase in 
milk protein demand (Cardoso et al., 2021). Various physiological 
factors such as heat stress-induced hyperthermia (Gao et al., 2017) 
and mastitis (especially Staphylococcus aureus-induced; Abd Al-
Bar Ahmed Al-Farha, 2022) heavily reduce milk yield, milk pro-
tein yield, and milk N utilization along with an overall reduction in 

blood concentrations and mammary uptake of EAA and NEAA in 
dairy cows. A close relationship was observed between lactogenic 
hormones and AA utilization efficiency for milk protein synthesis 
predominantly by promoting precursor availability. However, the 
influence of other factors and their mechanism of action remain 
unknown. Further studies are required to improve AA labeling/
infusing techniques to dynamically record alterations in mammary 
protein metabolism and monitor the real-time changes in mam-
mary AA transport, uptake, and utilization in different situations.

Peptide-bound AA have drawn increasing attention as new 
sources for milk protein synthesis owing to their more effective 
and energy-saving features than those of free AA. Supporting this 
notion, a study on rat mammary explants has shown most di- and 
tripeptides of Met, among 18 kinds of peptide-bound Met, sig-
nificantly promoted 15% to 76% greater 3H-leucine incorporation 
into secreted protein synthesis than free Met (Wang et al., 1996). 
For dairy cows, it has been assumed the peptide-bound AA pool 
in blood may serve as a reserve-AA pool with a relatively high 
utilization rate for milk protein synthesis, thereby balancing the 
shortage of AA in the free AA pool (Tagari et al., 2008). Recent 
studies on dairy cows have focused on peptide-bound AA transport 
components and their impacts. There are at least 4 peptide-bound 
AAT encoded by the SLC15 family peptide transporter (PepT) 1 
and PepT2 and peptide histidine transporter (PhT) 1 and PhT2 
(Viennois et al., 2018). PepT1 is primarily expressed at the apical 
membrane of the intestine epithelial cells (Daniel and Kottra, 2004). 
Several studies have shown that peptide-bound AA (Met-Met and 
Phe-Phe) promoted αS1- and β-casein synthesis using bovine MG 
explants and MEC along with the elevation of PepT2 expression 
(Yang et al., 2015; Zhou et al., 2015; Wang et al., 2019). A similar 
elevation of PepT1, PepT2, and PhT1 expression in the MG tissues 
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Table 1. Amino acid transport systems of bovine mammary gland

System  Gene  Protein  Substrates  Properties  References

A  SLC38A2  SNAT2  l-Gln  Na+-dependent, low pH 
sensitive

 Qi et al., 2018

N  SLC38A3  SNAT3  l-Gln  Na+-coupled; H+-antiporter  Baik et al., 2009
ASC  SLC1A4  ASCT1  Thr, l-Ala, l-Ser  High-affinity short-chain-

amino acids
 Nan et al., 2014

B0  SLC1A5  ASCT2  Neutral AA  Na+-dependent  Bionaz and Loor, 2011; Dai et al., 
2020a

B0,+  SLC6A14  ATB0,+  Neutral AA, cationic AA  Na+- and Cl−-dependent  Lin et al., 2018a
L  SLC7A5  LAT1  Neutral AA  Na+-independent  Lin et al., 2018b
  SLC7A8  LAT2  Neutral AA  Na+-independent  Ding et al., 2019
T  SLC16A10  TAT1  l-Phe, l-Tyr, l-Trp  Na+- and Cl−-dependent, 

insensitive to pH
 Baik et al., 2009

x-
AG  SLC1A1  EAAT3  l-Glu, d/l-Asp, l-Cys  Na+-dependent, K+-antiport  Bionaz and Loor, 2011

  SLC1A2  EAAT2  l-Glu, d/l-Asp   Dai et al., 2018
  SLC1A3  EAAT1  l-Glu, d/l-Asp   Xie et al., 2015
y+  SLC7A1  CAT-1  l-Arg, other cationic AA  Na+-dependent  Bionaz and Loor, 2011
  SLC7A2  CAT-2  l-Arg   Ding et al., 2019
y+L  SLC7A7  y+LAT1  Neutral AA, cationic AA  Na+-dependent  Baik et al., 2009
BETA  SLC6A1  GAT1  GABA  Cl−-dependent  Patel et al., 2019
  SLC6A6  TAUT  Taurine, beta-alanine    Li et al., 2019
Gly  SLC6A9  GLYT1  Gly, sarcosine  Na+- and Cl−-dependent  Baik et al., 2009
SLC family  SLC15A1  PepT1  Oligopeptides  Proton electrochemical 

gradient-dependent, 
sensitive to pH

 Wang et al., 2019

 SLC15A2  PepT2      Wang et al., 2018, 2020, 2022
 SLC15A4  PhT1      Wang et al., 2019
 SLC15A3  PhT2      Wang et al., 2018
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of lactating mice fed with Met-Met versus Met alone was observed, 
along with increased gluconeogenic AA concentrations in the ma-
ternal and fetal plasma and improved lactation performance (31% 
increased mammary alveoli abundance, 84% increased αS1-casein 
production, 34% increased milk yield, and 8.7% increased energy 
production; Chen et al., 2018, 2020). Furthermore, peptide-bound 
AA may have the potential to increase free release and utilization 
rate within lactating MG to promote lactogenesis and milk protein 
synthesis.

As PepT2 may be involved in the milk protein synthesis stimu-
lated by peptide-bound AA than by free AA with relatively high 
efficiency, a recent study investigated PepT2 properties and the 
possible transport machinery. PepT2 knockdown caused a remark-
able reduction in the bovine MEC uptake rate of a model peptide 
in the presence of Met-Met (Wang et al., 2019). PepT2 is presumed 
to have 12 transmembrane domains with a large extracellular loop 
containing 5 potential N-glycosylation sites between the ninth and 
tenth transmembrane domains (Wang et al., 2020), suggesting 
the potential role of glycosylation of PepT2 in its transportation 
function. As expected, inhibition of N-linked glycosylation by 
its inhibitor (tunicamycin) significantly lowered the uptake of a 
model dipeptide in Chinese hamster ovary cells transfected with 
the cloned bovine PepT2 plasmid. These observations imply that 
N-glycosylation is an essential mechanism in posttranslational 
modifications of protein synthesis in lactating bovine MG. Ow-
ing to strict stereoselectivity, PepT2 has a preference for peptide-
bound AA containing l-AA rather than d-AA and for those N 
terminus-located acidic AA. Therefore, it is rational to observe that 
PepT2 participates in the uptake of a wide range of peptide-bound 
AA, such as Met-Met, Thr-Phe-Phe, and Gly-Sar, in bovine MEC 
(Zhou et al., 2011; Yang et al., 2015; Wang et al., 2018, 2019) or 
the intestine/stomach epithelial cells (Xu et al., 2019; Hou et al., 
2022). Notably, the uptake efficiency of Met-Met is compromised 
due to competition from other dipeptides (Met-Lys, Lys-Lys, Gly-
Met, Gly-Leu, and Met-Leu; Wang et al., 2018). However, whether 
PepT2 is the exclusive transporter for the aforementioned peptide-
bound AA requires further investigation. To date, the accurate 
location of PepT2 and the other 3 peptide-bound AAT in bovine 
MEC remains unclear. In contrast, PepT1 has a special prefer-
ence for charged anionic AA due to its proton-dependent transport 
mechanism (Steel et al., 1997). However, the relationship between 
PepT1 and milk protein synthesis in bovine MG remains unclear. 
Additionally, the expression levels of PepT1 and PhT1 were highly 
enhanced to a similar extent. Elevation in PepT2 expression in 
MG tissues was observed in pregnant mice with Met-Met supply 
compared with that in MG tissues of Met-deficient ones (Chen et 
al., 2018). Despite the elevated expression of PhT1 protein, the 
knockdown of PhT1 did not alter the model dipeptide and Met-
Met uptake into bovine MEC (Wang et al., 2019). Previous work 
showed that absorption of large amounts of peptide-bound AA into 
the small intestine is required due to increased lactation demands 
during mid-lactation period in dairy cows because of the extensive 
presence of PepT1 in the gastrointestinal tract (Xu et al., 2018). 
Due to its conservative substrate recognition, studies related to the 
function and substrate selectivity of PhT2 in bovine MG are very 
limited and require further exploration.

In addition to their role in transport, AA/peptide transporters 
presumably function upstream of central mTOR signaling to al-
low AA availability and initiate responses that affect growth and 

health-related events. Mechanically, extracellular AA are the 
first transported into cells across plasma membrane by the corre-
sponding transporters; then, mTORC1 identifies these AA inputs 
and promotes anabolism and cell growth using small GTPases 
(RAG-A/B, RAG-C/D), multiple regulatory members (FLIP1/2, 
GATOR1/2, SESTRIN2, and so on), and downstream substrates 
(S6K, 4E-BP1; Battaglioni et al., 2022). Given the conservative 
function mechanisms of mTOR (Saxton and Sabatini, 2017), AA/
peptide transporters would probably act in an indirect manner to 
participate in AA-mediated mTORC1 activation and the subse-
quent milk protein synthesis in bovine MG. Indeed, the inhibition 
of free/peptide-bound AAT led to limited AA availability in bovine 
MEC, lowered casein expression, and inactivated mTOR signal-
ing. For example, the GPNA-inhibited ASCT2 uptake of Met (Dai 
et al., 2020a) and BCH-prevented ATB0,+ uptake of Lys (Lin et 
al., 2018a) into bovine MEC, both resulting in reduced casein 
synthesis by attenuating mTORC1 activity via dephosphoryla-
tion of mTOR, S6K1, and 4E-BP1. Moreover, Met deficiency 
in bovine MEC initiates the general control non-derepressible 2 
(GCN2) pathway by elevating activating transcription factor 4 
expression and the phosphorylation rate of eukaryotic translation 
initiation factor 2A (Dai et al., 2020b). However, when primary 
bovine MEC respond to Met deficiency, no relationship between 
the activity of its transporter ASCT2 and activation/inactivation 
of the GCN2 pathway is observed. Being highly expressed and 
extensively located on the plasma membrane of lactating bovine 
MG (Lin et al., 2018b), LAT1 is also responsible for Met uptake, 
which can be blocked by mTOR inhibition by rapamycin, thus 
leading to the reduction in casein synthesis (Duan et al., 2017). As 
a sensor of extracellular EAA in mouse MEC, T1R1/T1R3 affects 
the expression of SLC1A5/SLC3A2/SLC7A5 transporters and 
participates in mTORC1-regulated milk protein synthesis (Wang 
et al., 2017). These findings suggest that AAT activity and expres-
sion can be controlled by AA availability, and in turn, these AAT 
are involved in mTORC1 signaling pathways to further regulate 
milk protein synthesis. Additionally, mammary peptide-bound AA 
studies in mice (Chen et al., 2018, 2020) and dairy cows (Wang et 
al., 2018, 2019) demonstrated that Met-Met dipeptide stimulated 
the expression of targeting transporters and the activation of the 
mTOR system, ultimately leading to enhancement of milk protein 
synthesis. Moreover, mTORC1 regulates PepT2 activity by regu-
lating the Nedd4–2-mediated ubiquitination (Wang et al., 2022). 
Altogether, there exists a certain relation, even if indirect, between 
free/peptide-bound AAT and the mTORC1 system to coherently 
regulate milk protein synthesis in dairy cows. Studies investigating 
in-depth mechanisms underlying these free/peptide-bound AA or 
the relevant AA transport path-mediated milk protein synthesis are 
warranted.

The transport system of mammary free/bound AA acts as a main 
contributor for net mammary AA uptake, playing a crucial role in 
controlling milk protein production for lactating dairy cows. The 
functional machinery underlying free/bound AAT that mediates AA 
delivery and utilization for milk protein synthesis includes mul-
tiple factors, such as substrate specificities, circulation in the whole 
body and MG, hormones, and dairy herd health status, working in 
coordination. Abundant evidence indicates that various free/bound 
AA have the ability to regulate their corresponding transporters 
in a substrate-grade/concentration-dependent manner, in which 
mTOR signaling indirectly integrates these inputs to further impair 
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milk protein synthesis and yield. The crosstalk between AA sub-
strates and lactogenic hormones in milk protein synthesis has been 
highlighted. The interaction among the 4 influential factors in this 
process remains undetermined; additionally, sophisticated free/
peptide-bound AA labeling and modeling techniques are required 
for the accurate and practical evaluation of mammary net free/
peptide-bound AA uptake rate. Additionally, the functional and 
regulatory entities, including accurate intracellular location and 
kinetic properties, underlying free/peptide-bound AAT in bovine 
MEC require further in-depth investigation, and their method of 
recognizing mTOR needs to be evaluated using super-resolution 
microscopy and color-tagged labeling-transporter techniques.
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