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ABSTRACT. In order to evaluate the effect of high-concentrate diet 
supplementation on milk protein content, six Holstein dairy cows were 
assigned into high-concentrate diet (HC) or low-concentrate diet (LC) 
groups (N = 3/group) for 50 days. With regard to milk protein, HC 
feeding significantly reduced the percentage of milk protein (P < 0.01), 
and milk protein yield also reduced. The milk somatic cell count numbers 
and N-acetyl-D-glucosaminidase activity was significantly higher (P < 
0.01) in the HC group than in the LC group. A pre-column derivatization 
procedure of o-phthalaldehyde was used to analyze the milk amino acid 
profile, the contents of Asp, Gln, Ala, Ile, Leu, and Lys were significantly 
lower in milk (P < 0.05), but Arg and Phe were significantly higher (P < 
0.05) in the HC group than in the LC group. The mRNA abundance for 
amino acid transporters SLC7A8, SLC7A10 (P < 0.05), SLC1A3 (P < 
0.05), and SLC16A10 (P < 0.05) were decreased in the HC group. These 
data indicate that expression of amino acid transporters alters regulation 
of amino acid utilization and decreases milk quality in dairy cows.
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INTRODUCTION

Feeding practice may have an important influence on dairy cow milk production and 
health (Valde et al., 2007). Highly fermentable diets are used to maximize energy intake and 
achieve high levels of milk yield or rapid growth rates. However, highly fermentable diets also 
increase the rate of acid production, which causes the lipopolysaccharide increased and trans-
located into blood (Khafipour et al., 2009), reduced milk health (Capuco et al., 2003), somatic 
cell count (SCC) and N-acetyl-D-glucosaminidase (NAGase) content increased (Leitner et al., 
2001). A previous study showed that alter amino acid (AA) metabolism and nitrogen balance 
in the plasma with increasing lipopolysaccharide content, which may be needed to compensate 
for the intake of protein concentration and AA metabolism demand (Waggoner et al., 2009). 
AAs are important for cell growth in a variety of important physiological and biochemical pro-
cesses and act as a substrate involved in cellular protein synthesis. A previous study showed 
that amino acid transporters (AATs) played important roles in the absorption process of AAs 
and are important nutrient sensing molecules that play an important role in mTOR signaling 
pathways (Edinger, 2007). A recent study found that only a portion of the AAT was involved 
in regulating mTOR activation and caused mRNA translation (Heublein et al., 2010). In rumi-
nants, a role of mTOR in the regulation of milk protein synthesis in the mammary glands has 
also been highlighted (Burgos et al., 2010; Toerien et al., 2010).

Milk quality regulation requires a strong interplay between all of the above elements, 
such as AA import/availability, AA transporter expression, NAGase, SCC, and mTOR signal-
ing (Leitner et al., 2001; Bionaz and Loor, 2007). This element has been singularly shown 
to play a role in milk quality and milk protein synthesis during the onset and throughout es-
tablished lactation in dairy cattle. Hence, we analyzed if high-concentrate diet changes milk 
metabolism and protein content during lactation.

MATERIAL AND METHODS

Animals, experiment treatment, and feeding

In this randomized complete block design study, our group used lactating Holstein 
dairy cows (N = 6; 606 ± 15 kg BW). Prior to the start of the experiment, cows were split into 
two blocks (N = 3 each) according to the day they were delivered, and cows in each block were 
randomly assigned to one of two dietary treatments. To minimize the effect of lactating stage 
on results, each block was enrolled in the experiment when the cows reached, on an average, 
the above-specified dimension. The cattle were housed in a tie-stall facility at the Nanjing 
Agriculture University Animal Experimental Station and procedures were approved by the 
Animal Care Committee of Nanjing Agriculture University. Throughout lactation, the cattle 
had unlimited access to fresh water and were milked twice daily in their stalls.

Before the experiment, all cattle were fed a low-concentrate diet [LC; concentrate-to-
forage (C:F) ratios of 4:6; Table 1] over 10 days. The high-concentrate diet (HC; C:F ratios 
of 6:4; Table 1) was fed in equal installments. Diets were formulated to meet or exceed the 
minimum nutrient requirements set by National Research Council (NRC) (2001). Using pre-
viously described methodology, dry matter intake was calculated daily for each cow during 
the experiment (Keunen et al., 2002). The average intake for each cow during the baseline 
(LC-transitional period) was fed for the remaining five periods (Pe 1, 2, 3, 4, and 5; each 10 
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days/Pe). At the end of LC-transitional period, the cattle were fed an HC diet. The cattle were 
transitioned to the HC diet in equal increments over 5 days, which was fed until the end of the 
Pe 5 during the experiment.

                                                                                  Diets

 HC LC

Ingredients (% dry matter, DM)  
   Forage 15.00 10.00
   Lucerne   0.00 25.00
   Ensile 25.00 25.00
   Corn 32.90 21.95
   Wheat bran   3.00   2.00
   Soybean meal 22.40 14.97
   Calcium hydrogen phosphate   0.11   0.08
   Limestone   0.60   0.40
   Salt   0.40   0.28
   Premix1   0.50   0.32
Chemical composition (% of DM)  
   Net energy (NE, MJ/kg)   6.52   6.32
   Crude protein (CP) 17.27 17.24
   Neutral detergent fiber (NDF) 35.07 38.81
   Acid detergent fiber (ADF) 19.31 23.66
   Ash   4.71   6.45
   Calcium (Ca)   0.44   0.78
   Phosphorus (P)   0.33 0.3
1Provided per kg of premix: vitamin A, 6000 U; vitamin D, 2500 U; vitamin E, 80 mg; Cu, 6.25 mg; Fe, 62.5 mg; 
Zn, 62.5 mg; Mn, 50 mg; I, 0.125 mg; Co, 0.125 mg; Mo, 0.125 mg.

Table 1. Ingredients and chemical composition of the high-concentrate (HC) diets and low-concentrate (LC) diets.

Mammary tissue, plasma, and milking

Briefly, percutaneous biopsies from each of six cows were obtained from the right of 
the mammary glands. All procedures were conducted under protocols approved by the Univer-
sity of Nanjing Agricultural Institutional Animal Care and Use Committee.

Blood samples were collected by jugular catheter into heparinized vacutainers for 4 h 
from each cow after feeding. Blood samples were immediately placed on ice, centrifuged at 
3000 g for 20 min, and stored at -20°C until analysis.

Individual milk yields (kg) were recorded by milking at 04:30 and 17:00 h daily. 
The milk sample was collected into a sterile tube for testing, but the first three squirts of milk 
were discarded. Milk protein contents were measured at the Weigang Milk Testing Laboratory 
(Nanjing, China) using Integrated Milk TestingTM Milkoscan 4000 (Foss Electric, Hillerod, 
Denmark), and the number of milk somatic cells was determined using an electronic cell coun-
ter (Fossomatic, Foss Electric, Hillerod, Denmark). The milk samples were put on ice and cen-
trifuged twice at 3500 g for 30 min at room temperature to separate phases. Then, we collected 
the stratum medium, placed it into a fresh 2-mL tube, and stored it at -20°C until analysis. The 
treatment of high-performance liquid chromatography (HPLC) samples and methods of injec-
tion are as follows: First, milk was centrifuged at 3500 g at 4°C for 10 min to separate. Second, 
the under-layer fluid (milk-samples-new) was collected and placed in a new 2-mL tube. Third, 
the acetonitrile (HPLC Solvents, USA) was added into milk samples and mixed by vortexing. 
Fourth, the mixed samples were incubated at 4°C for 30 min and centrifuged at 12000 g at 4°C 
for 30 min. Fifth, the supernatant was collected and placed at 4°C until analysis. Sixth, 20 μL 
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o-phthalaldehyde was added into mixed samples and incubated for 2 min. Finally, 10 μL stop 
buffer was added and thoroughly vortexed until analysis.

AAs in milk and NAGase activity of milk and plasma

The chromatographic conditions of the assay of amino acids in milk by HPLC were 
as follows: a Hypersil C18ODS column (4.6 x 250 mm, 5 μm; Waters Co., USA) was used 
as an analytical column. The mobile phase consisted of 80% 0.02 M Na2HPO4-NaH2PO4, 
15% methanol (HPLC solvents), and 5% acetonitrile with 1.0 mL/min flow rate, the detective 
wavelength of 340-450 nm, 20-μL injection volume, and the column temperature was 40°C. 
The NAGase activity in plasma and milk was determined using an NAGase kit according to 
manufacturer instructions. The kit was purchased from Nanjing Jiancheng Bio Institute (Nan-
jing, China).

Real-time polymerase chain reaction (RT-PCR)

Biopsy tissue was weighed (~0.5-1.0 g) and immediately subjected to RNA extrac-
tion using Trizol (TaKaRa, Dalian, China) as previously described (Loor et al., 2006). RNA 
concentration was measured using a NanoDrop ND-1000 spectrophotometer (Desjardins and 
Conklin, 2011). The purity of RNA (A260/A280) for all samples was above 1.85. A portion of the 
RNA was diluted to 1 μg/μL using DNase/RNase-free water prior to reverse transcription. The 
cDNA was synthesized using 2 μg RNA and according to manufacturer instructions (TaKaRa). 
The reaction was performed in an Eppendorf Mastercycler® Gradient using the following pro-
gram: the sample was heated to 95°C for 2 min, kept for 5 min at 70°C, and then chilled on 
ice. cDNA synthesis was performed for 1 h at 37°C.

The qPCR was performed using 2 μL cDNA combined with a mixture composed of 
5 μL SYBR Green Master Mix (Tiangen, China), 10-μM forward and reverse primers (0.4 μL 
each), and 0.2 μL DNase/RNase-free water in a Bio-Rad MyiQTM Detection System (Applied 
Biosystems, USA). For the AAT primers (Table 2), nucleotide sequences of Bos taurus were 
used for primer design and searching in the European Bioinformatics Institute (http://www.
ebi.ac.uk/). The reactions were performed using the following conditions: 2 min at 50°C, 10 
min at 95°C, 40 cycles of 20 s at 94°C (denaturation), and 30 s at 60°C (annealing + exten-
sion), and the final extension at 72°C for 10 min. Triplicate samples were used for quantitative 
RT-PCR. The final data were normalized using the geometric mean of the most stable genes 
among the ones tested as internal controls, as previously reported (Bionaz and Loor, 2007). 
The relative amount of mRNA for each target gene was determined from the ratio of target 
gene mRNA to β-actin mRNA. According to the comparative threshold cycle (Ct) method, the 
amount of target mRNA normalized to β-actin and relative to an internal control was calcu-
lated by 2-ΔΔCt.

Statistical analysis

Statistical analysis was conducted using ANOVA in SPSS-16.0. Differences among 
individual means were evaluated. The results are reported as means ± SE, and differences were 
considered significant when P < 0.05.
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RESULTS

The results of dry matter intake, milk production, and milk protein during each period 
are shown in Table 3. The decrease in dry matter intake was significant (14.3 to 13.92 kg/Pe; 
P < 0.01) in the HC group, while it was not significant in the LC group (15.9 to 15.58 kg/Pe). 
The density of the diet increased and obviously improved the milk production (P < 0.01) dur-
ing all five periods. Dietary supplementation with an HC diet significantly decreased the milk 
protein percentage and yield (P < 0.05).

Gene Accession No. Primers sequence (5'-3') Orientation Product size (bp)

β-actin NM_173979 CAAGTACCCCATTGAGCACG Forward 159
  GTCATCTTCTCACGGTTGGC Reverse 
SLC7A8 NM_001192889 AGAACCTTCCCAGAGCCATC Forward 212
  GGACCCATTGACTCCTCCAA Reverse 
SLC7A10 NM_001104989 AAAGAACCTACCTCGTGCCA Forward 214
  GTAGCCATTGATCCCTCCGA Reverse 
SLC16A10 NM_001192847 GGCAACAGACTCTCCCTCTT Forward 214
  CGATGCACATGAGAACCACC Reverse 
SLC1A3 NM_174600 CATCGTGCTGACATCTGTGG Forward 173
  CCATTTCGACATCCCGGTTC Reverse

Table 2. Primer sequences of targeted genes and β-actin.

   LC     HC   SE P value

 Pe 1 Pe 2 Pe 3 Pe 4 Pe 5 Pe 1 Pe 2 Pe 3 Pe 4 Pe 5  LC vs HC

DMI (kg/day) 15.90 15.75 15.75 15.58 15.62 14.30 14.01 13.92 13.98 13.94 0.069 <0.000
Protein (%)   2.98    3.13   3.11   3.21   3.09   2.60   2.66   2.63   2.45   2.51 0.037   0.000
Protein (kg/day)   0.65   0.62   0.62   0.61   0.58   0.58   0.58   0.58   0.57   0.57 0.011   0.008
Milk (kg/day) 21.92 19.84 19.91 18.98 18.74 22.13 21.99 22.08 23.43 22.79 0.590   0.013

Data are reported as means ± SE for HC compared with LC. Significant differences (P < 0.05 or P < 0.01). 
3Pe = period.

Table 3. Effects of feeding a high-concentrate (HC) or low-concentrate (LC) diet over time on feed intake, milk 
production, and milk components.

Figure 1 displays that the SCC was significantly higher in the HC group than in the LC 
group (P < 0.01). Dramatic difference in milk NAGase activity was evident between HC and 
LC cattle during the experimental period (Figure 2A). The change of milk NAGase activity 
was highly significant (P < 0.01), as the NAGase concentration displayed 5.599 ± 0.165 and 
2.051 ± 0.346 U/L, respectively. Plasma NAGase activity was higher in HC cattle than in LC 
cattle, but there was no significant difference (P > 0.05) between the two groups (Figure 2B).

According to the AA standard, the peaks of 15 analytes in the chromatogram and 
their parameters were determined (Figure 3). Each standard amino acid has an independent 
retention time. In each amino acid, the regression coefficient was >0.995 over their clinical 
concentration ranges, and all calculated concentrations for the calibrators were within ± 10% 
of the assigned values. The different determination results showed an intraday relative stan-
dard deviation (RSD) from 2.98 to 5.63% and interday RSD from 3.69 to 5.92%, and all RSDs 
were less than 6.00% (Table 4). Furthermore, the standard amino acid separated spectrum of a 
graph showed that each amino acid had independent peaks (Figure 3). The parameters overall 
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showed that the experimental conditions and precision were consistent with the HPLC detec-
tion requirement.

Figure 1. Comparison of milk somatic cell number between high-concentrate (HC)- and low-concentrate (LC)-
feeding cattle. A. Numbers of somatic cells per period. B. Average number of somatic cells. **P < 0.01.
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Figure 2. NAGase activity of lactating cattle milk and plasma by colorimetric method. A. NAGase activity in milk. 
B. NAGase activity in plasma. **P < 0.01

Figure 3. Synthetic mixture of 15 amino acids as shown in chromatograms. The value of each peak represents each 
specific amino acid, including Asp, Glu, Asn, Ser, Gln, Arg, Thr, Ala, Tyr, Val, Trp, Phe, Ile, Leu, and Lys, from left to right.
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According to Table 5, in the HC group, the Asp (P < 0.01), Gln (P < 0.01), Ala (P < 
0.05), Leu (P < 0.05), Lys (P < 0.05), and Ile (P < 0.01) contents significantly decreased but 
the Arg (P < 0.05) and Phe (P < 0.01) contents significantly increased. Other amino acids (Glu, 
Ser, Thr, and Trp) showed no difference between HC and LC treatment (P > 0.05). All of the 
measured AAs showed that the content of the aromatic AA (Phe) was increased.

Amino acids Retention time (t/min) Regression equation (μM) Relation (r) Intraday RSD Interday RSD

Asp   4.868 y = 7.7336x + 63.641 r = 0.996 3.12 4.14
Glu   6.690 y = 11.611x + 85.397 r = 0.996 3.64 5.01
Asn 12.907 y = 11.523x + 73.955 r = 0.996 2.98 3.98
Ser 15.216 y = 16.003x + 34.436 r = 0.996 5.63 5.92
Gln 16.825 y = 30.476x + 2.7159 r = 0.998 3.88 3.97
Arg 20.848 y = 32.284x + 275.55 r = 0.995 3.62 4.24
Thr 21.754 y = 13.049x + 122.16 r = 0.996 4.14 4.68
Ala 26.882 y = 13.471x + 99.775 r = 0.996 3.67 4.13
Tyr 29.545 y = 20.131x + 116.46 r = 0.997 4.54 5.75
Val 37.208 y = 35.549x + 123.14 r = 0.995 4.23 5.23
Trp 38.169 y = 16.113x - 16.951 r = 0.999 4.18 3.69
Phe 39.639 y = 17.072x + 21.537 r = 0.999 3.98 4.26
Ile 40.948 y = 18.062x + 12.063 r = 0.996 5.01 4.03
Leu 41.821 y = 16.530x + 37.707 r = 0.997 4.08 5.33
Lys 49.664 y = 3.7118x + 26.851 r = 0.997 4.99 5.48

x and y factors represent amino acid concentration and the area at the retention time, respectively, in the regression 
equation. RSD = relative standard deviation.

Table 4. Parameters of determination of standard amino acids.

Amino acids (μM)     HC     LC

Asp       28.179 ± 3.029** 63.2339 ± 6.282
Glu   320.837 ± 26.191   422.176 ± 19.663
Ser   22.585 ± 2.239   19.017 ± 3.237
Gln       11.286 ± 2.968**   98.537 ± 6.890
Arg     58.516 ± 3.134*   33.077 ± 3.205
Thr 134.501 ± 5.590 165.400 ± 5.574
Ala     31.044 ± 1.897*   66.958 ± 4.193
Trp     4.631 ± 0.125     4.184 ± 0.552
Phe         2.946 ± 0.167**       0.172 ± 0.0407
Ile           1.381 ± 0.0523**       2.669 ± 0.0281
Leu       1.702 ± 0.195*     3.032 ± 0.491
Lys     10.134 ± 0.983*   19.159 ± 0.594

Data are reported as means ± SE compared with LC cattle. *P < 0.05, **P < 0.01.

Table 5. Effects of high-concentrate (HC) compared with low-concentrate (LC) diet on milk amino acid profile.

The SLC7A8, SLC7A10, SLC1A3, and SLC16A10 mRNA abundances in the mam-
mary are summarized in Figure 4. Compared with those in the LC cows, SLC7A8, SLC7A10 
(P < 0.05), SLC1A3 (P < 0.05), and SLC16A10 (P < 0.05) mRNA levels were lower in the 
HC cows.

DISCUSSION

This study analyzed the milk quality and mammary health of lactating dairy cattle dur-
ing the transition from an LC to HC diet. To achieve this, we established a controlled feeding 
protocol to minimize variation in average daily feed intake, which is a common occurrence 
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in cattle that are rapidly fed a fermentable diet ad libitum (Penner et al., 2009). NAGase is an 
acidic hydrolase that is located within the lysosome and is secreted while the body is dam-
aged, stressed, or diseased (Kitchen and Masters, 1985). In ruminants, it has been confirmed 
that milk NAGase activity significantly increased and was attributed to mammary epithelial 
cells that were damaged in mastitis (Leitner et al., 2001). Therefore, NAGase can reflect the 
destructiveness of sensitiveness index in mammary epithelial cells. In the healthy mammary 
gland (<105 somatic cells/mL milk), most viable somatic cells are macrophages and lympho-
cytes (Kehrli Jr. and Shuster, 1994), but a few are neutrophils and epithelial cells (Rodrigues 
et al., 2009). In the present study, the results showed that feeding an HC diet significantly 
increases the SCC content and NAGase activity, but the milk protein percentage and yield 
were obviously decreased. Previous studies showed that milk protein has a negative correla-
tion with SCC (Burriel, 1997). Thus, our group assumed that milk quality decreased with HC 
diet supplementation.

Milk protein is also an important index of milk quality. Thus, AA availability in bo-
vine mammary glands is the primary limiting factor of milk protein synthesis, and it reduces 
milk quality (Bequette et al., 1998). In vivo, AA is not only the raw materials of protein syn-
thesis, but also metabolism in energy supplementation. In particular, glycogenic amino acids 
can be transformed to glucose, of which the main sources are albuminolysis and utilization 
of α-keto acid synthesis in organisms and plays an important role in participating energy me-
tabolism (Battezzati and Riso, 2002). Recent studies have found that AAs have an important 
role as signaling molecules that regulate eukaryotic initiation factor phosphorylation (Wang 
and Proud, 2008), thereby regulating mRNA translation initiation phase and protein synthesis 
(Kobayashi et al., 2003). Our results describe AA changes of 12 amino acids in milk that were 

Figure 4. Expression of SLC16A10, SLC1A3, SLC7A10, and SLC7A8 genes in mammary tissue from dairy cows 
fed either a high-concentrate or low-concentrate diet. RNA extracted from mammary tissue was reverse transcribed 
to cDNA and analyzed by real-time PCR. *P < 0.05, difference between diets for each mRNA species.
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unambiguously and accurately separated according to the eluting peaks time of standard AA 
(Figure 3 and Table 5). According to Table 5, glycogenic amino acid decreased, indicating that 
the cows do not have enough AA to use in the milk protein synthesis in the HC group. This is 
consistent with the findings of a previous study (Brasse-Lagnel et al., 2009).

Most AAs can be effectively degraded or broken down in the liver, with the exception of 
branched-chain AAs (BCAAs). This means that basic BCAA are not directly metabolized by the 
liver. When the body needs AAs as an energy source, the efficiency of BCAA when oxidized to 
ATP is obviously higher than the other AAs (Rennie et al., 2006), and then reduced AA availabil-
ity inhibits protein synthesis in the muscle tissue (Kobayashi et al., 2003). A similar study found 
that the reduction in blood BCAA may be associated with blood sugar regulation improvement 
(Laferrere et al., 2011). Our results show that SLC7A8 and SLC7A10 were down-regulated in 
the HC group. Interestingly, SLC7A8 and SLC7A10 code for AAT systems L and ASC that spe-
cifically import neutral AAs, including BCAAs (Leu and Ile) (Fuchs and Bode, 2005).

Alternatively, the BCAA contents, including Leu and Ile, were remarkably lower in 
this study. These data showed that the plasma BCAA may decrease the availability of circula-
tion for milk protein synthesis in mammary glands. The decrease in expression of those trans-
porters indicates an inactive import into BCAAs and several other essential AAs. Importantly, 
BCAA, as a signal molecule, plays an important role in regulatory milk protein synthesis in 
bovine mammary glands (Kimball and Jefferson, 2006; Sancak and Sabatini, 2009). Leu acti-
vation of the mTOR pathway appears to take place via multiple mechanisms, including direct 
activation of mTOR by amino acid medium vps34 (MacKenzie et al., 2009), which increases 
the assembly of the eiF4F complex (Kimball and Jefferson, 2006) and has a stimulatory effect 
on the phosphorylation status of eiF4G and p70S6K with regard to inducing protein synthesis 
(Huang et al., 2009). This result is consistent with previous data that showed that those AAs 
are lacking in the bovine mammary gland. As a result, protein synthesis was inhibited (Sancak 
and Sabatini, 2009; Burgos et al., 2010; Toerien et al., 2010).

Surprisingly, SLC1A3 expression, which encodes the EAAT3 that transports Glu and 
Arg and is among the non-essential AAs, was down-regulated in the HC group. Glu is the 
most abundant AA in milk and also has one of the greatest rates of import into mammary gland 
(Shennan, 1998). However, the SLC1A3 was down-regulated and decreased Glu content in 
the milk (Table 5). As discussed above, the reason for this reduction in milk protein may be 
down-regulation of the expression of those AATs.

In conclusion, this study explored feeding cattle an HC diet, which resulted in in-
creased milk production but decreased percentage of milk protein. Meanwhile, milk SCC con-
tent and NAGase activity increased. Bovine milk protein synthesis is decreased by decreasing 
AAT transport of AAs into mammary epithelium, with decreases of intramammary Leu and 
a consequent reduction of mTOR signaling or general translation. The differential changes of 
AA offer new insights into milk protein synthesis with high concentrate diet supplementation. 
Enhancing our knowledge of the effects on milk quality to feed an HC diet may help develop 
novel feeding strategies to mitigate the detrimental effects of the availability of circulating 
BCAA and improve milk quality.
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