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Abstract

Background: Enhancing the post-ruminal supply of arginine (Arg), a semi-essential amino acid (AA), elicits positive
effects on milk production. Our objective was to determine the effects of Arg infusion on milk production
parameters and aspects of nitrogen (N) absorption and utilization in lactating dairy cows. Six lactating Chinese
Holstein cows of similar body weight (508 + 14 kg), body condition score (3.0 + 0), parity (4.0 + 0), milk yield (30.6 +
1.8 kg) and days in milk (20 + 2 d) were randomly assigned to 3 treatments in a replicated 3 x 3 Latin square design
with 21 d for each period (1 week for infusion and 2 weeks for washout). Treatments were 1) Control: saline; 2) Arg
group: saline + 942 g/L L-Arg; 3) Alanine (Ala) group: saline +19.31 g/L L-Ala (iso-nitrogenous to the Arg group). Milk

by mammary gland.

production and composition, dry matter intake, apparent absorption of N, profiles of amino acids (AA) in blood,
urea N in urine, milk, and blood, and gene expression of AA transporters were determined.

Results: Compared with the Control or Ala group, the infusion of Arg led to greater expression of AA transporters
(SLC7A2 and SLC7A8) and apparent uptake of free AA in the mammary gland, and was accompanied by greater milk
yield, milk protein yield and milk efficiency (calculated by dividing milk yield over feed intake), together with lower
concentration of urea N [regarded as an indicator of N utilization efficiency (NUE)] in blood and milk. Furthermore, in
the cows infused with Arg, the NUE was higher and the concentration of urea N in urine was lower than those in

the Ala group, although no differences were detected in NUE and urea N in urine between the Control and Arg group.
The infusion of Ala had no effect on those indices compared with the Control.

Conclusions: Overall, enhancing the post-ruminal supply of Arg via the jugular vein had a positive effect on the
synthesis of milk protein at least in part by increasing gene expression of some AA transporters and uptake of free AA
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Background

Current intensive livestock management systems encourage
the inclusion of a large amount of crude protein in diets to
support higher rates of production, a practice that often de-
creases nitrogen utilization efficiency (NUE) and increases
production costs [1]. Regardless of stage of lactation and
level of production, it is estimated that almost 72% of diet-
ary N is excreted in feces and urine [2]. Excess N excretion
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creates environmental problems including the release of
ammonia to the air and nitrate contamination of soil and
groundwater [3, 4]. Therefore, the search for approaches to
decrease output of N in manure and into the atmosphere
continues [5].

The most direct and effective way to decrease manure
N is to reduce dietary N concentration. As reported pre-
viously [3, 6], fecal and urinary N in dairy cows de-
creases significantly with the reduction of dietary crude
protein (CP) content. Despite these benefits, a decrease
in dietary CP could have negative effects on production
efficiency. For example, a decrease of CP in diets from
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18% to 14% decreased milk yield from 26.0 to 22.5 kg/d
and milk protein yield from 800 to 710g [7]. Clearly,
one way to alleviate these discrepancies is the improve-
ment of NUE, for instance, by increasing post ruminal
digestibility or providing a pattern of absorbed amino
acids (AA) that closely matches the AA requirements for
milk synthesis [8].

Some recent studies demonstrated that the addition of
limiting AA (methionine, lysine, histidine) for milk protein
synthesis in diets increased milk volume and milk protein
production in dairy cows [9-11]. The supplementation of
Arg (a conditionally essential AA) in diets was also re-
ported to enhance litter weight gain of primiparous sows
and milk production of nursing sows [12]. From a mech-
anistic standpoint, Arg supply enhances casein synthesis
in bovine mammary epithelial cells (BMEC) and protein
synthesis in muscle of neonatal pigs through its effect on
intracellular signalling pathways [13, 14]. In the present
study, we sought to test the general hypothesis that en-
hancing the supply of Arg to lactating cows would in-
crease milk yield and enhance the synthesis of milk
protein at least in part by increasing NUE. Specific objec-
tives were to assess the regulatory roles of greater Arg
supply through jugular infusions on milk production pa-
rameters, aspects of N absorption and utilization, and
mammary gene expression of amino acid transporters.

Methods

Experimental animals and management

Six lactating Chinese Holstein cows of similar body weight
(508 + 14kg), body condition score measured with a
5-point scale (3.0 + 0) [15], parity (4.0 + 0), milk yield (30.6
+ 1.8 kg) and days in milk (20 +2 d) were selected for the
present study. Prior to the infusion period, indwelling cath-
eters (L13712, Jiangxi Huali Medical Instrument Company,
Ganzhou, China) were placed in the jugular vein and
flushed with heparin and physiological saline (150 [U/mL)
twice daily during the whole experimental period. Cows
were fed the same basal diet formulated according to NRC
[16] at the Experimental Farm of Yangzhou University
(Yangzhou, Jiangsu, China). The composition and nutrient
level of the basal diets are described in Table 1. Cows were
fed twice daily (06:00 and 20:00 h), and milked thrice daily
(07:00, 15:00 and 23:00 h) with a portable milker (HL-JN02,
Chuangpu Machinery Limited Company, Lianyungang,
China), and housed individually in a free-stall barn. They
had ad libitum access to the TMR and fresh water.

Experiment design

Cows were randomly divided into 3 groups with 2 cows
in each group in a replicated 3 x 3 Latin square design
with 21 d for each period (1week for infusion and 2
weeks for washout). Treatments were as follows: 1) Con-
trol: saline; 2) Arg group: saline +9.42 g/L L-Arg; 3) Ala
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Table 1 Ingredient and composition (DM basis) of the basal
diets used in this infusion study

Ingredients % Nutrients®

Alfalfa 20.90 NE,, Mcal’kg 1.59

Chinese wildrye 3.80 CP, % 15.83
Corn silage 2460 NFCS, % 33.11
Corn 27.70 NDF, % 4363
Cottonseed meal 3.70 ADF, % 2593
Soybean meal 13.50 EE, % 4.03

DDGS 3.80 Ca, % 0.96

CaHPO, 030 Total P, % 048

NadCl 0.50

Premix? 1.20

Total 100.00

*The premix provided following per kilogram of diet: CuSO,4 25 mg, FeSO4-H,0
75 mg, ZnSO4-H,0 105 mg, Co 0.0024 mg, Na,SeO3 0.016 mg, vitamin A 12,000
1U, vitamin D5 10,000 IU, vitamin E 25 mg, nicotinic acid 36 mg, choline 1,000 mg
PNE, in diet was calculated according to the NE, of ingredients and their
percentages; concentrations of the other nutrients were measured values
“NFC =100 - (NDF% + CP% + EE% + Ash%)

group: saline +19.31g/LL-Ala (iso-nitrogenous to
the Arg group). Perfusates were prepared by Cambridge
Biological Company (Nanjing, China) in sterile condi-
tions 2d before the infusion period and stored at 4 °C.
The solutions were infused continuously through a peri-
staltic pump (Longer, Hebei, China) with a speed of 0.5
L/h for 8 h/d (from 06:00 to 14:00 h).

Sampling and chemical analysis of feed and feces

Within each period during the infusions, the daily
amount of diet offered and residual feed for each cow
were recorded for calculation of feed intake. Samples of
fresh TMR and refusals from each cow were collected
daily during the last 3 d of each infusion period. Fecal
grab samples were collected 3 times daily (06:00, 13:00
and 20:00 h) and a pool of 100 g feces was made from
the combination of each time point. Samples were stored
at —20°C. Diet ingredients and feces were dried in a
forced-air oven (DHG9626A, Jinhong Co., Shanghai,
China) at 60°C and ground to 1 mm particle size for
analyses. Dry matter and CP were analyzed by using
methods described by Kopelove et al. [17]. Dietary and
fecal N content was determined and CP was calculated
using the 6.25 factor, in which CP (g/kg) =N (g/kg) +
6.25. Apparent absorption of nitrogen was calculated
using the formula as follows:

Apparent absorption (%)
marker in diet%
1- -
marker in faeces%

nutrient in faeces%
- - - x 100
nutrients in diet%

according to the method of 4 mol/L HCI acid-insoluble
ash [18].



Ding et al. Journal of Animal Science and Biotechnology

Sampling and analysis of blood

In the last day of the infusion period, samples of blood
from the mammary vein and coccygeal artery [19] were
collected into 10 mL heparinized vacuum tubes (Becton
Dickinson and company, Franklin Lakes, NJ, USA) every
3h from 06:00 to 15:00 h. Samples were then centri-
fuged (10 min, 1800xg) immediately, and the plasma
was aliquoted. An extra blood sample from the coccy-
geal artery was collected into 10mL serum tubes
(Becton Dickinson Vacutainer System), and centri-
fuged (10 min, 2810xg) 2-3h after collection to iso-
late the serum. In order to more precisely sample the
blood from coccygeal artery, we first placed the nee-
dle into the blood vessel and determined visually if
the needle puncture the artery (bright red blood)
or vein (dark red blood). Once it was verified that
the needle had punctured the artery, we proceeded
with sampling. The serum and plasma samples were
stored at — 20 °C prior to analysis of biochemical indi-
ces. Equal amounts of plasma collected at 06:00,
09:00, 12:00 and 15:00h from each cow were mixed
and deproteinized prior to analysis of AA concentra-
tions with an L-8900 Amino Acid Analyzer (Hitachi
High-Technologies, Dallas, TX, USA). The standard
AA mixture solution was purchased from Wako Pure
Chemical Industries (Amino Acids Mixture Type H,
Osaka, Japan). In addition, serum samples from differ-
ent time points were also mixed for the analysis of
blood urea N with an Urea Assay Kit (C013-2, Jian-
cheng Biogineering Institute, Nanjing, China).

Production data collection and milk sample analysis

Milk production was recorded at each milking and sam-
pled on the last 2 d of each infusion period (the 6™ and
7™ day). Milk samples were collected 3 times a day and
a pool made from each sample in proportion to milk
yield at each milking. A subsample of milk was used for
analysis (Bentley FTS/FCM 400 Combi; Bentley Instru-
ment, Chaska, USA). Another subsample was centri-
fuged at 2810xg at 4 °C for 10 min to remove fat before
measuring urea N with a Urea Assay Kit (C013-2, Jian-
cheng Biogineering Institute, Nanjing, China). Milk pro-
tein N content was calculated after determination of
protein using a 6.38 factor, in which N (g/kg) = protein
(g/kg) x 6.38. The NUE was calculated by dividing milk
protein N by dietary N intake.

Urine sampling and detection of urea nitrogen

Total urine was collected using a simple urine cup
method [20], weighed, and 5% of total volume sampled
on the last 2 d of each infusion period. 50% H,SO, was
added to the collection bucket before sampling urine to
minimize volatilization. After the collection of urine, the
pH of urine samples was adjusted to 2 and 4 prior to
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storage at 4°C [21]. The concentration of urea N was
measured with a Urea Assay Kit (C013-2, Jiancheng
Biogineering Institute, Nanjing, China).

Mammary gland biopsy and PCR for gene expression
Mammary gland biopsy. Mammary gland tissue was sam-
pled at the end of each infusion period by using a published
biopsy method [22]. The cows were first given a small dose
of general anesthetic (0.025 mg/kg BW Xylazine, 20 mg/
mL) prior to biopsy. Tissue was then isolated and placed
into 1.5 mL cryovials and frozen immediately in liquid N
prior to storage at — 80 °C until RNA extraction.

RNA extraction and reverse transcription. Frozen mam-
mary tissue was quickly minced, weighed (0.5-1.0g), and
placed in ice-cold TRIzol (15596018, ThermoFisher, Carls-
bad, USA) as described previously [23]. Total RNA was pre-
cipitated with isopropanol, washed with 70% ethanol, and
resuspended in UltraPure™ DNase/RNase-Free Distilled
Water (10977015, ThermoFisher, Carlsbad, USA). The integ-
rity of RNA was assessed by agarose gel electrophoresis by
analyzing 28S and 18S rRNA subunits. The concentration of
RNA was measured with a Nanodrop spectrophometer
(ThermoFisher). A portion of the RNA was then diluted to
100 ng/uL.  before  reverse-transcription  with  the
High-capacity cDNA Reverse Transcription Kit (4368813,
Applied Biosystems, Carlsbad, USA). Each ¢cDNA was syn-
thesized in a 20-pL reaction (including 2 pL. 10x RT buffer,
0.8 L 100 mmol/L ANTP Mix, 20puL 10x RT Random
Primers, 1.0 uL. MultiScribe™ Reverse Transcriptase, 1 pL
Rnase inhibitor, 3.2 uL. Nuclease-free H,O and 10 uL. RNA
sample). The mixture was incubated at 25 °C for 10 min, 37 °
C for 120 min, 85 °C for 5 min and kept at 4.°C for RT-PCR

analysis.
Primer sequence of selected genes.
Glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)

and 3-actin were selected as internal control genes. Fur-
thermore, 6 genes associated with amino acid transport
were selected: solute carrier family 7 member 1 (SLC7AI),
solute carrier family 7 member 2 (SLC7A2), solute carrier
family 7 member 5 (SLC7AS), solute carrier family 7
member 6 (SLC7A6), solute carrier family 7 member 7
(SLC7A7) and solute carrier family 7 member 8 (SLC7AS).
Primer sequences of genes were the same as that in the
previous study [24] and are listed in Table 2.

RT-PCR analysis. RT-PCR analysis was performed with
the Power SYBR® Green PCR Master Mix (4367659, Ap-
plied Biosystems, Carlsbad, America) in a 20-pL reaction
mix (10 uL 2x Fast SYBR® Green Master Mix, 0.8 pL of
10 umol/L forward and reverse primers, 1puL cDNA
template and 7.4 uL RNase-free water). Each sample was
run in triplicate in the ABI Prism 7500 Detection Instru-
ment (Applied Biosystems) using the followed protocol:
30s at 95°C, 10s at 95°C, 20s annealing temperature,
and 30s at 72 °C for 40 cycles. The same conditions were
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Gene name ID number Sequence (5't03) Product size, bp ® Annealing temperature, °C

SLC7AT NM_001135792 F: TCAACCAGCCTCCTAGCACT 147 60
R: GGCACCTTGAATGAGAGCTT

SLC7A2 XM_010820288 F: CTCGCTCCTCCGTGATAAAT 168 63
R: ATTCAGCGATCACCTCCATT

SLC7A6 NM_001075937 F: GCCTTTGGTTCAGGGTATGC 128 60
R: CTGGATAGGTGCCAGCTT

SLC7A7 NM_001075151 F: GGAGCCTCGACTCACTTTGA 133 60
R: GTCCCTCATGTTGAGCACAG

SLC7AS NM_173892 F: CTGATGGAGTATGCGAAGCA 164 55
R: GGGTCCTGGGTCTTTGTGTA

SLC7A8 NM_001034428 F: CTGCGAACTCATCAGAACCA 134 63
R: CTCCAGCAGCCTTTCAGAGT

B-actin NM_173979.3 FACTGTTAGCTGCGTTACACCCTT 190 62
R: TGCTGTCACCTTCACCGTTCC

GAPDH NM_001034034.1 F: GGTCACCAGGGCTGCTTT 176 59

R: CTGTGCCGTTGAACTTGC

Note: All the primers used in this experiment were synthesized in Invitrogen (Nanjing, China)

%bp = bases of pairs

Genes: GAPDH = glyceraldehyde-3-phosphate dehydrogenase; SLC7A1 = solute carrier family 7 member 1; SLC7A2 = solute carrier family 7 member 2; SLC7A5 =
solute carrier family 7 member 5; SLC7A6 = solute carrier family 7 member 6; SLC7A7 = solute carrier family 7 member 7; SLC7A8 = solute carrier family 7

member 8

performed on an equal amount of RNase-free water as a
negative control. Gene expression was calculated using
the 2722t method [25].

Statistical analysis
Data were analyzed using the general linear model pro-
cedures of SPSS 16.0:

Yik = p+ Ti + Pj + Cic + ejji,

where Yjj = response variable value of the kth cow sub-
jected to the i™ treatment in the j™ period, y is the
grand mean, ey = the random error, T; = fixed effect of
the i™ treatment (i = Control, Arg group and Ala group),
P; = random effect of the jth period (j=1, 2 and 3) and
Ci = random effect of the k™ cow. Treatment differences
were determined by the Tukey multiple comparison test
and were considered significant if P < 0.05.

Results

Effects of arginine infusion on feed intake and production
parameters

Table 3 reports the effects of different treatments on
feed intake and production parameters. The milk yield
and milk efficiency in the Arg group were higher than
that in Control (P=0.03 and P=0.03 respectively) or
Ala group (P =0.03 and P = 0.048 respectively). However,
no differences in milk yield (P = 0.60) and milk efficiency

(P =0.43) were detected between Control and Ala group.
Furthermore, the infusion of Arg increased the content
and yield of protein in milk compared with Control (P =
0.001 and P =0.01 respectively) or Ala group (P =0.049
and P =0.04 respectively), while there were no differ-
ences in milk protein content (P=0.60) and yield (P =
0.08) between Control and Ala group. Furthermore, the
daily feed intake, the concentrations and yields of milk
fat or solids nonfat were also not affected by treatments.

Effects of arginine infusion on absorption and utilization
of nitrogen
The effects of different treatments on absorption and
utilization of nitrogen are described in Table 4. Com-
pared with Control (P=0.01) or Ala group (P=0.04),
the production of protein N in milk in cows infused with
Arg was greater, but no difference in the yield of milk
protein N was found between Control and Ala group (P
=0.60). Furthermore, the infusion of Arg increased the
NUE compared with those infused with alanine (P =
0.04). No difference in the NUE was detected between
Control and Arg group (P=0.06) or Ala group (P=
0.97). In addition, there were no differences in the diet-
ary N intake, fecal N, absorption of dietary N intake and
total N intake across treatments.

The effects of treatments on urea N in serum, urine and
milk of cows are reported in Table 5. The concentration
of urea N in serum and daily quantity of milk urea N in
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Table 3 Effect of arginine infusion on the feed intake and production parameters of lactating dairy cows
[tems Treatments® SEM P-value
Control Arg group Ala group
Feed intake, kg DM/d 21.69 2233 22.82 0.90 048
Milk yield, kg/d 2545° 28.16° 2595° 0.92 0.03
Milk fat, % 442 419 4.09 0.14 0.09
Milk protein, % 3.04° 3.17° 3.11° 0.03 <001
Solids nonfat, % 881 873 875 0.21 093
Milk fat yield, g/d 1125.88 1179.80 1064.26 6192 022
Milk protein yield, g/d 77497° 893.95° 805.80° 3138 001
Solids nonfat yield, g/d 224128 245833 2271.29 101.66 0.11
Milk efficiency® 1.12° 130° 117° 0.06 0.03

2bpifferent superscripts within a column represent significant differences (P < 0.05)

“Control, saline; Arg group, saline + 9.42 g/L L-Arg; Ala group: saline + 19.31 g/L L-Ala

IMilk efficiency: Milk yield/Feed intake

cows infused with Arg were lower compared with Control
(P=0.01, P =0.004 respectively) or Ala group (P =0.03, P
=0.04 respectively). Furthermore, the quantity of urea N
in daily urine in cows infused with Arg was also lower
than that in the Ala group (P =0.04). No difference was
found in this index between Control and the Arg (P =
0.13) or Ala group (P =0.78).

Effects of arginine infusion on plasma profiles and
arteriovenous differences of free amino acids
As shown in Table 6, compared with Control (P=
0.03) or Ala group (P=0.02), the infusion of Arg sig-
nificantly increased Arg concentration in coccygeal
plasma. A similar result was also found for the con-
centration of alanine in arterial plasma which was
greater in the Ala group compared with the Control
(P=0.01) or Arg group (P=0.049). There were no
significant differences in the concentrations of other
free AA, total essential AA (TEAA), total
non-essential AA (TNAA), and total free AA (TFAA)
among different treatments.

No effects on the arteriovenous differences of Lys,
Leu, Ile, Phe, Val, Ala, Gly, Ser, Pro, Tyr, Cys, Asp and
TNAA were detected among different treatments

(Table 7). However, compared with the Control, the in-
fusion of Arg increased the arteriovenous differences of
Met (P=0.001), Arg (P=0.01), His (P=0.01), Thr (P=
0.01), Glu (P=0.03), TEAA (P=0.001) and TFAA (P=
0.02). Furthermore, the arteriovenous differences of Met
(P =0.003), Arg (P=0.02), His (P=0.04), Thr (P=0.01),
Glu (P=0.002), and TEAA (P=0.003) in the Arg group
were greater compared with the Ala group. While the
arteriovenous differences of TFAA in Arg group was
similar to that in Ala group (P = 0.06).

Effects of arginine infusion on gene expression of amino
acid transporters

Effects of different treatments on gene expression of
amino acid transporters are described in Table 8. The in-
fusion of Arg led to greater expression of SLC7A2 and
SLC7A8 compared with the Control (P=0.02 and P<
0.001 respectively) or Ala group (P =0.003 and P < 0.001
respectively). However, no difference in SLC7A2 and
SLC7A8 expression was found between the Control and
Ala group (P=0.68 and P =0.25 respectively). Further-
more, there was no difference in gene expression of
SLC7A1, SLC7A6, SLC7A7 and SLC7A5 among different
groups.

Table 4 Effects of arginine infusion on the absorption and utilization of nitrogen in lactating dairy cows

ltems Treatments® SEM P-value
Control Arg group Ala group

Dietary N intake, g/d 48574 50021 511.10 2025 048

Fecal N, g/d 152.36 137,68 13853 116 039

Absorption of dietary N, % 68.53 7238 7291 2.36 0.17

Milk protein N g/d 12147° 140.12° 126.30° 492 0.01

NUE®, % 2501 28.20° 24.69° 125 003

2bpifferent superscripts within a column represent significant differences (P < 0.05)

“Control, saline; Arg group, saline + 9.42 g/L L-Arg; Ala group: saline +19.31 g/L L-Ala
4The daily production of milk protein N was calculated after determination of milk protein using a 6.38 factor, in which N (g/d) = protein (g/d) x 6.38

®NUE (nitrogen utilization efficiency) = milk protein N/dietary N intake
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Table 5 Effects of arginine infusion on the urea N in serum, urine and milk of dairy cows

[tems Treatments® SEM P-value
Control Arg group Ala group

Urea N in serum, mmol/L 168° 1.36° 163°% 0.09 0.01

Urea N in urine, g/d 155.85°° 131.05° 164.08° 1194 004

Urea N in milk, g/d 942° 7.80° 8.95° 042 0.01

2bpifferent superscripts within a column represent significant differences (P < 0.05)

“Control, saline; Arg group, saline +9.42 g/L L-Arg; Ala group: saline + 19.31 g/L L-Ala

Discussion

Effects of arginine infusion on milk production
parameters

Milk is regarded as the main economic index of dairy pro-
duction, and yield is closely associated with dietary CP
and energy supply [3, 26, 27]. In the present study, al-
though no difference was detected in feed intake among
different groups, both milk yield and milk efficiency (cal-
culated as milk yield/feed intake) were increased by the in-
fusion of Arg compared with the Control. A similar result
was reported in lactating sows supplemented with 1% Arg
in the diet [12]. These results might be caused at least in

Table 6 Effects of arginine infusion on free AA concentrations
(umol/L) in plasma of coccygeal artery in dairy cows

part by an increase in mammary blood flow [28] induced
by nitric oxide (NO) which is a potent vasorelaxant of the
mammary vasculature [29]. Just as reported in a previous
study, the infusion of Arg to the dairy cows treated with
No-hydroxy-nor-L-arginine (arginase inhibitor) increased
the milk yield together with NO concentration in blood
[24]. However, no differences of milk fat and solids nonfat
were found among different treatments. The similar re-
sults were also reported by Zhao et al. [30].

Furthermore, the infusion of Arg increased both
the milk protein content and daily milk protein pro-
duction of experimental cows compared with those

Table 7 Effects of arginine infusion on arteriovenous difference
in free AA concentrations (umol/L) of dairy cows

[tems Treatments® SEM P-value Items Treatments® SEM P-value
Control Arg group Ala group Control Arg group Ala group

Lys 18223 18348 176.69 18.15 0.92 Lys 91.30 100.09 90.13 508 0.14
Met 65.88 63.30 63.06 11.05 0.96 Met 1299° 19.12° 14.13P 126 <001
Leu 32249 305.12 37140 4396 032 Leu 84.29 85.27 84.58 454 0.98
lle 187.06 176220 211.19 2334 0.34 lle 4383 4133 4457 266 046
Arg 19536°  25445° 191.55° 20.75 0.02 Arg 6162° 76.51° 63.70° 429 0.01
His 13321 165.01 126.13 1740 0.09 His 95.68° 12267° 103.33° 7.08 0.01
Phe 127.03 11941 150.87 1624 0.16 Phe 2858 27.71 2497 374 061
Thr 181.08 199.64 15240 2853 0.28 Thr 79.82° 90.86° 79.58° 327 0.01
Val 285.17 27302 31551 2763 031 Val 7167 69.68 7158 416 087
TEAAC 167952 173962 1758.82 14056 084 TEAAY 569.79° 633.25° 576.57° 1436 <001
Ala 187.04°  207.12° 253.09° 1765 0.01 Ala 13698 145.09 14577 1037 065
Gly 35145 38251 33345 39.15 047 Gly 22923 23824 237.59 1939 088
Glu 12556 12681 123.13 23.50 0.99 Glu 60.64° 72.16% 54.95° 403 <001
Ser 95.58 9535 80.27 735 0.09 Ser 62.78 66.73 66.51 221 0.17
Pro 11820 12934 13941 14.00 0.34 Pro 66.76 64.08 64.58 5.16 0.86
Tyr 7621 94.93 6844 1138 0.09 Tyr 26.54 23.79 2357 146 0.11
Cys 4175 5264 47.25 545 0.17 Cys 1293 1240 1228 0.60 053
Asp 115 137 104 035 065 Asp 046 045 045 001 0.64
TNAAY 99693 1090.09 1046.09 7294 046 TNAAY 59633 62292 605.69 2553 058
TFAAC 267645 282971 2804.91 16065  0.60 TFAAY 1166.11° 1256.17° 1182.25% 2941 0.02

2bpjfferent superscripts within a column represent significant

differences (P < 0.05)

“Control, saline; Arg group, saline + 9.42 g/L L-Arg; Ala group:

saline +19.31 g/L L-Ala

4TEAA: Total essential amino acids; TNAA: Total non-essential amino acids;
TFAA: total free amino acids

2bDijfferent superscripts within a column represent significant

differences (P < 0.05)

“Control, saline; Arg group, saline +9.42 g/L L-Arg; Ala group:

saline + 19.31 g/L L-Ala

YTEAA: Total essential amino acids; TNAA: Total non-essential amino acids;
TFAA: total free amino acids
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Table 8 Effects of arginine infusion on gene expression of
amino acid carriers in mammary gland (fold-change relative to

control 2744

Genes Treatments® SEM P-value
Control Arg group Ala group

SLCTAT 107 1.55 143 0.19 006

SIC7A2 - 097° 117° 091° 006 001

SIC7A6 098 107 113 0.06 006

SIC7A7 099 108 090 007 006

SLC7AS 1.00 098 103 005 060

SIC7A8  1.02° 223° 1.16° 0.09 <001

2Ppjfferent superscripts within a column represent significant

differences (P < 0.05)

“Control, saline; Arg group, saline + 9.42 g/L L-Arg; Ala group:

saline +19.31 g/L L-Ala

Genes: SLC7A1 = solute carrier family 7 member 1; SLC7A2 = solute carrier
family 7 member 2; SLC7A5 = solute carrier family 7 member 5; SLC7A6 =
solute carrier family 7 member 6; SLC7A7 = solute carrier family 7 member 7;
SLC7A8 = solute carrier family 7 member 8

infused with saline. At similar feed intake, the con-
centration of milk protein in primiparous sows fed a
maintenance diet containing Arg also increased
above control sows [31]. Despite its status as “semi
essential AA” the fact that removal of Arg from a
perfusate containing essential AA led to lower pro-
tein content in lactating cows underscores its im-
portance [32]. From a mechanistic standpoint, the in
vivo data agree with in vitro results indicating that
supply of Arg to BMEC enhanced casein synthesis
through activation of cellular signaling mechanisms
converging on mTOR [13]. Taken the available data
together, the positive effect of Arg supply on milk
yield and protein synthesis likely was caused by a
combination of greater blood flow via NO (another
metabolite of Arg) [28], and direct effects of Arg
and polyamines (metabolites of Arg) on mTOR [33,
34]. While there was a study reported that the post-
ruminal supplementation of N also increases the
milk yield and milk protein content in Friesian cows
[35]. Therefore, the Ala group was included to sup-
ply equal N via jugular vein compared with Arg
group in this study. The milk yield and protein con-
centration in Ala group were similar to those in the
Control but lower than in Arg group, which helps to
eliminate this query and verify the hypothesis that
Arg plays important roles in the milk synthesis in
addition to work as the basic unit of protein
synthesis.

Effects of arginine infusion on feed intake and the
aspects of nitrogen absorption and utilization

In non-ruminants, there is some evidence that Arg af-
fects feed intake [36, 37] through the regulation of NO
action on the central nervous system [38]. However, no
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effect of Arg infusion on feed intake was found in
present study. The similar result was also reported by
Yao et al. [14] that the dietary supplementation of Arg
has no effect on feed intake in neonatal pigs. Responses
to enhanced supply of Arg on feed intake might be spe-
cies specific and dose-depedent.

Despite the lack of effect on total daily N intake, daily
production of milk protein N was highest in the Arg
group. Therefore, the NUE increased to 27.53% (the
highest) by infusion of Arg. In cows fed silage and con-
centrates, previous studies have concluded that quantity
of excreted N is negatively correlated with NUE [39, 40].
In the current study, the output of urea N in urine
which was reported to be positively correlated with urin-
ary N [41] decreased by Arg infusion compared with ala-
nine infusion. In addition, the urea in blood which is the
major end product of AA oxidation in mammals [42]
and suggested to be an indicator of whole body NUE
[43] was also lower by infusing Arg compared with the
Control and Ala group. Similarly, the output of urea N
in milk (another NUE indicator closely related to urinary
N) [6] was also lowest in cows infused with Arg. All
these results were in line with results from sows in
which dietary Arg supplementation increased N
utilization and reduced plasma level of urea and output
of urinary N [12].

Effects of arginine infusion on plasma profiles and
arteriovenous difference of free amino acids

A previous study with dairy cows reported that an in-
crease of 8% TFAA in duodenal digesta resulted in a 5%
increase in milk protein content [44]. In addition to the
effects of enhancing TFAA supply to mammary gland,
changes in the supplementation of some essential AA
(lysine, methionine) also elicit effects on the production
of milk protein [11, 45]. In the current study, although
the concentrations of most free AA, TFAA, TEAA and
TNAA were not affected by treatments, the increase of
Arg concentration in coccygeal artery after Arg infusion
and arterial alanine concentration after alanine infusion
was consistent with a previous study [30]. As reported in
sows, the Arg uptake by the mammary gland is much
greater than milk Arg output [46], which indicates a
high capacity of the mammary gland to catabolize Arg
for other functions (regulating mammary gland blood
flow, protein synthesis, fatty acid synthesis and lactogen-
esis) related to milk synthesis [47].

An interesting result was observed by Mateo et al. [12]
that the elevated plasma Arg decreased the plasma con-
centrations of Ser, His, Thr and Glu but increased con-
centration of total AA (primarily protein) in milk. They
surmised these results were caused by the increased up-
take of AA by mammary gland (through a combination
of greater growth of mammary gland and the blood flow
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to it) which induced by Arg supplementation. Infusion
of Arg in the present study led to greater mammary up-
take of His, Thr, Glu together with Met, Arg, TEAA and
TFAA compared with the Control. However, the uptake
of His, Thr, Glu, Met, Arg, TEAA and TFAA were not
affected by infusion of Ala. These data agree with the
study by Mateo et al. [12], and suggest that addition of
Arg elicits multifaceted effects on all of which lead to
greater milk protein synthesis in dairy cows.

Effects of arginine infusion on gene expression of amino
acid transporters

It has been reported that the amounts of essential AA
supplied to mammary gland play important roles in the
synthesis and secretion of milk protein [48]. Amino
acids which are a kind of micro-molecules need to com-
bine with the amino acid carrier proteins to get through
cytomembrane. Thus, the amount and the activation of
the amino acid carriers are positively correlated to the
protein synthesis [49]. In present study, the gene expres-
sion of SLC7A1, SLC7A5, SLC7A6 and SLC7A7 was not
affected by different treatments. However, the gene ex-
pression of SLC7A2 and SLC7A8 was greater in the cows
infused with Arg compared with the Control or Ala
group. The similar results were also reported by Ding et
al. [24] that the infusion of Nw-hydroxy-nor-L-arginine
(an arginase inhibitor) together with Arg increased the
SLC7A8 expression in bovine mammary gland. Further-
more, the study in porcine intestinal epithelial cells also
indicated that the supplementation of Arg in culture
media increased the expression of SLC7A8 [50]. Accord-
ing to the classification method on the basis of the spe-
cifics of amino acids, SLC7A2 and SLC7A8 are two
important acidic AA transporters for Arg, Lys and His.
The increased expression of SLC7A2 and SLC7A8 might
partly contribute to the increased uptake of Arg and His,
and the protein synthesis in mammary gland. In addition
to working as the transporter of AA, there have been
some studies [51, 52] found that the amino acid carriers
proton-assisted amino acid transporter, SLC7A2 and
SLC7AS8 are positively correlated to the mammalian tar-
get of rapamycin (mTOR) kinase which is crucial to the
cell growth and proliferation, and protein synthesis [53].
Just as described in the study of Zeng et al. [50], the
addition of Arg increased SLC7A8 expression and acti-
vated mTOR, resulting in the increased growth and pro-
liferation of intestinal epithelial cells. Although the
expression of mTOR was not compared in this study,
the previous study in BMEC found the increased avail-
ability of Arg promote the casein synthesis by activating
mTOR [13]. Thus, the effects of Arg infusion on milk
production may be related to the amino acid trans-
porters (SLC7A2 and SLC7AS8) together with mTOR.
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Conclusions

Enhancing the post-ruminal supply of Arg can have a
positive effect on milk yield and protein synthesis. A
number of potential direct and indirect effects (the
changes in amino acid transporters and mTOR, and
the blood flow) appear responsible for these effects.
Further research is warranted to identify the better
underlying mechanisms that N utilization efficiency
can be enhanced.
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