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Abstract: In cattle, dietary protein is gradually degraded into peptide-bound amino acids (PBAAs), free amino acids
(FAAs), and ultimately into ammonia by the rumen microbes. Both PBAA and FAA are milk protein precursors, and the
rumen and small intestines are the main sites where such precursors are produced and absorbed. This work was
designed to investigate the expression of the peptide transporter PepT1 and the AA transporters ASCT2, y'LAT1, and
ATBO’+, and the concentrations of PBAA, FAA, and soluble protein in the rumen, omasum, and duodenum of dairy
cows. Tissues and digesta were collected from six healthy Chinese Holstein dairy cows immediately after the animals
were slaughtered. The expression of transporters was analyzed by real-time quantitative polymerase chain reaction
(PCR). The FAA concentration was assessed using an amino acid (AA) analyzer, PBAA concentration by quantifica-
tion of AA before and after acid-hydrolysis by 6 mol/L HCI, and soluble protein concentration by quantification of the
bicinchoninic acid content. The results showed that the relative abundance of mRNA of the transporters and the
soluble non-ammonia nitrogen (SNAN) concentration of each fraction were greater in the duodenum than in the rumen
or omasum. These results indicate that the duodenum is the predominant location within the nonmesenteric digestive
tract for producing milk protein precursors. In addition, PBAA was the largest component of SNAN in the digesta from
the rumen, omasum, and duodenum. In conclusion, the duodenum has the greatest concentrations of SNAN and
PBAA, and the greatest potential for absorption of SNAN in the form of PBAA in the nonmesenteric gastrointestinal
tissues of dairy cows.
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1 Introduction microbes. Some dietary soluble protein can escape

ruminal degradation and increase the supply of amino

Protein, as one of the most important nutrients  acid (AA) for milk production (Choi et al., 2002c¢).

for ruminants, is gradually degraded by microbes into
peptide-bound amino acids (PBAAs), free amino
acids (FAAs), and ultimately ammonia after entering
the rumen. Then, the PBAA, FAA, and ammonia are
used for the synthesis of microbial protein by rumen
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Soluble non-ammonia nitrogen (SNAN) in omasal
digesta (OD) indicates the presence of the terminal
products of rumen degradation and partly constitutes
the liquid phase nitrogen available for entering the
intestine (Oh et al., 2008). Previous reports have
found that a significant amount of nitrogen (N) can
escape degradation in the rumen in the form of pep-
tides and supply AAs for the intestine, especially in
the proximal part (Volden ef al., 2002; Rémond et al.,
2009). PBAA and FAA constitute milk protein pre-
cursors (Tagari et al., 2008), and the rumen and small
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intestine may be the main parts of the gastrointestine
where such precursors are produced and absorbed
(Zhao et al., 2012). Peptides are hydrolyzed inside
enterocytes and AAs are released together with those
absorbed by AA transporters. Through the blood
circulation, AAs are delivered mainly to the mam-
mary gland where they serve as building blocks for
milk protein synthesis. The main site of peptide ad-
sorption is nonmesenteric-drained viscera, and non-
mesenteric drainage coming from the rumen, reticu-
lum, omasum, abomasum, duodenum and spleen
(Webb et al., 1993). The duodenum is an important
component of the digestive tract, forming part of the
nonmesenteric system and small intestine. Many
studies concerning the rumen and omasum have been
published, but few have investigated the concentra-
tion and proportion of peptides and other forms of
SNAN in the rumen, omasum, and duodenum.

Peptides have their own transport systems in-
dependent of those responsible for transporting FAA
(Webb, 1990). It is generally recognized that the main
method of absorption is by intermediate peptide
transporters. AAs are transported by different trans-
porter systems. However, in the small intestine,
omasum, and rumen of sheep and dairy cows peptides
are transported mainly by peptide transporter 1
(PepTl) (Gilbert et al., 2008). Transporter ASCT2 is a
neutral AA transporter and y'LATI is a cationic
transporter, and both are expressed in the apical
membrane of the small intestine. ATB”" can transport
both neutral and cationic AAs and is expressed in the
basolateral membrane of the small intestine (Broer,
2008; Liao et al., 2008; 2009). However, the expres-
sion profiles of these transporters in the nonmesen-
teric gastrointestinal tissues of dairy cows are un-
known. Therefore, the purpose of this study was to
investigate the SNAN concentrations of each fraction
in the rumen, omasum, and duodenum, the proportion
of peptides, and the expression of PepT/ and AA
transporters on the membrane of the nonmesenteric
gastrointestine.

2 Materials and methods
2.1 Animal management

Six healthy Chinese Holstein dairy cows in late
lactation, weighing (643.0+67.4) kg and with milk

production of (13.40+£2.05) kg/d, were killed by
stunning with a captive-bolt pistol, followed by ex-
sanguination. Before slaughter, the cows were sepa-
rately housed in individual tie-stalls with free access
to water. To satisfy basic needs and standardize the
rumen condition, a basal diet was fed to the cows
twice daily, at 07:00 and 19:00. The proportions of
dietary ingredients and the chemical composition of
experimental feeds are shown in Table 1. Three hours
elapsed between the last feed and the slaughtering of
the cows.

Table 1 Proportion and chemical composition of die-
tary ingredients in the experimental diet and the intake
of the animals

Item Proportion (%)
Dietary ingredient
Silage corn 23
Chinese wildrye 26
DDGS' 10
Corn 26
Bran 6.8
Bean cake 2
Cottonseed meal 4
Additive-mineral and vitamin 0.3
CaHPO, 1.4
Salt 0.5
Composition
Dry matter 76.9
Crude protein 11.0
Ether extract 33
Ash 42
Neutral detergent fiber 31.0
Acid detergent fiber 19.8
Intake 15.2 (kg/d)

! Distillers dried grains with solubles. * All data are expressed as
percentage except for intake (kg/d)

2.2 Real-time quantitative polymerase chain re-
action (qQPCR) of transporter mRNA

Ruminal, omasal, and duodenal epithelium were
taken from the cows immediately after slaughter.
Total RNA was extracted using a TRIzol kit (Invi-
trogen, USA). The purity and quantity of total RNA
were measured using a NANODROP 2000 Spectro-
photometer (Thermo, USA). RNA of all samples had
a ratio of optical density at 260 nm to that at 280 nm
between 1.8 and 2.0. Synthesis of cDNA was carried
out using PrimeScript RT reagent Kit Perfect Real
Time (TaKaRa, Shiga, Japan). The primers for PepT/
and GAPDH were from Xu et al. (2014). The primers
of ASCT2, y"LATI, and ATB"", separated by at least
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one intron on the corresponding genomic DNA, were
designed and synthesized (Biotechnology, China) as
in Table 2. The qPCR of reverse-transcription prod-
ucts was performed using an ABI Prism 7500 Se-
quence Detection System (Applied Biosystems,
USA). Components of a 20-ul qPCR reaction were
used according to the manufacturer’s protocol
(TaKaRa). The PCR conditions were 95 °C for 30 s,
40 cycles of 95 °C for 5 s and 60 °C for 34 s using a
continuous fluorescence measurement. Sequencing of
the amplified PCR products showed a 100% match to
known bovine DNA sequences in GenBank. Each
cDNA sample from each cow was analyzed in tripli-
cate. GAPDH was chosen as a housekeeping gene.
The same quantity of cDNA from each tissue was
used for qPCR to maintain the Ct value of GAPDH
among different tissues.

2.3 Sampling and chemical analysis

Ruminal digesta (RD), omasal digesta (OD) and
duodenal digesta (DD) were taken from the cows
immediately after slaughter. The digesta were col-
lected in 50-ml centrifuge tubes and immediately
frozen (—80 °C). Before the analysis, RD and DD
were kept in an ice bath and then filtered through 8
layers of gauze. A total of 50 ml of filtrate was saved
for later experiments. Five grams of ODs were mixed
with 30 ml of McDougall’s buffer in a ratio of 1:6
(w/v) (McDougall, 1948), and kept in an ice bath for
24 h. The digesta was made according to the proce-
dure proposed by Choi et al. (2002b). All the filtrates
were centrifuged at 20000%g for 15 min at 4 °C to
eliminate small particles and rumen protozoa and
bacteria. Once completed, the supernatant was di-
vided into two portions: one was assigned to the as-
sessment of SNAN concentration (FAA-N), and the
other was hydrolyzed by trichloroacetic acid. The
trichloroacetic acid was substituted by 25% perchloric

acid, and the supernatant was divided into three parts
to measure the concentrations of FAA, peptides, and
soluble protein. Concentrations of soluble FAA in the
supernatant without hydrolysis were determined us-
ing an AA analyzer (Biochrom 20, Pharmacia Biotech
Ltd., Cambridge, UK). The peptide concentration was
estimated as N from hydrolysed supernatant minus N
present as FAA. Soluble protein was estimated from
the hydrolysis of bicinchoninic acid and quantified by
its optical density at 562 nm using a microplate reader
(Molecular Devices, USA), based on the standard
curve of bovine serum albumin. The tissues of the
rumen, omasum, and duodenum were immediately
taken from the cows after slaughter. The duodenal
mucosa was scraped from the proximal part of the
small intestine. The rumen and omasal papillae were
sheared from rumen and omasal tissues. The epithe-
lium was scraped from tissues and frozen in 1.5-ml
centrifuge tubes at —80 °C.

2.4 Calculations and statistical analysis

To quantify the expression of PepTl and AA
transporters, the relative quantification method pro-
posed by Schmittgen and Livak (2008) was used. In
this study, the SNAN concentration of each fraction
was calculated for the 50 ml of fluid or digesta of the
gastrointestine, as described by Choi ef al. (2002b;
2002c):  Craa-n=Cran/6.25; CppaaN=(Craa—Cran)/
6.25; Coolule protein N=Cpsp/60.25, where Cpaa is the
concentration of FAA in the supernatant, Craa is the
concentration of FAA after hydrolyzing by 6 mol/L
HCI, and C,, is the concentration of protein quanti-
fied by bicinchoninic acid.

The rumen was used as calibrator and GAPDH
was used as an internal control: —AACT=(Cr, gene of
interest, A_CT, internal control, A)_(CT, gene of interest, B_CT, internal
control, B), Where sample B was the calibrator and sam-
ple A was a sample from one of the other two parts

Table 2 Primers used for real-time quantitative PCR

Gene GenBank ID Sense/antisense primer (5'—3") Product size (bp)

PepTl1 NM_001099378 TGGCTGGGGAAGTTCAAGAC/ 239
TCCTGGCCCTCTTCAAA

ASCT2 NM _174601.2 CTTGATCTTGGCCGTGGACT/ 119
AGTTGCAGTTCTCTGTGCGA

Y LATI NM _001075151.1 AGGCTGGTCTCTGTGTGGTT/ 138
CTGGGAGGCCACTTCATACT

ATB"* NM_001098461.1 GCTGGTGTATGATTACTTTCTGC/ 150
CCCCACGATGTTTTTCCAAG

GAPDH AJ000039 GCCAAGAGGGTCATCATCTC/ 197

GGTCATAAGTCCCTCCACGA
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of the digestive tract. The sample with the lowest ACy
was used as calibrator within each comparison. For
the calculation of PepTI expression, the rumen was
chosen as calibrator, and for AA transporters, the
omasum was chosen. The relative change in the
PepTI mRNA was calculated using the 27T method
(Livak and Schmittgen, 2001).

The experimental data were statistically ana-
lyzed by analysis of variance (ANOVA) and Duncan’s
multiple range tests using SAS method Version 9
(SAS Institute Inc., Cary, NC, USA). The data are
presented as the meantstandard error (SE). A level of
P<0.05 was accepted as being statistically significant.

3 Results

3.1 mRNA expression of PepTI and AA transport-
ers in the rumen, omasum, and duodenum

Expression of PepTl, ATB"", ASCT2, and
y'LATI in the duodenum was significantly higher
than that in the rumen and omasum (Fig. 1) (P<0.05).
PepTI expression in the duodenum was 20.1-fold
greater than that in the rumen and 14.3-fold greater
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than that in the omasum. ATB"" expression in the
duodenum was 33.7-fold greater than that in the ru-
men and 310.6-fold greater than that in the omasum.
The expression of ASCT2 in the duodenum was
1.65-fold greater than that in the rumen and 3.1-fold
greater than that in the omasum. y'LATI expression
in the duodenum was 11.0-fold greater than that in the
rumen and 55.7-fold greater than that in the omasum.

3.2 Concentrations of FAA-N and PBAA-N in
ruminal, omasal, and duodenal digesta

The forage-to-concentrate ratio was 50:50. Mean
concentrations of FAA-N (N in the form of FAA),
PBAA-N, and soluble protein N are shown in Table 3.
The SNAN concentrations of each fraction of the
duodenum were 3.8 to 5 times higher than those of the
omasum (P<0.01), and 7 to 11 times higher than those
of the rumen. The ruminal SNAN concentrations of
each fraction were 1.8 to 2.2 times lower than those in
the omasum. PBAA constituted the largest proportion
of SNAN, namely 44.4% to 51.6%, from the duodenum
to the rumen. All FAA-N concentrations except Pro in
the duodenum were significantly higher than those in
the rumen and omasum (Table 4) (P<0.01). Most
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Fig. 1 Relative expression of PepTI and AA transporters in the rumen, omasum and duodenum
The mRNA expression of PepTI, ATB"*, ASCT2, and y 'LATI in the duodenum was higher than that in the rumen and
omasum (2 " value). For the calculation of PepT expression, the rumen was chosen as calibrator (a), and for AA
transporters, the omasum was chosen as calibrator (b, ¢, d). Values with different letters (A and B) are considered to be
significantly different (P<0.05). Data are expressed as mean+SE (n=6)



Xie et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2015 16(6):503-510

PBAA-N concentrations in the duodenum were sig-
nificantly higher than those in the rumen and omasum
(P<0.01). In addition, cysteine and cystine were oX-
idatively degraded, due to the use of HCI in the
pretreatment.

Table 3 SNAN concentrations of each fraction in the
ruminal, omasal, and duodenal digesta (n=6)

Concentration (mg N/100 ml)

Composition Ruminal Omasal Duodenal SE  P-value
FAA-N 22428 49.87% 189.77% 24.504 <0.01
PBAA-N 40.01% 7330 285.46" 35.798 <0.01
Soluble 15.108  34.57% 168.41* 16.394 <0.01
protein N

Total N 77.53% 157.73B 643.64" 65.757 <0.01
PBAA-N/ 51.6% 46.5% 44.4%

Total N

SE: standard error of means. Values in the same row with different
letters (A and B) are considered to be significantly different
(P<0.01)

4 Discussion

Macromolecular proteins, DNA, and RNA can be
precipitated by 25% perchloric acid. Peptides (of less
than fifty AAs) can be hydrolyzed to FAAs by HCI.
Peptides greater than six AAs are generally thought to
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be cleaved to fewer than six AAs by pancreatic-
released proteases/peptidases. The smaller size pep-
tides are then degraded into di- or tri-peptides and
FAAs by a variety of peptidases in the apical mem-
branes of intestinal epithelial cells (Clark et al., 1992).
PBAAs entering the duodenum from the abomasum
have two sources: microbial metabolism and diges-
tion of microbial protein by gastric acid and pepsin. In
this study, more of the duodenal PBAA may have
come from microbial protein due to the low lactation
yield of the dairy cows, the requirements of which can
be almost met by the microbial protein alone (Zhu
et al, 2013). In addition, digesta represent serial
events resulting in concentrations that are not pro-
portional to absorption events. For example, omasal
digesta is concentrated relative to rumen and duode-
nal digesta and, at least in vitro, omasal tissue appears
to have a greater capacity for dipeptide absorption
than does ruminal tissue (Matthews and Webb, 1995;
Matthews et al., 1996; McCollum et al., 2000).
Therefore, we investigated the expression of peptide
and AA transporters and the concentrations of PBAA,
FAA and soluble protein in the rumen, omasum, and
duodenum of dairy cows to find out which organ has
the greatest potential to absorb SNAN in nonmesen-
teric gastrointestinal tissues.

Table 4 Concentrations of 16 types of amino acids in the forms of FAA-N and PBAA-N in the ruminal, omasal, and

duodenal digesta (n=6)

FAA-N PBAA-N
AA Cor.lcentratlon (mg N/100 ml) SE Povalue Co.ncentratlon (mg N/100 ml) SE Povalue
Ruminal Omasal Duodenal Ruminal Omasal Duodenal

Asp 1.828 3.138 9.70% 1.522  0.0050  5.623%  13.759®  37.195% 4.855  0.0010
Thr 1.388 2,145 12534 2.074 0.0027 1.5788 499654 9.456* 1.603  0.0117
Ser 1.24® 2.79% 14754 2.128 0.0008 1.888" 7.588%A 112774 1.511  0.0019
Glu 3.905  12.03%4 22374 3.037  0.0024 6.1298 9.7628  49.652* 7.137  0.0010
Pro 0.04% 0.13% 0.06* 0.088 0.7320 29738 —0.133®  21.687* 2.885  0.0002
Gly 0.88"% 1728 10.58% 1.280  0.0001 3.3258 6.439%  28.1034 2451 <0.0001
Ala 1.298 3.83% 11524 1.620 0.0012 3.2288 4799  14.891* 1.961  0.0015
Val 1.12B 2428 1077° 1.656  0.0017 1.3838 2.049% 129524 1.944  0.0011
Met 0.44® 1.478 7.90* 0.976 0.0001  -0.334%*  —0.766% 3.050* 0.831  0.0102
Ile 1.098 1.928 8.394 1.396  0.0039 1.2428 2.080°%  11.934% 1.135  <0.0001
Leu 1.598 2778 17.794 2468 0.0005 1.6148 23048 19.309* 3371 0.0029
Tyr 1.05% 1.828 9.814 1.511 0.0015  0.969% 2.661%4  7.902% 1.342  0.0063
Phe 0.978 1.83%  11.63* 1.860 0.0017 1.1094 1.6834 6.460% 1474  0.0412
His 1.558 6.02%%  10.32% 1.271  0.0008 4.568% 9.045" 8.5844 1.615  0.132

Lys 3.128 7.08%4  14.39% 1.754  0.0013 3.1798 1.809%  29.425% 4015  0.0003
Arg 0.938 1.14% 1727 2.594  0.0050 1.540° 522654 13.586" 2.061  0.0027
EAA  1325%  28.63% 12079 16.619 0.0007  16.85 31.09%  122.66" 16.867  0.0009
NEAA 9.7  23.645  68.98* 8.841 0.0006 23.178 42218 162.80% 19.655  0.0003

SE: standard error of means; EAA: essential amino acids; NEAA: non-essential amino acids. Values in the same row with different letters

(A and B) are considered to be significantly different (P<0.01)
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The expression of AA transporters in the duo-
denum was significantly higher than that in the rumen
and omasum (Fig. 1). ASCT?2 is a high-affinity neutral
AA transporter at the apical membrane and can in-
teract with anionic AAs at the low pH of the intestine,
especially glutamate (Broer, 2008). ATB"" is a high-
affinity neutral and cationic AA transporter expressed
at the apical membrane. Liao et al. (2009) found
ATB"" and y'LATI mRNA expression in the duo-
denum, jejunum, and ileum of cattle (growing steers),
and mRNA expression by duodenal epithelia was
greater than that by the jejunum or ileum. The trend of
expression of y'LATI and ATB”" mRNA was rele-
vant to our current findings. Briefly, their expression
was highest in the duodenum. This result indicates
that the duodenum may have a greater capability for
the absorption of neutral and cationic AAs than the
rumen and omasum. In addition, the concentration of
FAA-N in the duodenum was greater than those in the
rumen and omasum (Tables 3 and 4). This result
agrees with previous studies reporting that AAs es-
cape from the rumen due to the degradation of protein
by rumen microbes and enter the duodenum, thus
differing from those in the feed consumed (Piepen-
brink and Schingoethe, 1998; Taghizadeh et al.,
2005). Incubation of the intestine also has a consid-
erable effect on AA profiles for all feedstuffs. For
most feedstuffs, this can be explained by the fact that
secretions of trypsin, chymotrypsin, elastase, and
carboxypeptidases A and B from the pancreas show
specificity for PBAA. Their maximal activity occurs
in the proximal segments of the small intestine (Chen
et al., 1987; Taghizadeh et al., 2005). In the present
study, concentrations of PB-Thr, PB-Tyr, PB-Phe,
and PB-Arg in the omasum were different from those
in the duodenum, confirming the activity of pancre-
atic enzymes. Although both AA concentrations and
AA transporter mRNA expression were greater, the
magnitude of the AA concentration was much less
than that of mRNA expression. The concentration of
AAs and the expression of AA transporters in the
duodenum were significantly higher than those in the
rumen and omasum.

In this study, the mean concentrations of FAA-N
were lower than published values (6.30-33.37 mg N/L
and 12.20-56.23 mg N/L, respectively) (Choi et al.,
2002a; 2002b; 2002c; Choi and Choi, 2003). One
reason may be that incomplete acid precipitation of

proteins results in overestimated peptide fractions, as
discussed by Reynal et al. (2007). The dietary protein
proportion (11%) was lower than that found in pre-
vious studies (Choi et al., 2002a; 2002b; 2002c; Choi
and Choi, 2003). The relatively low dietary protein
led to less degradation of protein into SNAN and less
use of available SNAN by rumen microbes. Thus, less
microbial protein was provided to the duodenum.
Another reason may be that different methods to deal
with the digesta resulted in different SNAN concen-
trations left in the liquid phase of the digesta. In ad-
dition, small peptides can be absorbed by PepT! by
the epithelial cells of the gastrointestinal tract without
further degradation (Xu et al., 2014). The expression
of PepTI increased significantly from the rumen to
the duodenum, but not significantly between the ru-
men and the omasum (Fig. 1). This result indicates
that the duodenum may be the major nonmesenteric
gastrointestine for peptide absorption. In addition, the
trend of PBAA-N concentrations was similar to the
trend of PepT1 expression in the rumen, omasum, and
duodenum. This may be because peptides stimulate
the expression of PepT] to transport more peptides
across the epithelium. PepT! increased with the in-
crease in peptide concentration in the nonmesenteric
gastrointestine. In this study, the concentrations of
PBAA-N increased from the rumen to the duodenum.
This may be because some PBAA-N was used by
rumen microbes, and microbial protein was degraded
into PBAA by the large number of peptidase enzymes
in the duodenum (Clark et al., 1992). These results
confirm that the duodenum is the major nonmesen-
teric gastrointestine for peptide absorption. In addi-
tion, we found that PBAA-N concentrations ac-
counted for about half of the SNAN. This result
suggests that PBAA has an important role in SNAN
absorption. The proportion of PBAA-N was lower
than that found in some previous studies (Choi et al.,
2002a; 2002b; 2002c; Choi and Choi, 2003). One
reason may be that incomplete acid precipitation of
proteins results in overestimated peptide fractions, as
discussed by Reynal et al. (2007). Another reason
may be that the methods to deal with the digesta may
result in different SNAN concentrations left in the
liquid phase of the digesta. In this study, a low crude
protein diet was used to feed cows with low yield
lactation. In China, there are many small and medium
dairy farms using Chinese Holstein dairy cows with a
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low milk yield. If a higher crude protein diet was used
to feed the cows, the distribution and the proportion of
all kinds of SNAN may be similar to those in this
study due to the similar gastrointestinal environment.

In conclusion, the mRNA expression of three
AA transporters and PepT! in the duodenum was
highest in the nonmesenteric gastrointestine, as were
the concentrations of FAA-N and PBAA-N. This
common trend indicates that the duodenum is the
major nonmesenteric site for absorbing SNAN.
Moreover, PBAA-N concentrations accounted for the
largest part of SNAN, suggesting that PBAA has an
important role in SNAN absorption and confirming
results from previous studies. These results can
be used to improve feed regulation and gastrointes-
tinal metabolism to increase milk protein yield and N
efficiency.
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