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ABSTRACT. In order to evaluate the milk yield, milk quality, 
and health of dairy cows fed a high-concentrate (HC) diet, eight 
lactating Holstein dairy cattle were randomly assigned to HC or 
low-concentrate (LC) diet groups and fed for 50 days, and the auto-
control studying before and after treatment with the two diets was 
used. During the experiment, plasma and milk samples were collected 
and measured. With regard to milk component, HC feeding led to 
higher milk production (P < 0.05), but significantly lower milk protein 
percentage (P < 0.05), milk protein yield (P < 0.05), and milk fat 
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percentage (P < 0.05) throughout the five periods than LC feeding. 
Milk somatic cell count and N-acetyl-D-glucosaminidase activity (P 
< 0.01) were higher than those observed under LC feeding. mRNA 
expression levels of interleukin-8 (IL-8), C-C motif chemokine ligand 
(CCL5), and lactalbumin alpha (a-LA) were investigated by qPCR 
and found to be significantly lower (P < 0.01) in cattle fed the HC diet. 
The amino acid content was analyzed by high performance liquid 
chromatography (HPLC), and the content of 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) was significantly lower in the HC group, whereas the content 
of Arg (P < 0.05) and Phe (P < 0.01) was significantly higher. These 
results suggest that the HC diet might have an important influence on 
mammary health. The amino acid content was lower, suggesting that 
depletion of amino acids, resulting in depleted milk protein, affects 
milk quality.
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Amino acid metabolism; High concentrate diet 5

INTRODUCTION

Dairy production plays an important role in global agriculture within the top 10 
leading dairy companies in 2009 (Whitley, 2010). Most international dairy companies agree 
that high-concentrate (HC) diets should be provided to increase milk production. However, 
selective feeding affects the health of cows (Miglior et al., 2005; Valde et al., 2007). Previous 
studies have found that health reduces the yield and quality of milk, and ultimately affects 
the profitability of the dairy farm. DeGraves and Fetrow (1993) estimated that the costs 
associated with mastitis in the United States dairy industry exceeded 2 billion dollars per 
year. The economic impact of mastitis on dairy cattle is related to the increase in somatic cell 
count (SCC) in milk, which increases the treatment costs and risk of having to discard milk 
(Brouillette and Malouin, 2005). However, sub-clinical mastitis is ubiquitous in dairy farms, 
and occurs following the cessation of incomplete milking (Capuco et al., 2003). Mansfeld et 
al. (2001) demonstrated that sub-clinical mastitis increased SCC and enhanced N-acetyl-D-
glucosaminidase (NAG) activity, and that there was a significant correlation between these 
effects. Leitner et al. (2001) and Seifu et al. (2007) showed that the correlation between SCC 
and NAG activity (r = 0.85, P < 0.01; r = 0.88, P < 0.01, respectively) was able to reflect the 
existence of sub-clinical mastitis.

Milk protein composition is important for achieving optimal yield and texture when 
milk is metabolized, such as in cheese and yoghurt, and is thus a good index of milk quality. 
During lactation, the main function of amino acids is to synthesize milk protein in the body, 
or their transformation into other nitrogen-containing biotic activator. Thus, amino acid 
metabolism is prolific in the mammary glands of dairy cows. In the current study, we used HC 
diets to evaluate the in vitro efficacy of mammary amino acid metabolism by milk aminograms 
and cytokine gene expression in mammary tissue, in order to explain the effect of mammary 
health and milk quality on HC feeding in lactating cows.
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MATERIAL AND METHODS

Animals, experimental treatments, and feeding

Eight lactating Holstein dairy cows [578 ± 21 Kg body weight (BW), mean ± standard 
error (SE) of the mean] in their second lactation (221 ± 19 days, means ± SE) were used in a 
randomized complete block design. Prior to the start of the experiment, cows were grouped 
into two blocks (N = 8 each) according to the stage of lactation. The cows were assigned to 
receive a low-concentrate diet [LC; concentrate-to-forage (C:F) ratios of 4:6; Table 1]. To 
minimize the effect of lactation stage on the results, cows were enrolled in the experiment 
when each reached, on average, the above-specified characteristics. At the end of the LC diet 
period, the cattle were assigned to receive a HC diet. To minimize the effect of lactation stage 
on the results, cattle were transitioned to receive the HC diet in equal increments over 5 days, 
until the end of experimental period 5. The eight self-control dairy cows of treatment group 
in high-concentrate diet and low-concentrate diet. The average intake of each cow during 
the baseline period was then provided for the remaining five periods (150 days, periods 1, 2, 
3, 4, and 5). Throughout the lactation period, cattle had unlimited access to fresh water and 
were milked thrice daily in their stalls. All experimental procedures were approved by the 
Animal Care Committee of the University in accordance with the guidelines established by 
the People’s Republic of China.

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

 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 21.97 
Wheat bran 3.00 2.00 
Soybean meal 22.40 14.97 
Calcium Hydrogen Phosphate 0.10 0.08 
Limestone 0.60 0.40 
Salt 0.40 0.28 
Premix 0.50 0.32 
Chemical composition, % of DM   
NE (MJ/Kg) 6.52 6.32 
CP 17.27 17.24 
NDF 35.07 38.81 
ADF 19.31 23.66 
Ash 4.71 6.45 
Ca 0.44 0.78 
P 0.33 0.3 

 

Plasma and milk sampling, milk production, and milk components

Blood samples were collected from each cow using a jugular catheter after feeding 
for 4 h and placed into tubes. Anticoagulant factor was used to harvest plasma. Blood 
samples were immediately placed on ice, centrifuged at 3000 g for 20 min and frozen at 
-20°C until analysis.

Milking took place at 04:30 and 17:00 h daily during lactation. Individual milk yields 
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(Kg) were recorded and milk samples were collected at each milking. The first three squirts 
of milk were discarded, then approximately 5 mL milk was placed into a sterile tube and used 
to determine the milk fat and protein concentrations by Integrated Milk TestingTM Milkoscan 
4000 (Foss Electric, Hillerod, Denmark). Additionally, the SCC of milk was determined using 
an electronic cell counter (Fossomatic, Foss Electric, Hillerod, Denmark) (Booth et al., 1995). 
Milk NAGase activity was determined using a kit (Jiancheng, Nanjing) according to the 
manufacturer instructions.

Plasma amino acid analysis

Milk samples were placed on ice, centrifuged at 3500 g for 30 min at room temperature 
for phase separation. The stratum medium was carefully collected and placed in a fresh 
2-mL tube. Samples were centrifuged again at 3500 g for 30 min at room temperature for 
further phase separation, and the stratum medium fluid was collected and frozen at -20°C 
until analysis. The treatment of high performance liquid chromatography (HPLC) samples 
and injection methods were as follows: 1) milk was centrifuged at 3500 g for 10 min at 4°C 
for phase separation; 2) the under-layer fluid (milk-samples-new) was carefully collected 
and placed in a fresh 2-mL tube; 3) acetonitrile (HPLC solvents, USA) was added to milk 
samples based on an acetonitrile: milk-samples-new ratio of 2:1 and then mixed by vortex; 
4) samples were then incubated at 4°C for 30 min and centrifuged at 12,000 g for 30 min at 
4°C; 5) the supernatant was carefully collected and placed at 4°C until analysis; 6) pre-column 
derivatization was performed as follows: 20 mL milk-samples-new: O-phthalaldehyde (OPA) 
(1:2) was added and samples were incubated for 2 min; 7) stop buffer (10 mL) was added, 
samples were vortexed thoroughly, and injected.

Mammary sampling and gene expression

Mammary glands were collected by biopsy in the first period and at the end of the 
experiment. Mammary tissue was collected, washed twice with cold physiological saline 
(0.9% NaCl) solution to remove blood and other possible contaminants, and then transferred 
into liquid N and stored at -80°C until analysis. Slaughter and sampling procedures complied 
with the Guidelines on Ethical Treatment of Experimental Animals (2006) No. 398 set by the 
Ministry of Science and Technology of China.

The methods for total RNA extraction and RNase treatment have been described 
elsewhere (Xie et al., 2015a). Total RNA was isolated from mammary glands using TRIZOL 
(Invitrogen, Beijing, China), and then quantified by measuring the absorbance at 260 nm. 
cDNA was generated from 2 mg total RNA by M-MLV reverse transcriptase (Promega, 
USA) as indicated by the manufacturer. qPCR was performed using a SYBR Mix kit (Roche, 
Germany) according to the manufacturer instructions in a Bio-Rad MyiQTM Detection System 
(Applied Biosystems). The abundances of interleukin-8 (IL-8), C-C motif chemokine ligand 
(CCL5), and lactalbumin alpha (a-LA), and b-actin mRNA were determined. The thermal 
cycling conditions were as follows: 1 min at 50°C, and 10 min at 95°C, followed by 40 cycles 
at 95°C for 25 s, 60°C for 30 s, and 72°C for 30 s min in a Bio-Rad MyiQTM Detection System 
(Applied Biosystems, USA). The amount of target mRNA was calculated by normalization 
according to the 2-DDCt method (Xie et al., 2015a,b). The gene primers synthesized and used are 
shown in Table 2.
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Statistical analysis

At least three replicates were used for each sample to evaluate gene expression by using 
a MIXED model with repeated measures in SPSS-16.0. Milk production, milk protein, and 
milk fat were analyzed by the paired-samples T test. The SCC and NAG content was analysis 
by the paired-samples t-test. The results are expressed as means ± SEM and differences were 
considered significant when P < 0.05.

RESULTS

Milk production and milk components

Milk production and milk components are summarized in Figure 1A and 1B. Dry matter 
intake was significantly lower (P < 0.01) in the HC group than in the LC group, from 15.43 ± 
0.167 kg/day in the LC group to 14.38 ± 0.185 kg/day in the HC group (Figure 1A). The HC diet 
significantly decreased milk protein yield (P < 0.05) through all five periods (Figure 1B), but there 
was a clear increase in milk production (P < 0.05, Figure 1A). HC-feeding significantly decreased 
the milk protein percentage (P < 0.05) and the milk fat percentage (P < 0.05), whereas there was 
no difference in milk fat yield (P > 0.05) versus LC-feeding (Figure 1B). Figure 2 shows that the 
SCC and NAGase activity were higher in the milk of HC cows than in that of LC cows (P < 0.01). 
The milk NAGase content was higher than that in plasma under the HC diet treatment (P < 0.05).

Table 2. Nucleotide sequences of specific primers used in this study.

Primers Gen Bank accession No. Primers sequence (5'3') Orientation Product length (bp) Annealing temperature (°C) 
-actin AY141970.1 ccagttcgccatggatgatg Forward 230 59 

cgtgctcaatggggtacttg Reverse 
IL-8 JN559767.1 ccaatggaaacgaggtctgc Forward 214 60 

caccagacccacacagtaca Reverse 
CCL5 NM_175827.2 gagttgagctagggtggagg Forward 216 60 

cggagcttagagacctcctg Reverse 
-LA NM_174378.2 ttccgggagctgaaagactt Forward 171 59 

ctggtcgtctttgcaccaaa Reverse 
 

Figure 1. Effects of feeding the high-concentrate (HC) diet or low-concentrate (LC) diet over time on feed intake, 
milk production, and milk components. A. DMI and milk production; B. milk fat and milk protein. Data are 
expressed as mean ± SE compared with the LC cattle. *P < 0.05 and **P < 0.01 indicate statistically significant 
differences when compared with the LC group.
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Aminogram

Fifteen different standard amino acids were separated in the chromatogram, and their 
parameters were determined. For each amino acid, the correlation coefficient exceeded 0.996. 
The difference determination results showed that the intraday relative standard deviation 
(RSD) ranged from 2.93 to 5.45%, the interday RSD ranged from 3.39 to 5.88%, with all 
values less than 6.0%. Thus, the experimental conditions and precision were consistent with 
the HPLC detection requirements.

Figure 3 shows that HC feeding led to significantly higher content of 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), but 
significantly lower content of Arg (P < 0.05) and Phe (P < 0.01). There were no differences in 
the content of other amino acids (Glu, Ser, Thr, and Trp) between the HC and LC treatments 
(P > 0.05). Among the amino acids measured, there was an increase in the content of aromatic 
amino acids (Phe), but a decrease in the content of branched chain amino acids (Ile and Leu) 
when cattle were fed the HC diet.

Figure 2. Determination of milk somatic cell count and NAGase activity between HC-feeding and LC-feeding 
cattle. A. Milk somatic cell count; B. milk NAGase activity. The experiments were repeated three times. Data are 
presented as mean ± SE, *P < 0.05 indicates statistically significant differences when compared with the LC group. 
**P < 0.01 indicates statistically significant differences when compared with the LC group. Lowercase letters 
indicate statistically significant differences (P < 0.05).

Figure 3. Effects of the high-concentrate (HC) diet on the amino acid profile in milk. Data are expressed as mean 
± SE compared with the LC cattle. *P < 0.05 and **P < 0.01 indicate statistically significant differences when 
compared with the LC group.
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Gene expression

Figure 4 shows the effect of the HC diet on mammary cytokine gene expression. 
interleukin-8 (IL-8), C-C motif chemokine ligand (CCL5), and lactalbumin alpha (a-LA) mRNA 
expression levels were significantly lower (P < 0.05) in the HC group than in the LC group.

Figure 4. mRNA expression of interleukin-8 (IL-8), C-C motif chemokine ligand (CCL5), and lactalbumin alpha 
(a-LA) in the mammary. RNA was extracted from mammary, reverse transcribed to cDNA, and then analyzed 
by qRCR. The experiments were repeated three times. Data are presented as mean ± SE, *P < 0.05 indicates 
statistically significant differences when compared with the LC group. **P < 0.01 indicates statistically significant 
differences when compared with the LC group.

DISCUSSION

The goal of this study was to characterize the milk and mammary health of lactating 
dairy cattle during the transition from a LC to HC diet. To achieve this, we established a 
controlled feeding protocol to minimize variation in animal diet feeding intake (ADFI) which 
is a common occurrence in cattle fed a rapidly fermentable diet ad libitum (Penner et al., 2009). 
NAG is an acidic hydrolase, located within lysosomes, and widely present in all tissues. Milk 
NAG is mainly derived from mammary epithelial cells and leukocytes. Studies by Leitner 
et al. (2003) showed that milk NAG activity significantly increased and mammary epithelial 
cells were damaged during mastitis. Therefore, NAG activity can be used as a sensitive index 
of mammary epithelial cells destruction. In the healthy mammary gland (<10-5 somatic cells/
mL milk), most viable somatic cells are macrophages and lymphocytes, with a few neutrophils 
and epithelial cells (Kehrli and Shuster, 1994). In the present study, we determined milk NAG 
activity and SCCs in HC-feeding cattle throughout the treatment period. The results showed 
that the HC diet can significantly increase milk NAG activity (Figure 2B). Figure 2A shows 
that the average SCC was higher in HC-fed cattle, achieving 166,733 cells/mL, but did not 
achieve the threshold of 205,000 cells/mL (Rodrigues et al., 2009). These results were similar 
to those of our previous research, which showed that feeding a HC diet to cattle depressed 
milk quality (Xie et al., 2015b). However, in the present study, the SCC content and NAGase 
activity were higher than observed in our previous study (Xie et al., 2015b), because here we 
extended the experimental period. We therefore hypothesized that cattle mammary epithelial 
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cells may suffer from sub-clinical mastitis when animals are fed a HC diet over a relatively 
long experimental period.

In contrast to the results obtained for milk NAG activity and SCC, the HC-fed cattle 
displayed percentage of milk production increased also, but decreased the percentage of milk 
fat and milk protein, and milk protein yield. Previous studies have shown that components of 
milk, such as fat, are negatively correlated with SCC (Burriel, 1997). Of the components of 
milk production measured, milk protein in HC cattle displayed the largest proportional increase, 
whereas milk fat percentage and yield decreased. Crist et al. (1982) estimated economic losses 
caused by lost milk production as a result of sub-clinical mastitis but did not specify losses 
by etiologic agent. Thus, we speculate that decreasing the synthesis of milk fat could play an 
important role in resistance to sub-clinical mastitis. However, further study of the relationship 
between feeding and sub-clinical mastitis in dairy cattle appear to be warranted.

In this study, mixtures consisting of the 15 standard known AAs were prepared 
and analyzed. We describe changes in 12 amino acids in milk, which were unambiguously 
separated and accurately marked based on the eluting peaks of standard AAs. In vivo, AAs are 
important products of protein decomposition, representing a “nodal point” in the dynamics of 
protein metabolism, especially as biological micro-molecules. Therefore, albuminolysis and 
the utilization of a-keto acids can be used to transform glycogenic amino acids into glucose 
during metabolism (Battezzati and Riso, 2002). Under all metabolic conditions, amino acids 
lose their amino groups to form a-keto acids, which constitute the “carbon skeletons” of amino 
acids. The a-keto acids undergo oxidation to form CO2 and H2O or, often more importantly, 
provide three- and four-carbon units that can be converted by gluconeogenesis into glucose, 
providing fuel for the brain, skeletal muscles, and other tissues. As shown in Figure 3, the 
decrease in glycogenic amino acids indicated that the HC-fed cattle had sufficient energy for 
metabolism, and reduced albuminolysis or a-keto acids were used in the mammary gland 
during the experiment. Therefore, a-keto acids are an important intermediate product used to 
provide energy or raw materials for protein synthesis (Wu, 2009). Recent studies have found 
that AAs play important roles as signaling molecules in the regulation of protein synthesis 
(Liu et al., 2002; Jefferson and Kimball, 2003). In a study by Wang and Proud (2008), AAs 
could change the degree of phosphorylation of eukaryotic initiation factors. Notably, Gln was 
significantly decreased in HC-fed cattle, indicating that protein synthesis increased in these 
animals, which is consistent with the findings of previous studies showing that Gln can affect 
protein synthesis by regulating the translational initiation phase (Brasse-Lagnel et al., 2009).

Recent work by Rennie et al. (2006) revealed that the efficiency of BCAA oxidization 
to ATP was significantly higher than that for other amino acids, when the body needs AA 
as an energy source. Similarly, Laferrère et al. (2011) suggested that reduced blood BCAA 
might be associated with improved regulation of blood sugar. Our results showed that the 
BCAA content was remarkably lower in the HC group compared with the LC group, including 
Leu and Ile. As shown in Figure 3, the results revealed that the BCAA content decreased as 
it was used to supply energy or consumed during mammary cytokine synthesis in order to 
provide resistance to sub-clinical mastitis. Although the exact mechanisms underlying the 
protein synthesis response by AA regulation is unknown, in vitro experiments have shown that 
BCAA, particularly leucine, affects the mTOR pathway in the brain. These signals decrease 
food intake and increase the basic metabolic rate (Cota et al., 2006). Our finding of decreased 
DMI is consistent with the findings of Cota et al. (2006). Recent work by Burgos et al. (2010) 
and Toerien et al. (2010) reported that the mTOR pathway has a significant regulatory effect 
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on milk protein synthesis. Particularly, p70-S6 kinase can affect the allocation and modification 
of protein precursors by mTOR pathway to regulate translation. Thus, we speculate that mTOR 
signaling pathways associated with AAs could play an important role in regulating protein 
synthesis in HC-feeding cattle. Milk protein was also found to be decreased in HC-feeding cattle.

Changes in AAs show that the HC diet fed can remarkably degrade the concentration 
of glycogenic AAs and BCAA in milk. These differential changes of AA content offer new 
insight into protein metabolism in the mammary in response to a HC diet. Although the current 
study is based on a small sample of dairy cows, the findings will garner the attention of experts 
and enhance our knowledge on the effects of a HC diet on milk components and mammary 
health. Furthermore, they may lead to the development novel technological or feeding 
strategies to mitigate the detrimental effects of sub-clinical mastitis to improve milk quality. 
Nonetheless, future research is necessary with larger samples.
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