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ABSTRACT

Objectives were to measure net fluxes of free (FAA)
and peptide bound amino acids (AA) (PBAA) across
portal-drained viscera (PDV), liver, splanchnic, and
mammary tissues, and of milk AA output of lactating
Holstein cows (n = 6, 109 ± 9 d in milk) as influenced
by flaking density of corn grain. Cows were fed alfalfa-
based total mixed ration (TMR) containing 40% steam-
flaked (SFC) or steam-rolled corn (SRC) grain. The TMR
were offered at 12-h intervals in a crossover design. Six
sets of blood samples were obtained from indwelling
catheters in portal, hepatic, and mammary veins and
mesenteric or costoabdominal arteries every 2 h from
each cow and diet. Intake of dry matter (18.4 ± 0.4 kg/
d), N, and net energy for lactation were not altered by
corn processing. Milk and milk crude protein yields (kg/
12-h sampling) were 14.2 vs. 13.5 and 0.43 vs. 0.39 for
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cows fed SFC or SRC, respectively. The PDV flux of
total essential FAA was greater (571.2 vs. 366.4 g/12
h, SEM 51.4) in cows fed SFC. The PDV flux of total
essential PBAA was 69.3 ± 10.8 and 51.5 ± 13.2 g/12 h
for cows fed SFC and SRC, respectively, and differed
from zero, but fluxes of individual PBAA rarely differed
between treatments. Liver flux of essential FAA was
greater in cows fed SRC, but only the PBAA flux in
cows fed SRC differed from zero. Splanchnic flux of
FAA and PBAA followed the pattern of PDV flux, but
variation was greater. Mammary uptake (g/12 h) of
total essential FAA was greater in cows fed SFC than
SRC (224.6 vs. 198.3, SEM 7.03). Mammary uptake of
essential PBAA was 25.0 vs. 15.1, SEM 5.2, g/12 h for
cows fed SFC or SRC, respectively, and differed from
zero in half of the PBAA. Milk output of EAA was 187.8
vs 175.4, SEM 4.4 g/12 h in cows fed SFC and SRC,
respectively, and output of most essential AA consis-
tently tended to be greater in cows fed SFC. It is appar-
ent that PBAA comprise a portion of total AA flux across
PDV and are affected by grain processing. Further, this
pool supplies an important component of AA taken up
by the mammary gland. Quantifying the contribution
of PBAA may improve diet formulation with respect to
intestinal absorption and mammary uptake of AA.
(Key words: amino acid, peptide, dairy cow, flaked
corn)

Abbreviation key: EAA = essential AA, FAA = free
AA, GIT = gastrointestinal tract, MEE = mammary
extraction efficiency, MU = mammary upake, NEAA =
non-essential AA, PAH = p-aminohippuric acid, PB =
peptide-bound, PDV = portal-drained viscera, PBAA =
peptide bound AA, SFC = steam-flaked corn, SRC =
steam-rolled corn.
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INTRODUCTION

Until recently, the belief was that intact proteins
leaving the rumen are degraded exclusively in the small
intestine and are absorbed there in the form of free AA
(FAA) and that FAA in blood are the exclusive pool for
tissue metabolism. Data accumulated during the last
decade indicate a frequent failure of the predicted sup-
ply of AA from the FAA pool in the blood to fully satisfy
the needs of the mammary gland for milk protein syn-
thesis, and probably for metabolism (Guinard and Rul-
quin, 1994; Metcalf et al., 1996; Bequette et al., 1999).
Evidence that FAA from blood may be insufficient to
meet tissue needs (Schwab et al., 1976; Vanhatalo et
al., 1999) along with evidence for transport of peptide-
bound (PB) AA (PBAA) from the gastrointestinal tract
(GIT; Koeln et al., 1993) suggests that sources other
than FAA, namely proteins and/or PBAA, may contrib-
ute to meeting tissue needs. These findings brought the
AFRC (1991) to state that: “The possible role of peptides
(in addition to FAA), in the supply of AA N, would have
major implications on the development of systems used
to evaluate protein supply for ruminants.”

There has been controversy, however, regarding
methods employed to quantify PBAA and PBAA fluxes
across tissues. At issue was the completeness of plasma
protein removal by various precipitation methods and
the ability to accurately quantify small arteriovenous
differences. Variable contributions of PBAA to the total
concentration of FAA plus PBAA in arterial plasma
have been reported (65%, Koeln et al., 1993; 26 to 28%,
Seal and Parker, 1996; 38%, Remond et al., 2000). Like-
wise, variable contributions of PBAA to the total portal-
drained visceral (PDV) flux of FAA and PBAA have
been reported (89%, Koeln et al., 1993; 57 to 63%, Seal
and Parker, 1996; 36 to 47%, Remond et al., 2000). That
positive fluxes of PBAA across nonmesenteric-drained
viscera have been reported suggests the possibility that
there is preintestinal absorption of PBAA (Webb et al.,
1993; Seal and Parker, 1996; Remond et al., 2000).

Less controversial is the evidence for the contribu-
tions of PBAA for milk protein synthesis and mammary
metabolism. Results from in vivo studies indicate that
the caprine mammary gland uses PBAA for milk pro-
tein synthesis (Backwell et al., 1996; Bequette et al.,
1999). Met-containing peptides were reported to be used
as Met sources for synthesis of secreted proteins by
mammary tissue explants from mice (Wang et al., 1996)
and for protein accretion in cultured MAC-T cells (Pan
et al., 1996).

That diet can influence PDV flux of PBAA became
known when lambs that were infused ruminally with
CN had nearly twice the PDV flux of PBAA as did lambs
not infused with CN (Remond et al., 2000). Therefore,

Journal of Dairy Science Vol. 87, No. 2, 2004

it may well be that diets differing in RUP, ruminal
microbial CP outflow, or composition of proteins may
influence PBAA flux across the GIT and, consequently,
PBAA availability for tissue utilization.

We hypothesize that PBAA are absorbed and are
sources of AA for the mammary gland. The present
study was conducted with lactating dairy cows fed regu-
lar dairy diets containing either steam-rolled (SRC) or
steam-flaked corn (SFC) grain. The objective was to
quantify the PDV, splanchnic, and hepatic fluxes of
FAA and PBAA. In addition, mammary uptake (MU)
from FAA and PBAA pools were compared with milk
AA output.

MATERIALS AND METHODS

Cows and Diets

Animal care and housing, surgical preparation of
cows, and sampling and analytical protocols were de-
scribed in greater detail in a companion paper (Delgado-
Elorduy et al., 2002a). Briefly, 6 early-lactation Hol-
stein cows (109 ± 9 DIM; 4 first lactation, 2 second
lactation) were randomly assigned to 2 dietary treat-
ments in a crossover design to determine the flux of
plasma FAA and PBAA across PDV, liver, splanchnic,
and mammary tissues, and the effect on milk yield and
milk protein and AA output. Diets differed only in the
method of processing the corn, which was described in
full by Delgado-Elorduy et al. (2002b). Diets contained
either SFC or SRC of densities of 360 and 490 g/L,
respectively. The SFC and SRC were mixed in TMR
the same day as they were processed using an auger-
type mixing wagon (Kirby, Inc., Tulare, CA). For the
first period, 3 cows received the diet containing SRC
and 3 cows received the diet containing SFC. The diets
were switched for period 2. Cows were housed in par-
tially shaded, individual pens where they had ad libi-
tum access (10% refusals) to TMR containing 36% al-
falfa hay and 40% grain (Table 1). Diets were offered
at 0600 and 1800 h daily. Cows were adapted to diets
for an average of 11 d (range = 7 to 14 d) before
blood sampling.

Surgery, Blood Collection,
and Blood Flow Measurements

Surgery, blood collection, and blood flow measure-
ments were as described earlier (Delgado-Elorduy et
al., 2002a). Surgical procedures and care of cows were
approved by the University of Arizona Institutional An-
imal Care and Use Committee (Approval #94-128-87).
Lactating cows were surgically implanted (22 ± 3 DIM)
with indwelling catheters in mesenteric, portal, and
hepatic veins and the mesenteric artery. Procedures
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Table 1. Ingredient and chemical analyses of experimental TMR with processed corn grain.

Item Percent TMR

Ingredient
Alfalfa hay 36.0
Corn grain1 40.0
Whole cottonseed 10.0
Soybean meal 8.0
Cottonseed hulls 3.0
Minerals and vitamin mix2 3.0

Chemical analyses (DM basis) Steam-rolled Steam-flaked SEM
DM 85.17 84.89 0.46
Starch 30.01 30.61 0.10
CP3 16.15 16.77 0.43
N 2.58 2.68 0.07
NDF 29.30 28.74 0.22
ADF 17.89 18.03 0.25
NEL,4 Mcal/kg DM 1.73 1.78 —

1Density: steam-rolled = 490 g/L (38 lb/bu); steam-flaked = 360 g/L (28 lb/bu).
2Composition: 2.5% NaHCO3, 13% MgO, 1% niacin, 0.5% Zinpro 40, 22% Ca2PO4, 6.6% NaCl, 2.3% S,

3.30 ppm of Co, 3.30 ppm Cu, 20 ppm of I, 1300 ppm of Mn, 10 ppm of Se, 2000 ppm of Zn, 67,000 IU/kg
of vitamin A, 6700 IU/kg of vitamin D, 700 IU/kg of vitamin E and molasses (carrier).

3Dietary N × 6.25.
4Estimated from Theurer et al. (1997) for corn grains (2.22 and 2.10 Mcal/kg DM for SF vs. SR, respectively),

and NRC (Theurer et al., 1999) for other feeds.

for catheter implantation and maintenance of patency
were as described by Huntington et al. (1989), except
for catheterization of the hepatic vein, which was per-
formed with the assistance of a linear ultrasound scan-
ner equipped with a 5.0 MHZ probe (Aloka-500V, Coro-
metrics Medical Systems Inc., New Haven, CT) to locate
the vein and to confirm placement of the catheter. Tem-
porary catheters for sampling blood from the mammary
vein were implanted 1 to 2 d before sampling in the
subcutaneous abdominal (mammary) vein, and the tip
was guided backwards by palpation and placed as close
as possible to the udder (2 to 5 cm). Two cows lost
patency of hepatic catheters. Two cows lost patency of
mesenteric artery catheters, and these were replaced
by inserting a catheter into a costoabdominal artery as
described by Haibel et al. (1989).

During sampling, cows were infused with a sterile
aqueous solution (pH 7.4) of p-aminohippurric acid
(PAH; 10%, wt/vol), which began 40 min prior to blood
collection. Blood samples were drawn simultaneously
from the artery, portal, hepatic, and mammary veins
into heparinized syringes, 5 to 7 min before completion
of PAH infusion. Six sets of each of the 4 samples were
collected at 2-h intervals, starting before the first milk-
ing at 0600 h. Syringes containing the samples were
immersed in an ice slurry (0 to 1°C). Then plasma was
harvested from the individual blood samples, and a
methanol filtrate was prepared (Delgado-Alorduy et al.,
2002a). The individual filtrates were pooled into one
sample/cow per day as previously described for FAA
(Delgado-Alorduy et al., 2002a). Concentrations of PAH
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in blood samples were determined as described by
Eisenman et al. (1987).

Feed and Milk Collection and Analysis

Feed and ort samples were obtained for 5 to 7 d prior
to and on the day of sampling and were pooled for each
cow and diet. Milk production was recorded daily and
milk samples were collected twice daily for 4 d before
and on the day of blood sampling. To enable the study
of the relationship between PDV net appearance and
MU of FAA and PBAA compared with AA secretion in
milk, an extra milk sample was collected from the p.m.
milking on the day of sampling.

Diets and orts were analyzed for DM, N, CP, total
starch, NDF, and ADF. Daily milk samples were ana-
lyzed for protein using infrared procedures. Analytical
protocols for all of these analyses were as described
previously (Delgado-Elorduy et al., 2002a).

FAA and PBAA Determination
in Plasma and AA in Milk

The AA composition of milk proteins and the FAA
composition of milk and plasma were determined by
protocols described previously (Delgado-Elorduy et al.,
2002a). Briefly, methanol supernatants were filtered
through passivated, Amicon Centricon YM-3 filter de-
vices (Millipore Corporation, Bedford, MA) that had a
cut-off of 3000 MW. Filtrates were collected in microcen-
trifuge tubes (catalog no. 05-664-34, Fisher Scientific,
Pittsburgh, PA), purged with N2, and stored refriger-
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ated (2°C) until analyzed. Filtered samples were ana-
lyzed for FAA and PBAA by HPLC using the Waters
Pico-Tag method (Bidlingmeyer et al., 1984). Samples
for PBAA were hydrolyzed in a HCl vapor at 112°C for
24 h prior to analysis. The HCl (constant boiling, catalog
no. 24309, Pierce, Rockford, IL) contained sodium sul-
fite (0.1%, wt/vol) and phenol (1.1 mg/mL). Replicate
analyses for FAA and PBAA from a particular sample
were performed consecutively. The AA content of hy-
drolyzed samples was corrected for losses occurring dur-
ing hydrolysis (Delgado-Elorduy et al., 2002a). The
PBAA content of samples was calculated as the differ-
ence between the corrected AA content of hydrolyzed
filtrates and the FAA content of filtrates. Recoveries
for PB-Tyr following hydrolysis were very poor, hence,
data for this PBAA are not presented.

Calculations of Blood Flow

Blood flow in portal and hepatic veins was calculated
by downstream dilution of PAH as described by Katz
and Bergman (1969), and was as follows:

BF = (PAHIR ÷ PAH[V-A]),

where BF is blood flow (L/h), PAHIR is infusion rate of
PAH (15,000 mg/h), and PAH[V-A] is venoarterial con-
centration differences of PAH (mg/L). Hepatic artery
blood flow (HABF) was calculated as the difference be-
tween hepatic and portal vein flows. Mammary blood
flow was determined and calculated by Fick’s principle
as previously described (Delgado-Elorduy et al., 2002a).

To determine the proportion of plasma in whole blood,
calculations were corrected for plasma contained in the
packed cell portion of the hematocrit based on the as-
sumption that 20% of the packed cell volume was
plasma (Elwyn, 1966). Hematocrits of blood samples
collected from different vessels were remarkably con-
stant and varied only minimally (28.4 ± 0.04%) among
animals. Therefore, an average corrected hematocrit
value was used to calculate plasma flow by multiplying
the blood flow by 0.7728 (proportion of corrected plasma
in blood).

Calculation of Net Fluxes of FAA and PBAA

Calculations of net fluxes of FAA and PBAA (g/12 h)
across PDV, liver, and splanchnic tissues, were as
follows:

XFPDV = PPF × X[P-A],

XFLiver = (HAPF × X[H-A]) + (PPF × X[H-P]), and

XFSplanchnic = HPF × X[H-A],
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where XFPDV, XFLiver, and XFSplanchnic are net fluxes of
FAA or PBAA (g/12 h) of PDV, liver, and splanchnic
tissues, respectively, PPF, HAPF, and HPF are portal
vein, hepatic artery, and hepatic vein plasma flows,
respectively, and X[P-A], X[H-A], and X[H-P] are portal-arte-
rial, hepatic-arterial, and hepatic-portal differences
(mg/L) for X (FAA or PBAA), respectively.

Calculations of liver extraction efficiency (LEE) were
as follows:

LEE = 100 × {(PPF × X[P-H]) + (HAPF × X[A-H])}
÷ {(PPF × XP) + (HAPF × XA)},

where LEE denotes liver extraction efficiency (%) and
XA and XP denotes the concentrations (mg/L) of FAA or
PBAA in plasma of the artery and portal veins, respec-
tively. X[P-H] and X[A-H] are portal-hepatic and arterial-
hepatic differences for FAA or PBAA (mg/L), respec-
tively.

Mammary uptake or mammary flux (XFM, g/12 h) of
FAA or PBAA and mammary extraction efficiency, %
(MEE) were calculated according to Brockman and
Bergman (1975) as:

MU = MPF × FAA[A-M] or MU = MPF × PBAA[A-M] and
MEE = 100 × (A − M) ÷ A,

where FAA[A-M] and PBAA[A-M] = concentration differ-
ences between arterial plasma and mammary vein
plasma for FAA and PBAA, respectively. MPF = mam-
mary plasma flow and A and M are artery and mam-
mary vein concentrations (mg/L), respectively of FAA
or PBAA.

Concentration of PB Glu + Gln and PB Asp + Asn
were calculated assuming that all free or PB-Gln and
PB-Asn were converted quantitatively during hydroly-
sis to Glu and Asp and were determined as such, hence
the equation was as follows:

PB-Glu + PB-Gln = TH Glu − (Glu + Gln),

where TH-Glu = total Glu in the hydrolyzate, PB-Glu
or PB-Gln = peptide-bound Glu or Gln and Glu or Gln =
free Glu or Gln.

Statistical Analysis

Plasma concentrations, nutrient fluxes, and lacta-
tional performance data were analyzed by ANOVA us-
ing the general linear model procedure previously out-
lined (Delgado-Elorduy et al., 2002a). Significance of
difference from zero was examined by t-test. Associa-
tions between variables were expressed by Pearson cor-
relation coefficients. Significance for performance data
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Table 2. Intake and lactational performance of dairy cows fed diets containing steam-flaked (SFC) or steam-
rolled (SRC) corn grain.

Diet

Item SFC SRC SEM P

Cows 6 6
Intake, kg/d
DM 18.49 18.24 0.36 0.65
CP 3.099 2.948 0.092 0.30
N 0.496 0.472 0.015 0.30
NEL, Mcal/d (Calculated) 32.900 31.580 0.630 0.20

Milk yields, of sampling day
Total, kg/12 h 14.2 13.5 0.18 0.05
CP (DHI) , kg/12 h 0.43 0.39 0.012 0.069
CP (DHI), % 3.0 3.0 0.3 NS
Total AA, kg/12 h 0.389 0.365 0.094 0.16
Total essential AA (w/o Trp), kg/12 h 0.188 0.175 0.044 0.13

and for plasma nutrient concentrations were declared
at P < 0.05 and tendencies at P < 0.10, whereas for FAA
and PBAA fluxes, ratios, or efficiencies, significance was
declared at P < 0.10 and tendencies at P > 0.10 to to P
< 0.2.

RESULTS

Results of performance related to milk production,
milk N, milk protein, and milk AA yields are reported
for the 12-h blood-sampling period. Also reported are
PDV, hepatic, splanchnic, and mammary fluxes of FAA
and PBAA. The results for the full experimental period
were published earlier (Delgado-Adulroy et. al., 2002b).

Feed Intake and Lactational Performance of Cows

Dry matter intake (kg/d) for the whole experimental
period was similar for cows fed SRC compared with
SFC (Table 2). Milk yield (kg/12 h) was 14.2 and 13.5
kg/12 h (P < 0.05), for cows fed SFC and SRC, respec-
tively. Milk CP yield was greater (P < 0.069) for cows
fed the SFC diet than for cows fed the SRC (0.43 and
0.39 kg/12 h, respectively).

Portal, Hepatic, and Mammary Vein and Arterial
Concentrations of FAA and PBAA

Except for PB-Phe in the portal vein in cows of both
treatments and PB-Ala, PB-Arg, PB-Asp, PB-Pro, PB-
Ser, and PB-Thr in the hepatic vein of cows fed the SFC
diets, concentrations of all individual FAA or PBAA
differed (P < 0.01 to 0.001) from zero (Tables 3, 4, and 5).

Arterial concentrations of total essential AA (EAA)
tended to be lower (P < 0.15) in the plasma of cows fed
SFC (Table 3). Arginine and Thr were lower (P < 0.03
and 0.02, respectively), whereas Asp, Gln, Ile, Leu, Phe,
and Pro only tended (P < 0.13 to 0.19) to be lower. In
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the PBAA pool, concentrations of PB-Ile, PB-Ser, and
PB-Val were lower (P < 0.03 to 0.06) in cows fed the
SFC diet, while concentrations of PB-Pro, PB-Orn, and
PB-Gly only tended (P < 0.14 to 0.17) to be so.

Portal concentrations of FAA and PBAA were similar
in cows fed SFC and SRC (Table 4). Hepatic concentra-
tions of FAA and PBAA were slightly lower than those
observed in the portal vein (NS) and were similar be-
tween treatments (Table 5). Only levels of Asp and Thr
were lower (P < 0.07 and 0.06, respectively) in cows fed
SFC. Regarding concentrations of PBAA in the hepatic
vein in comparison to the portal vein, fewer differed
significantly from zero, which may be attributed to pro-
cessing by the liver. However, concentrations of PB-
His, PB-Lys, PB-Met, and PB-Thr of the EAA differed
from zero (P < 0.001 to 0.1), and PB-Arg tended to be
so. Concentrations of all PB branched chain AA and
PB-Phe did not differ from zero.

Mammary vein concentrations of both FAA and
PBAA (Table 6) were affected by diet for more AA than
was observed for concentrations in arterial (Table 3) or
hepatic (Table 5) plasma. This could be expected in view
of the differences in milk and protein output (Table 2).
Accordingly, concentrations of Arg, Ile, Leu, Orn, Pro,
Thr, Val, and total EAA were lower (P < 0.025 to 0.09)
when the cows were fed the SFC diet compared with
the SRC diet. Concentrations of Asp, Lys, Phe, and total
AA tended (P < 0.12 to 0.18) to be lower when cows
were fed SFC. The same trend was observed for PBAA
in the mammary vein, where concentrations were lower
in cows fed SFC. Concentrations of PB-Arg, PB-Orn,
PB-Ser, PB-Thr, and total PB-EAA were lower (P <
0.04 to 0.1), and there was a tendency towards lower
concentrations of PB-Ala, PB-Gly, PB-Leu, PB-Lys, to-
tal PB-nonessential AA (NEAA), and total PBAA (P <
0.12 to 0.19) in cows that were fed SFC. Of the PBAA,
only the concentrations of PB-Phe and PB-Ile in cows
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Table 3. Arterial concentrations (mg/L) of free (FAA) and peptide bound amino acids (PBAA) in plasma of
cows fed steam-flaked (SFC) or steam-rolled corn (SRC) to densities of 360 or 490 g/L (n = 6).

FAA PBAA

Pool SFC SRC SFC SRC
Diet
Amino acid Mean P1 Mean P1 SEM2 P3 Mean P1 Mean P1 SEM2 P3

Ala 22.5 * 24.7 * 1.4 0.32 3.0 * 3.5 * 0.7 0.64
Arg 11.7 * 13.5 * 0.4 0.03 1.5 * 1.9 * 0.2 0.31
Asn 3.8 * 3.6 * 0.9 0.90
Asp 1.8 * 3.0 * 0.5 0.14 3.6 * 3.3 * 0.7 0.75
Cit 15.9 * 18.0 * 1.5 0.38 14.2 * 15.3 * 1.4 0.61
Gln 17.0 * 19.7 * 1.0 0.13
Glu 8.0 * 8.3 * 0.4 0.65 9.2 * 11.0 * 2.1 0.57
Gly 19.3 * 20.4 * 1.7 0.65 28.5 * 32.8 * 1.9 0.17
His 6.1 * 6.6 * 0.5 0.51 4.0 * 4.6 * 0.5 0.45
Hyp 2.2 * 2.3 * 0.2 0.51 0.9 * 1.0 0.1 0.50
Ile 15.3 * 17.2 * 0.8 0.15 0.3 * −0.1 0.1 0.06
Leu 21.4 * 24.2 * 1.2 0.18 1.7 * 1.6 * 0.3 0.85
Lys 8.3 * 8.8 * 0.5 0.49 2.6 * 2.5 * 0.3 0.83
Met 2.9 * 3.3 * 0.4 0.52 1.8 * 1.6 * 0.4 0.67
Orn 3.8 * 4.5 * 0.3 0.20 2.3 * 2.9 * 0.2 0.14
Phe 8.5 * 9.9 * 0.7 0.19 0.4 # 0.3 # 0.2 0.84
Pro 10.9 * 12.6 * 0.6 0.13 1.7 * 1.3 * 0.1 0.14
Ser 8.1 * 9.0 * 0.6 0.35 2.5 * 4.1 * 0.4 0.05
Thr 8.5 * 10.8 * 0.5 0.02 1.2 * 0.9 * 0.2 0.45
Trp 6.7 * 7.8 * 0.5 0.21
Tyr 11.1 * 12.0 * 1.1 0.60
Val 29.0 * 31.2 * 1.4 0.31 0.8 * 1.8 * 0.2 0.03
TEAA4 118.2 * 133.4 * 5.9 0.15 14.3 * 15.1 * 0.8 0.51
TNEAA4 124.5 * 138.1 * 5.8 0.17 37.4 * 44.5 * 4.6 0.34
TAA4 242.7 * 271.5 * 11.2 0.15 51.7 * 59.6 * 5.4 0.35

*, #, Differs from zero at P < 0.001 to 0.05, or P < 0.11 to 0.2, (Trend), respectively.
1Probability of differing from zero.
2SE of the model least square means.
3Probability of difference between treatments within pools (FAA or PBAA).
4Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).

fed SFC and PB-Val in cows fed SRC did not differ
significantly from zero. The proportion of total PBAA
to total FAA (mg/L) in the plasma of the mammary
vein was 26.5 and 30.1% for cows fed SFC and SRC,
respectively. These were greater than in the other three
blood vessels (average 21.5%). The ratio of total PB-
EAA to total EAA was only 12.4 and 14.7% for SFC and
SRC, respectively.

Fluxes of FAA and PBAA Between Plasma Pools

Portal-drained visceral flux (PDVF). Fluxes of
total EAA (P < 0.013) and total AA (P < 0.033) across
the PDV were, on average, 56% greater for cows fed
SFC than for cows fed SRC (Table 7). The PDVF of Gly,
Hyp, Ile, Leu, Phe, Pro, Ser, Thr, Trp, and Val were
greater (P < 0.015 to 0.098) in plasma of cows fed SFC,
and PDVF of Ala, Arg, Lys, Met, and Tyr tended (P <
0.11 to 0.17) to be so. The PDVF of PB-Asp, PB-Gly,
PB-His, and PB-Ser were greater (P < 0.032 to 0.10) in
cows fed SFC, and there was a tendency (P < 0.11 to
0.17) for PDVF of PB-Orn, PB-Val, and PB-Pro to be
greater in cows fed SFC.
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Except for Gln, PDVF of all individual FAA in cows
fed both diets differed significantly from zero. However,
even though the PDVF of a substantial proportion of
PBAA differed from zero, the similarity between diets
regarding the differences from zero that were observed
in the FAA pool, were maintained in the PBAA pool
only for PB-Gly, PB-Hyp, PB-Ile, PB-Lys, PB-Orn, and
PB-Thr. The PDVF of PB-Cit, PB-His, PB-Ser, and PB-
Val differed (P < 0.008 to 0.08), and PB-Leu tended (P
< 0.12) to differ from zero in the cows fed SFC diet, but
not in cows fed SRC. To the contrary, the PDVF of PB-
Ala, PB-Arg, PB-Asp, PB-Glu, and PB-Pro differed (P
< 0.004 to 0.09) from zero in cows fed SRC but not
SFC. It is, therefore, suggested that dietary effect was
apparently expressed not only on the differences in the
PDV fluxes of FAA and PBAA but also on the profile
of the PBAA pool.

Liver flux (uptake). The flux of more than half of
the FAA in cows fed SFC diet differed from zero, but
only a few differed from zero in the SRC diet (Table 8).
Among the EAA, it is interesting to note that liver up-
take of BCAA, Arg, Lys, and Trp in both diets was
relatively small and did not differ from zero in both
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Table 4. Portal concentrations (mg/L) of free (FAA) and peptide bound amino acids (PBAA) in plasma of
cows fed steam-flaked (SFC) or steam-rolled corn (SRC) to densities of 360 or 490 g/L (n = 6).

FAA PBAA

Pool SFC SRC SFC SRC
Diet
Amino acid Mean P1 Mean P1 SEM2 P3 Mean P1 Mean P1 SEM2 P3

Ala 28.4 * 28.9 * 1.9 0.84 3.5 * 4.4 * 1.0 0.55
Arg 15.5 * 16.0 * 0.6 0.52 1.3 * 1.3 * 0.2 0.92
Asn 5.6 * 5.4 * 1.1 0.89
Asp 2.3 * 3.2 * 0.5 0.32 3.6 * 5.3 * 0.8 0.24
Cit 17.3 * 18.4 * 1.4 0.59 15.5 * 16.3 * 1.2 0.69
Gln 17.6 * 19.6 * 1.8 0.47
Glu 9.6 * 9.3 * 0.2 3.69 7.8 * 6.9 * 2.0 0.77
Gly 22.4 * 21.8 * 1.8 0.82 39.0 * 39.9 * 2.2 0.78
His 7.2 * 7.4 * 0.6 0.83 4.7 * 4.6 * 0.5 0.93
Hyp 2.4 * 2.5 * 0.2 0.79 0.8 * 0.9 * 0.1 0.63
Ile 18.9 * 19.4 * 1.2 0.79 0.7 * 0.5 * 0.2 0.63
Leu 27.3 * 27.8 * 1.7 0.85 2.3 * 2.1 * 0.3 0.66
Lys 11.9 * 11.3 * 0.9 0.64 3.2 * 3.2 * 0.2 0.82
Met 4.9 * 4.5 * 0.4 0.43 1.8 * 1.6 * 0.1 0.45
Orn 4.7 * 5.0 * 0.1 0.15 3.0 * 3.2 * 0.2 0.43
Phe 12.2 * 12.6 * 0.9 0.77 0.2 0.4 0.2 0.55
Pro 13.5 * 14.0 * 0.6 0.58 1.9 * 2.1 * 0.2 0.63
Ser 11.2 * 11.4 * 0.6 0.80 3.3 * 3.2 * 0.2 0.77
Thr 10.9 * 12.5 * 0.6 0.13 1.8 * 1.8 * 0.2 0.89
Trp 8.3 * 8.4 * 0.6 0.87
Tyr 14.6 * 14.6 * 1.4 0.99
Val 33.2 * 33.5 * 1.8 0.90 1.8 * 1.9 * 0.1 0.79
TEAA4 150.2 * 153.3 * 8.7 0.81 17.7 * 17.3 * 1.1 0.78
TNEAA4 149.6 * 154.2 * 7.5 0.67 47.3 * 49.5 * 4.9 0.76
TAA4 299.8 * 307.5 * 15.3 0.74 65.1 * 66.8 * 5.7 0.83

*Differs from zero at P < 0.001 to 0.05, respectively.
1Probability of differing from zero.
2Standard error of the model least square means.
3Probability of difference between treatments within pools (FAA or PBAA).
4Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).

treatments and His in cows fed SRC. Of the NEAA,
relatively large quantities of Ala, Gly, Cit, Pro, Tyr,
and Ser were extracted (P < 0.01 to 0.1) by the liver of
cows fed SFC. On the other hand, large (P < 0.01 to
0.03) quantities of Glu, were delivered into the hepatic
vein in cows fed both diets. Flux of Gln across the liver
was not different from zero in cows fed SFC, whereas
in cows fed SRC diets there was a tendency for it to be
extracted by the liver. Nevertheless, in both types of
corn, the FAA balance of Glu-Gln was positive, pointing
at a supply by the liver of this FAA. The flux of many
of the NEAA was observed to be significantly different
from zero; however, differences observed between treat-
ments were not significant.

Among the PBAA, Lys was, in both treatments, the
only PBAA that was extracted by the liver in quantities
differing from zero. The extraction of PB-Lys was 2.5
to 3 times greater than the extraction of Lys from the
FAA pool. In cows fed SFC, PB-Lys was the only EAA
that was extracted by the liver, whereas in cows fed
SRC, there was liver uptake (P < 0.06 to 0.10) of PB-
Val, PB-Ile, PB-Lys, and total PB-EAA and a tendency
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(P < 0.13 to 0.19) towards extraction of PB-Arg, PB-
His, PB-Gly, PB-Orn, and total PBAA.

Liver extraction efficiency, %. In several instances,
in both types of corn, extraction ratios of FAA or PBAA
differed (P < 0.001 to 0.10) from zero even though the
efficiencies were relatively low (Table 9). Among the
EAA, extraction of Met and Phe in both treatments,
and for Thr in cows fed SFC, was relatively high. Of
the NEAA in both treatments, high proportions of Ala,
Gly, Ser, and Tyr in both treatments and Asn in cows
fed SFC were extracted. Extraction in both treatments
of total EAA averaged 2.9% and was not significant,
whereas extraction of NEAA was 5.7% and, though
small, differed from zero (P < 0.065). The extraction
ratio of Glu was negative (P < 0.01; i.e., it was delivered
from the liver into the hepatic vein), whereas the extrac-
tion ratio was high and positive for PB-Glu, indicating
that large amounts of PB-Glu were extracted by the
liver in cows fed SFC (P < 0.06). The same was not true
for cows fed SRC. It is worth mentioning that large
quantities of PB-Glu were withdrawn from PDVF in
cows fed SRC (Table 7), which might have caused a
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Table 5. Hepatic vein concentrations (mg/L) of free (FAA) and peptide bound amino acids (PBAA) in plasma
of cows fed steam-flaked (SFC) or steam-rolled corn (SRC) at densities of 360 or 490 g/L (n = 6).

FAA PBAA

Pool SFC SRC SFC SRC
Diet
Amino acid Mean P1 Mean P1 SEM2 P3 Mean P1 Mean P1 SEM2 P3

Ala 23.4 * 22.5 * 1.50 0.70 5.28 # 2.36 2.2 0.45
Arg 13.8 * 14.3 * 0.42 0.44 1.56 # 1.17 0.6 0.68
Asn 4.1 * 4.3 * 1.74 0.96
Asp 1.7 * 3.0 * 0.26 0.07 2.57 # 4.04 ∧ 1.0 0.40
Cit 15.3 * 17.7 * 2.34 0.56 5.08 16.1 ∧ 4.1 0.20
Gln 17.8 * 15.6 * 2.55 0.61
Glu 12.0 * 12.5 * 0.40 0.44 4.44 3.57 3.4 0.24
Gly 16.9 * 18.2 * 2.33 0.72 32.2 * 35.19 * 3.5 0.61
His 6.7 * 6.7 * 0.65 0.97 4.15 * 4.01 * 0.8 0.91
Hyp 2.0 * 2.1 * 0.26 0.84 1.14 * 0.99 ∧ 0.3 0.78
Ile 17.9 * 18.2 * 0.84 0.80 1.96 0.11 1.3 0.36
Leu 26.4 * 26.0 * 1.24 0.87 3.64 ∧ 2.19 1.5 0.57
Lys 11.0 * 10.9 * 1.24 0.87 2.68 ∧ 2.52 * 0.2 0.69
Met 3.9 * 4.0 * 0.21 0.86 1.49 ∧ 1.68 * 0.2 0.51
Orn 4.7 * 5.1 * 0.28 0.40 2.69 ∧ 2.7 * 0.1 0.92
Phe 10.2 * 10.7 * 0.80 0.83 0.63 0.1 0.5 0.55
Pro 11.9 * 12.7 * 0.27 0.17 2.96 # 1.61 1.4 0.55
Ser 8.0 * 8.8 * 0.21 0.12 2.72 # 3.09 * 0.6 0.72
Thr 9.1 * 11.1 * 0.11 0.06 2.51 # 1.58 ∧ 0.5 0.34
Trp 7.8 * 7.2 * 0.43 0.43
Tyr 12.5 * 12.3 * 1.15 0.91
Val 31.7 * 31.5 * 1.90 0.95 5.21 0.79 3.1 0.42
TEAA4 138.3 * 140.7 * 5.57 0.79 23.8 ∧ 13.9 # 6.4 0.38
TNEAA4 130.3 * 134.9 * 4.50 0.56 40.1 ∧ 37.4 * 5.5 0.76
TAA4 268.6 * 275.4 * 8.10 0.61 63.9 ∧ 51.4 * 10.6 0.49

*, ∧, #, Differs from zero at P < 0.001 to 0.05, P < 0.05 to 0.1, or P < 0.11 to 0.2, (Trend), respectively.
1Probability of differing from zero.
2Standard error of the model least square means.
3Probability of difference between treatments within pools (FAA or PBAA).
4Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).

shortage in the liver and thus, be the reason for the
very small quantities of PB-Glu withdrawn by the liver
in that treatment.

Splanchnic flux. The magnitude of apparent differ-
ences between treatments in the splanchnic flux (Table
10) well reflect those that were observed for the PDVF.
Although these differences were not found to be signifi-
cant, a trend (P < 0.14 to 0.19) toward differences was
observed for 7 individual AA, of which 5 were EAA.
This applies as well to treatment differences for total
EAA and total AA. The splanchnic flux of many more
individual FAA differed from zero in cows fed SFC as
compared to cows fed SRC. Splanchnic flux of 4 FAA,
2 essential (Lys and Arg) and 2 nonessential (Glu and
Orn) differed from zero (P < 0.006 to 0.095) in both
treatments. Among the PBAA, only the splanchnic
fluxes of PB-Arg, PB-Asp, and PB-Val differed (P < 0.05
to 0.07) from zero and only in cows fed SRC.

Mammary flux. Except for Trp and Met, MU of all
other EFAA was numerically greater in SFC-fed cows
and significantly (P < 0.01 to 0.06) so for 5 of the 10
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(Table 11). This was reflected by a greater MU of total
EAA in SFC-fed cows (P < 0.06).

The MU of several PBAA was also influenced by diet.
Among the essential PBAA, MU of PB-Lys, PB-Leu,
and PB-Thr was greater (P < 0.04 to 0.09) in cows fed
SFC, and the same trend (P < 0.16 and 0.15, respec-
tively) was observed for PB-Met and PB-Ile. The MU
of PB-Ser, to the contrary, was greater (P < 0.06) in
cows fed SRC.

The importance of the contribution of the PBAA pool
to the total amounts of individual AA extracted by the
mammary gland was illustrated by the relative fre-
quency with which MU differed from zero (Table 11).
Indeed, in both treatments, MU of PB-Arg, PB-Lys, and
PB-Met differed (P < 0.001 to 0.07) from zero. The MU
of PB-Leu and PB-Thr differed (P < 0.004 and 0.007,
respectively) from zero in cows fed SFC, whereas MU
of PB-Ile differed (P < 0.07) from zero in the SRC-fed
cows, thus pointing at a different dietary effect on the
availability of certain AA for extraction from the PBAA
pool as mentioned above. Of the PB-NEAA, only PB-
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Table 6. Mammary vein concentrations (mg/L) of free (FAA) and peptide bound amino acids (PBAA) in
plasma of cows fed steam-flaked (SFC) or steam-rolled corn (SRC) at densities of 360 or 490 g/L (n = 6).

FAA PBAA

Pool SFC SRC SFC SRC
Diet
Amino acid Mean P1 Mean P1 SEM2 P3 Mean P1 Mean P1 SEM2 P3

Ala 19.8 * 21.9 * 1.1 0.24 2.3 * 2.84 * 0.23 0.19
Arg 6.1 * 7.9 * 0.6 0.09 0.8 * 1.20 * 0.12 0.06
Asn 1.8 * 1.7 ∧ 0.7 0.91
Asp 1.0 * 1.9 * 0.3 0.12 1.9 * 2.96 * 0.52 0.21
Cit 15.2 * 17.5 * 1.7 0.38 13.4 * 15.32 * 1.63 0.46
Gln 14.8 * 15.8 * 1.4 0.61
Glu 2.3 * 3.0 * 0.3 0.23 10.5 * 12.89 * 1.42 0.30
Gly 19.3 * 19.7 * 2.1 0.91 29.2 * 33.54 * 1.90 0.19
His 4.0 * 4.8 * 0.5 0.30 4.1 * 4.25 * 0.48 0.83
Hyp 2.2 * 2.4 * 0.2 0.59 1.0 * 1.14 * 0.10 0.27
Ile 9.3 * 11.0 * 0.4 0.04 0.2 0.61 0.31 0.39
Leu 11.6 * 14.1 * 0.3 0.01 1.1 * 1.78 * 0.24 0.12
Lys 3.3 * 3.9 * 0.3 0.18 1.0 * 1.48 * 0.20 0.19
Met 1.1 * 1.1 * 0.4 0.97 0.6 * 0.85 * 0.19 0.35
Orn 2.3 * 2.8 * 0.2 0.07 1.8 * 2.34 * 0.17 0.09
Phe 4.4 * 5.8 * 0.5 0.12 0.2 0.49 * 0.19 0.32
Pro 8.9 * 10.3 * 0.4 0.08 1.6 * 1.73 * 0.15 0.44
Ser 5.1 * 5.6 * 0.7 0.64 1.8 * 2.28 * 0.17 0.10
Thr 5.5 * 7.6 * 0.5 0.03 0.5 * 1.00 * 0.12 0.04
Trp 5.8 * 6.5 * 0.4 0.30
Tyr 6.9 * 8.2 * 0.8 0.30
Val 22.0 * 24.7 * 0.6 0.04 0.7 # 1.17 * 0.34 0.36
TEAA4 73.0 * 87.3 * 2.9 0.03 9.1 * 12.84 * 1.05 0.07
TNEAA4 99.6 * 110.8 * 7.0 0.32 36.6 * 44.38 * 3.50 0.19
TAA4 172.5 * 190.1 * 9.6 0.13 45.7 * 57.20 * 4.46 0.14

*, ∧, #, Differs from zero at P < 0.001 to 0.05, P < 0.05 to 0.1, or P < 0.11 to 0.2, (Trend), respectively.
1Probability of differing from zero.
2Standard error of the model least square means.
3Probability of difference between treatments within pools (FAA or PBAA).
4Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).

Ser was extracted by the mammary gland in amounts
differing (P < 0.009 to 0.06) from zero in both treat-
ments. The MU of PB-Asp differed from zero in cows
fed SFC only.

Extraction of PBAA, as a percentage of FAA extrac-
tion, varied from 67% for PB-Met in cows fed SFC, down
to 13.5% for PB-Arg in cows fed SRC. The MU of PBAA
represents a substantial addition to the extraction from
the FAA pool. Of all PB-EAA, PB-Lys, and PB-Met were
extracted in the largest quantities, and the difference
between the treatments regarding their MU and secre-
tion in milk was always significant.

Secretion of AA in milk. Secretion of individual AA
in milk was generally greater in cows fed SFC compared
with cows fed SRC (Table 11). Quantities of Ala and
Lys secreted in milk were greater (P < 0.08 and 0.09,
respectively) and all other AA, except Thr, tended (P <
0.11 to 0.18) to be greater in cows fed SFC. Differences
between treatments correspond well with the greater
(P < 0.069) amounts of total CP secreted in milk of cows
fed SFC (Table 2).
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Mammary extraction efficiency. The MEE of Tyr
was greater (P < 0.067) in cows fed SFC and tended (P
< 0.17) to be so for His and Phe (Table 12). The MEE
of all FAA, except for Gln, Gly, Met, and Trp, was nu-
merically greater when the cows were fed the SFC diet.
The MEE differed (P < 0.001 to 0.10) from zero in both
treatments for the majority of FAA. The MEE for PBAA
differed (P < 0.001 to 0.063) from zero for half (PB-Arg,
PB-Asp, PB-Leu, PB-Lys, PB-Met, PB-Orn, PB-Phe,
PB-Ser, and PB-Thr) of the AA quantified in cows fed
SFC. Fewer differences from zero (PB-Arg, PB-Lys, PB-
Met, PB-Orn, and PB-Ser) were noted when SRC was
fed. There were more instances of differences from zero
in the case of EAA compared with NEAA. The MEE
was greater (P < 0.07, 0.08) for PB-Cit and PB-Lys and
tended (P < 0.19) to be greater for PB-Met and PB-Pro
and total EAA (P < 0.15) when SFC was fed.

DISCUSSION

Milk and milk protein yields on sampling day were
greater in cows fed SFC compared with SRC, which
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Table 7. Portal drained viscera flux, g/12 h, of free (FAA) and peptide bound amino acids (PBAA) in plasma
of cows fed steam-flaked (SFC) or steam-rolled corn (SRC) to densities of 360 or 490 g/L (n = 6).

FAA PBAA

Pool SFC SRC SFC SRC
Diet
Amino acid Mean P1 Mean P1 SEM2 P3 Mean P1 Mean P1 SEM2 P3

Ala 102.9 * 78.2 * 8.8 0.11 7.3 16.9 ∧ 7.6 0.42
Arg 67.1 * 46.5 * 8.6 0.16 −5.2 −11.6 * 3.6 0.28
Asn 33.3 * 33.1 * 4.6 0.93
Asp 9.3 * 1.5 * 4.6 0.30 1.9 41.2 * 12.5 0.10
Cit 24.6 * 9.3 * 8.1 0.25 −24.2 ∧ −18.6 # 10.2 0.72
Gln 9.0 −6.9 23.2 0.65
Glu 27.6 * 18.8 * 7.9 0.48 −32.8 −79.8 ∧ 48.6 0.53
Gly 56.3 * 24.6 * 4.6 0.01 187.9 * 130.5 * 19.0 0.10
His 21.0 * 14.6 * 5.3 0.44 12.4 * 1.3 2.4 0.03
Hyp 4.3 * 2.8 * 0.4 0.06 −1.7 * −2.2 ∧ 0.8 0.66
Ile 64.2 * 40.9 * 6.9 0.08 6.2 ∧ 10.5 * 3.1 0.37
Leu 103.8 * 66.0 * 6.6 0.02 10.4 # 7.6 8.6 0.83
Lys 66.4 * 45.6 * 7.6 0.12 11.6 ∧ 10.8 * 4.8 0.91
Met 36.2 * 21.1 * 6.5 0.17 −2.3 −0.1 5.3 0.78
Orn 16.6 * 9.7 * 5.5 0.43 11.1 * 6.1 ∧ 1.8 0.11
Phe 67.0 * 48.9 * 4.4 0.04 −4.3 1.3 4.7 0.46
Pro 45.5 * 25.1 * 4.8 0.04 4.2 15.3 * 4.7 0.17
Ser 55.3 * 45.2 * 2.6 0.05 14.2 * −17.3 # 7.7 0.04
Thr 44.4 * 31.2 * 4.0 0.08 11.7 ∧ 16.1 ∧ 5.9 0.62
Trp 29.1 * 10.3 * 6.2 0.10
Tyr 62.0 * 48.2 * 5.2 0.13
Val 71.9 * 41.4 * 5.0 0.05 19.5 * 3.9 5.7 0.12
TEAA4 571.2 * 366.4 * 51.4 0.01 59.8 * 39.8 * 19.8 0.52
TEAA4,5 69.3 * 51.5 * 17.2 0.33
TNEAA4 446.6 * 289.7 * 37.3 0.04 167.9 * 92.0 # 45.3 0.30
TAA4 1017.7 * 656.1 * 80.3 0.03 227.7 * 131.8 # 62.1 0.33

*, ∧, #, Differs from zero at P < 0.001 to 0.05, P < 0.05 to 0.1, or P < 0.11 to 0.2, (Trend), respectively.
1Probability of differing from zero.
2Standard error of the model least square means.
3Probability of difference between treatments within pools (FAA or PBAA).
4Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).
5Positive flux only.

agrees with results of earlier studies (Theurer et al.,
1999; Delgado-Alorduy et al., 2002b). They reported
increases in milk, 3% FCM, and milk protein of 6, 3.5,
and 8%, respectively, in cows fed SFC compared with
cows fed SRC.

Whereas N and calculated energy intakes were simi-
lar between treatments (Table 2), PDVF of FAA and
PBAA were approximately 56% greater in cows fed
SFC. Also, considering that protein sources were simi-
lar for both diets, it is reasonable to believe that the
substantial increase in the PDVF of FAA and PBAA
originates from a greater intestinal flow and absorption
of microbial protein in cows fed SFC caused by the
steam flaking of the corn grain. Al-Dehneh et al. (1997)
reported that endogenous urea contributed 19.1 and
37.5% of N in duodenal digesta and flow, respectively,
in diets containing 57% corn grain or 60% concentrate
compared with 7.4 and 12.7%, respectively, in diets
containing 30% corn grain or 40% concentrate. This
suggests that additional dietary starch will enhance
urea recycling into the rumen. The effect of steam flak-
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ing may be considered as adding dietary starch. Indeed,
Oliviera et al. (1995) reported that steam flaking sor-
ghum resulted in more starch digestion in the rumen
compared with dry rolling sorghum. Further, Plascen-
ica and Zinn (1996) compared feeding dry-rolled corn
(39% of the diet) with feeding corn grain steam-flaked
at densities of 390, 320, or 280 g/L and observed an
increase in ruminal starch digestion accompanied by
an average increase of 26.6% in microbial N flow into
the duodenum and an increase in the microbial N effi-
ciency. A greater recycling of urea into the rumen, ac-
companied by a greater duodenal flow of total and bacte-
rial N, was observed when high-grain compared with
high-forage diets, were fed to lactating cows (Al-Dehneh
et al., 1997). The PDV recycling of urea was about 2.5
times greater in steam-flaked corn or sorghum diets
compared with dry-rolled or steam-rolled sorghum or
corn diets, respectively (Delgado-Alorduy et al., 2002a,
2002b). We, therefore, suggest that the larger PDVF of
FAA and PBAA in the SFC diet may be the result of the
SFC enhancing urea recycling and microbial synthesis.
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Table 8. Liver flux of free (FAA) and peptide bound amino acids (PBAA), g/12 h, in plasma of cows fed corn
grain, steam-flaked (SFC) or steam-rolled (SRC) to density of 360 or 490 g/L (n = 4).

FAA PBAA

Pool SFC SRC SFC SRC
Diet
Amino acid Mean P1 Mean P1 SEM2 P3 Mean P1 Mean P1 SEM2 P3

Ala −55.7 * −73.2 * 20.3 66.9 −44.7 78.5 0.42
Arg −9.2 −10.8 18.9 6.5 −6.0 # 15.8 0.63
Asn −14.8 ∧ −7.9 2.7
Asp −1.7 −4.6 4.8 −23.8 −2.7 2.7 0.03
Cit −22.1 ∧ 1.2 11.3 252.1 −8.2 167.9 0.38
Gln 18.9 −41.1 # 21.1 #
Glu 60.7 * 68.1 * 15.8 −228.6 −81.5 59.9 0.22
Gly −49.3 * −54.1 # 15.3 −117.0 −64.8 # 35.0 0.40
His −6.6 ∧ −6.6 3.8 −18.0 −10.3 # 6.0 0.46
Hyp −3.1 * −6.0 ∧ 2.5 8.1 0.5 5.8 0.45
Ile −0.7 −4.5 20.5 39.1 −15.7 ∧ 31.3 0.34
Leu −2.4 −17.0 28.2 35.7 6.9 42.6 0.68
Lys −3.9 −4.1 15.8 −13.3 * −10.7 ∧ 4.6 0.73
Met −12.5 * −10.4 5.3 −5.9 −0.2 5.5 0.53
Orn 4.6 4.7 5.7 −2.7 −3.7 # 1.4 0.66
Phe −22.8 * −34.1 ∧ 12.5 12.7 −4.1 15.7 0.53
Pro −18.0 * 21.1 13.1 25.6 −11.5 28.3 0.45
Ser −36.2 * −39.0 ∧ 10.3 −12.1 −6.9 12.7 0.80
Thr −15.8 * −15.8 11.7 14.3 −5.1 14.5 0.45
Trp −5.9 −16.0 7.7
Tyr −25.6 * −34.0 16.5
Val −1.2 −7.2 20.5 91.7 −29.8 ∧ 87.3 0.42
TEAA4 −81.0 −126.6 142.2 162.9 −74.9 ∧ 194.1 0.48
TNEAA4 −142.1 * −207.0 97.7 −31.4 −223.5 # 198.7 0.57
TAA4 −223.1 ∧ −333.6 237.7 131.4 −298.4 # 392.9 0.52

*, ∧, #, Differs from zero at P < 0.001 to 0.05, P < 0.05 to 0.1, or P < 0.11 to 0.2, (Trend), respectively.
1Probability of differing from zero.
2Standard error of the model least square means.
3Probability of difference between treatments within pools (FAA or PBAA).
4Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).

The PDVF of essential FAA and PBAA was approxi-
mately 50% greater in SFC- than in SRC-fed cows but
was not uniform across all EAA. Differences ranged
from highs of 74 ± 14% for FAA-Val and 101 ± 15% for
PB-Val to lows of 37 ± 22% for FAA-Phe and 29 ± 27%
for PB-Phe.

In light of the considerable increase in PDVF of FAA
and PBAA observed in cows fed SFC, one would expect
that this advantage might be expressed proportionally
in the performance of those cows (i.e., in milk and milk
protein yields). The more limited advantage observed
in cows fed SFC may have arisen for several reasons.
One possibility is that there was an imbalance in the
biological value of the mixture of AA from the PDV
caused by shortage of some AA, as mentioned above
with respect to Phe. Another could be that the cows
were in midlactation during the experimental period.
It has been shown that, at midlactation, cows start to
divert large quantities of absorbed nutrients for re-
building body tissues (Flatt et al., 1969). Further, Moe
and Tyrrell (1979) reported that cows at midlactation
may divert as much as 59% of absorbed energy to body
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tissues when fed quasi-concentrate diets and up to 67%
when corn grain-based diets are fed. Even though the
PDVF of FAA and PBAA was about 55% higher in SFC
cows, the increase in Phe (FAA + PBAA) was only 25%.
Thus, in comparison to the average increase of 56%,
Phe was limiting in PDVF of cows fed SFC compared
with DRC. If according to Moe and Tyrrel (1979), at
midlactation, 67% of the absorbed nutrients are di-
verted to body building and only 33% to milk yield, then
only 4.125 g/12 h (12.5 × 33%) of the increase in PDVF
in SFC cows over dry-rolled corn will be diverted to milk
production. According to NRC (2001), the efficiency of
conversion of absorbed AA into milk protein is 0.67.
That would mean 4.125 × 0.67 = 2.674 g/12 h of Phe
available for milk CP synthesis. Therefore, with Phe
comprising 4.7% of milk CP, the absorbed Phe would
enable increased production of 58.8 g of milk CP in SFC
cows compared with SRC cows. The actual increase in
total milk AA output was 24 g/12 h for the milk AA and
40 g/12 h of milk CP as determined by DHI (Table 2).

The role of PBAA. It is well accepted that, unless
specific marking compounds are used, it is impossible
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Table 9. Liver extraction efficiency (LEE %), of free (FAA) and peptide bound amino acids (PBAA) in plasma
of cows fed corn grain steam-flaked (SFC) or steam-rolled (SRC) to density of 360 or 490 g/L (n = 4).

FAA PBAA

Pool SFC SRC SFC SRC
Diet
Amino acid Mean P1 Mean P1 SEM2 P3 Mean P1 Mean P1 SEM2 P3

Ala 11.0 * 12.8 * 2.5 0.67 −121.2 37.3 ∧ 112.9 0.42
Arg 3.3 2.5 6.4 0.93 −9.3 17.8 # 43.2 0.70
Asn 15.7 * −0.7 2.1 0.06
Asp 3.4 6.5 7.7 0.80 24.5 −17.2 8.53 0.07
Cit 6.1 * 0.3 2.7 0.26 56.3 −1.8 36.1 0.37
Gln −5.0 12.3 # 6.4 0.19
Glu −32.1 * −37.8 * 8.7 0.69 359.9 ∧ −4.7 67.2 0.06
Gly 12.7 * 11.4 ∧ 4.3 0.85 14.0 # 7.8 # 4.95 0.47
His 4.0 # 3.8 1.6 0.95 17.8 7.3 # 6.96 0.40
Hyp 8.2 ∧ 11.4 * 5.5 0.71 −36.1 −7.0 21.1 0.43
Ile 0.6 −0.6 5.4 0.89 −299.8 149.9 ∧ 248.9 0.32
Leu 0.8 1.1 4.7 0.96 −73.3 −19.9 90.3 0.71
Lys 2.2 −0.5 6.8 0.81 20.0 * 17.3 7.04 0.81
Met 13.8 * 9.5 # 5.2 0.61 7.1 −5.0 20.4 0.71
Orn −5.2 −4.4 5.9 0.93 5.6 7.0 ∧ 2.78 0.76
Phe 10.4 * 12.0 * 3.8 0.79 1293.0 144.4 * 829.9 0.43
Pro 7.1 * 5.9 4.4 0.86 −36.5 25.2 51.3 0.48
Ser 18.9 * 16.1 * 4.7 0.71 19.1 2.6 20.18 0.62
Thr 8.7 * 4.8 4.8 0.62 −28.0 10.5 31.86 0.48
Trp 3.7 ∧ 7.9 # 3.2 0.44
Tyr 9.3 * 9.5 # 4.4 0.98
Val 0.5 0.4 2.7 0.98 −229.6 55.1 * 202.9 0.42
TEAA4 3.1 2.7 4.3 0.95 −40.1 18.0 * 47.96 0.48
TNEAA4 5.3 * 6.1 # 2.8 0.85 4.1 17.1 # 19.75 0.68
TAA4 4.2 ∧ 4.5 3.4 0.95 −10.1 17.4 # 29.1 0.57

*, ∧, #, Differs from zero at P < 0.001 to 0.05, P < 0.05 to 0.1, or P < 0.11 to 0.2, (Trend), respectively.
1Probability of differing from zero.
2Standard error of the model least square means.
3Probability of difference between treatments within pools (FAA or PBAA).
4Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).

to decide whether the addition or the removal of FAA or
PBAA from their blood pools is the result of absorption
from, or secretion into the GIT lumen, or of the metabo-
lism by the GIT (Remond et al., 2000). Koeln et al.
(1993) observed a greater PDVF of PBAA in fed vs.
fasted calves and attributed this flux, in part at least,
to absorption of peptides from the GIT lumen. Remond
et al. (2000) injected casein hydrolysate into the rumen,
in addition to a control meal, and observed an increase
in PDVF of PB-Ile, PB-Leu, and PB-Pro and in total
PB-EAA. These authors concluded that this increase in
the flux of PBAA could be attributed, in part at least,
to absorption of peptides from the GIT. In the present
study, the large increase in PDVF of FAA in cows fed
SFC compared with cows fed SRC was accompanied by
an increase in the PDVF of 4 PBAA and a trend for an
increase for another 2. This may indicate that these
increases might be attributable to dietary and not meta-
bolic effects.

It has been recently suggested that the PBAA pool
in blood may serve as a reserve pool of AA. Koeln et al.
(1993) observed, in both unfed and fed calves, negative
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PDVF of Gln and Glu either as FAA or as PBAA. Lapi-
erre et al. (2000) studied the effect of level of feed intake
on splanchnic metabolism in steers and also reported
a negative flux of Gln but observed a positive flux of
Glu at all 3 levels of feed intake. In the present study
with lactating dairy cows, the results regarding PDVF
of Gln were not unequivocal, but those of Glu differed
from zero (Table 7) and were lower (NS) in cows fed
SRC. However, the peptide pool exhibited a different
pattern. The PDVF of PB-Glu was negative and the
removal of PB-Glu by PDV tissues was greater than
the positive PDVF of Glu in the FAA pool in cows fed
SRC. It is also worth mentioning that the negative flux
of PB-Glu differed from zero and was greater in cows
fed SRC compared with SFC-fed cows, which seems in
accordance with the smaller flux of FAA Glu in SRC-
fed cows. Tagari and Bergman (1978) reported that only
2.87% of the 14C-Glu that was infused in the abomasum
of sheep appeared in the portal vein as 14C-Glu. In
addition, 1.18% of that infused 14C-Glu appeared as 14C-
Gln. They reported the portal appearance of nonlabeled
Glu bo be 6.3 and −9.7% for high- and low-protein diets,
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Table 10. Splanchnic flux of free (FAA) and peptide bound amino acids (PBAA), g/12 h, in plasma of cows
fed corn grain, steam-flaked (SFC) or steam-rolled (SRC) to density of 360 or 490 g/L (n = 4).

FAA PBAA

Pool SFC SRC SFC SRC
Diet
Amino acid Mean P1 Mean P1 SEM2 P3 Mean P1 Mean P1 SEM2 P3

Ala 48.8 * −5.8 16.6 0.14 71.4 −22.9 68.1 0.43
Arg 59.2 * 25.7 ∧ 14.9 0.25 4.8 −19.5 ∧ 13.4 0.32
Asn 13.0 ∧ 21.5 # 9.7 0.60
Asp 8.3 * −6.2 5.3 0.19 −11.4 23.9 * 6.8 0.07
Cit 4.5 6.9 2.8 0.60 228.7 −13.5 166.5 0.41
Gln 35.2 −31.4 # 34.7 0.30
Glu 89.5 * 83.1 * 18.7 0.80 −272.9 −176.5 ∧ 119.2 0.62
Gly 4.4 −29.5 20.0 0.40 77.2 36.3 33.2 0.47
His 16.5 * 6.3 4.1 0.21 −4.1 −10.7 5.98 0.51
Hyp 0.6 −3.6 2.4 0.33 7.4 −1.3 6.5 0.45
Ile 68.8 * 30.9 # 13.9 0.19 43.7 −2.4 32.3 0.42
Leu 102.5 * 38.5 23.3 0.19 51.4 4.5 41.2 0.50
Lys 63.4 * 39.3 * 11.8 0.29 3.0 −1.8 5.7 0.60
Met 27.1 ∧ 10.0 # 8.6 0.29 −9.4 −1.7 12.4 0.70
Orn 23.6 ∧ 13.3 ∧ 6.7 0.39 8.8 # 4.5 2.58 0.35
Phe 47.5 * 12.8 10.8 0.15 5.7 −1.1 11.8 0.72
Pro 28.6 * −2.6 16.6 0.31 32.4 0.4 29.7 0.52
Ser 17.2 * 1.0 13.2 0.47 8.8 −28.1 18.8 0.29
Thr 31.3 * 12.4 9.7 0.30 26.3 0.3 17.4 0.40
Trp 30.0 # −3.9 12.2 0.18
Tyr 36.6 * 7.5 13.1 0.25
Val 70.0 * 30.3 12.4 0.15 116.1 −25.0 ∧ 81.4 0.34
TEAA4 516.5 * 202.3 111.0 0.18 237.5 −57.5 191.2 0.38
TNEAA4 310.2 * 54.0 116.0 0.26 150.4 −177.1 152.9 0.26
TAA4 826.7 * 256.3 * 219.0 0.20 387.9 −234.6 343.4 0.32

*, ∧, #, Differs from zero at P < 0.001 to 0.05, P < 0.05 to 0.1, or P < 0.11 to 0.2, (Trend), respectively.
1Probability of differing from zero.
2Standard error of the model least square means.
3Probability of difference between treatments within pools (FAA or PBAA).
4Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).

respectively. Glutamine appearance was negative and
much more so in the low-protein diet. The fact that
most of the Glu in that experiment disappeared from
the intestine after 12 m (where basically no microbial
activity takes place), and the fact that almost all of the
arterial inflow of Glu did not show in the portal blood,
indicates that the absorbed Glu, together with plasma
Glu, were utilized by the GIT wall (intestine as well as
rumen). As Glu is a glucogenic AA, it could be deami-
nated to ketoglutarate and enter the TCA cycle and
serve as a source of energy for the GIT or could be
incorporated into enzymes or tissue. This metabolic pat-
tern indicates a great need for Glu that is not furnished
to the GIT solely from absorption and has to come from
other sources (i.e., from degraded plasma proteins or
peptides). In the present experiment, Glu flux was posi-
tive in both groups of cows, and one could assume that
the high corn starch content in both diets and especially
with the higher starch digestion of the SFC starch (Del-
gado-Alorduy et. al., 2002b), contributed to a higher
PDVF of energy or glucogenic compounds, hence saving
on the energy supply from Glu sources. This was not
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the case in the present experiment, and the PDVF of
glucogenic molecules and their energy (i.e., glucose, lac-
tate, and propionate or total energy contributing com-
pounds) was similar in SFC and SRC cows. (Sadik,
1997). As very little Glu is being absorbed from the GIT
(Tagari and Bergman, 1978), it is concluded that the
negative PDVF of PB-Glu in both groups of cows is
accountable for the positive PDVF of Glu, after being
subjected to peptidase activity either in blood or in the
intestinal wall. The same phenomenon regarding the
interrelations between the FAA and PBAA pools of Glu
was recorded in the liver flux (Table 8), with a clearer
trend observed in the splanchnic flux (Table 10). Glu-
tamic acid seems to be degraded from its PB pool and
added to the FAA pool.

The opposite may be true for other AA including Gly.
Its flux as a FAA was relatively large, but its flux as a
PBAA was 3.5 to 6 times larger and was much greater
in the cows fed SFC. It may well be that the impact of
Gly as a ketogenic AA with a relative high osmolarity
is reduced when it is a component of the PBAA pool.
Nevertheless, the dietary effect is apparently clear.
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Table 11. Mammary flux (uptake) of free (FAA) and peptide bound amino acids (PBAA) from plasma and milk AA secretion, (g/12 h), of
cows fed steam-flaked (SFC) or steam-rolled corn (SRC) to density of 360 or 490 g/L (n = 6).

FAA PBAA AA Secreted in milk
Pool
Diet SFC SRC SFC SRC SFC SRC
Amino
acid Mean P1 Mean P1 SEM2 P3 Mean P1 Mean P1 SEM2 P3 Mean Mean SEM P3

Ala 13.3 * 11.6 * 2.61 0.67 3.05 0.18 1.88 0.49 3.14 0.80 11.13 10.33 0.23 0.08
Arg 27.8 * 24.5 * 0.21 0.01 3.8 0.01 3.31 0.04 1.27 0.80 13.65 12.82 0.34 0.17
Asn 10.3 * 8.2 * 0.82 0.14
Asp 4.0 * 4.9 * 0.89 0.51 8.28 0.05 0.3 0.95 3.94 0.22 27.77 26.18 0.66 0.18
Cit 3.6 + 1.7 + 1.71 0.46 3.96 0.16 0.24 0.85 1.11 0.08
Gln 11.6 ∧ 16.5 ∧ 6.89 0.64
Glu 28.2 * 23.5 * 2.75 0.29 −6.73 0.43 −5.32 0.72 15.61 0.95 79.31 74.91 1.86 0.18
Gly −0.1 2.8 2.67 0.48 −3.53 0.45 −3.37 0.70 6.66 0.99 5.95 5.66 0.16 0.30
His 10.5 * 8.1 * 0.99 0.16 −0.48 0.59 1.34 0.25 1.15 0.33 10.71 9.95 0.29 0.15
Hyp −0.2 + −0.3 + 0.36 0.89 −0.24 0.32 −0.64 0.23 0.34 0.45
Ile 29.5 * 26.6 * 1.46 0.22 0.61 0.64 −3.17 0.07 1.52 0.15 21.65 20.25 0.49 0.12
Leu 48.3 * 43.3 * 1.10 0.03 2.77 0.01 −0.33 0.77 0.98 0.09 37.99 35.49 0.84 0.11
Lys 24.4 * 21.3 * 0.54 0.02 7.64 0.01 4.26 0.01 0.75 0.04 31.74 29.11 0.82 0.09
Met 9.3 * 9.3 * 1.56 0.99 6.24 0.01 3.36 0.07 1.20 0.16 10.49 9.81 0.25 0.14
Orn 7.4 * 7.3 * 1.00 0.97 2.66 0.01 2.31 0.01 0.31 0.47
Phe 20.2 * 17.6 * 0.65 0.05 0.79 0.62 −1.05 0.29 1.16 0.32 20.26 19.02 0.5 0.15
Pro 10.2 * 9.6 * 1.35 0.77 0.6 0.29 −1.61 0.31 1.36 0.31 41.6 40.01 1.14 0.33
Ser 15.1 * 14.9 * 1.33 0.91 3.6 0.01 7.5 0.06 1.04 0.06 14.84 14.11 0.45 0.33
Thr 14.9 * 14.1 * 0.56 0.39 3.27 0.01 −0.59 0.76 1.25 0.09 16.83 15.9 0.44 0.22
Trp 4.9 ∧ 5.8 ∧ 1.41 0.67
Tyr 21.2 * 16.4 * 0.96 0.03 20.04 18.75 0.52 0.17
Val 34.9 * 27.8 * 1.96 0.06 0.8 0.34 2.88 0.46 2.58 0.60 24.52 23.03 0.59 0.16
TEAA4 224.6 * 198.3 * 7.03 0.06 25.44 0.01 10.00 0.31 5.89 0.14 187.8 175.4 4.4 0.13
TEAA4,5 25.9 0.01 15.14 0.17
TNEAA4 124.5 * 117.0 * 14.04 0.72 3.74 0.73 0.8 0.97 26.30 0.94 200.9 189.9 4.99 0.21
TAA4 349.4 * 315.4 * 18.30 0.26 29.18 0.06 10.79 0.77 31.20 0.70 388.7 365.3 9.4 0.16

*, ∧, Differs from zero at P < 0.001 to 0.05, P < 0.05 to 0.1, respectively.
1Probability of differing from zero.
2Standard error of the model least square means.
3Probability of difference between treatments within pools (FAA or PBAA).
4Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).
5Positive uptake only.

Large quantities of Gly are later removed from both
plasma pools by the liver (Table 8), and very little ap-
pears in the FAA pool of the splanchnic flux; the
splanchnic flux of PB-Gly is much smaller than the
PDVF of PB-Gly.

Splanchnic flux (Table 10) of Arg and Val in SRC-fed
cows is much smaller than in SFC-fed cows. This is
despite the fact that large quantities of both PB-Arg
and PB-Val were drawn from the peptides pool, presum-
ably to provide these AA in support of the FAA pool.
The same could be said about His in cows fed SRC, and
despite the fact that the quantities of these AA drawn
from the PBAA pool did not differ from zero, the phe-
nomenon is noteworthy. The uptake of Arg could be
explained by the need to support the urea cycle, and
the PDVF of FAA Val was very small compared with
cows fed SFC, and PDVF of PB-Val was negligible. It
is assumed that uptake of this AA from the PBAA pool
supplemented a shortage of this AA in the FAA pool.
The PDVF of Arg (Table 7) in both treatments consider-
ably surpasses the need for Arg excreted in milk, which
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is also true for its mammary flux (Table 11). Along with
the positive flux of Arg as a FAA, there was a negative
flux of PB-Arg. The pattern was similar for Cit. Both
Arg and Cit play major roles in the urea cycle, whereby
Cit is a precursor to Arg. Arginase present in the intesti-
nal mucosal cells has the potential to degrade Arg to
urea and Orn. Urea may be secreted back into the intes-
tinal lumen (Tagari and Bergman, 1978) and Orn,
which is absent from GIT content, appears in the PDVF
in significant amounts in the FAA or PBAA pools. Argi-
nine, together with Orn, can be used for the production
of Pro. Verbeke et al. (1968) and Bruckental et al. (1991)
reported that abomasal infusion of Pro in lactating
dairy cows considerably reduced the MU of Arg. In the
present experiment, Orn was extracted in significant
amounts as the FAA and as PB-Arg. The uptake of PB-
Arg was about 10% of its mammary flux as a FAA,
but that of PB-Orn amounted to about 33% of its flux
as FAA.

Relationship between PBAA and MU and milk
secretion of AA. The MU of most FAA, especially EAA



TISSUE FLUX OF FREE AND PEPTIDE-BOUND AA 427

Table 12. Mammary extraction efficiency (MEE %), of free (FAA) and peptide bound amino acids (PBAA)
from plasma of cows fed corn grain steam-flaked (SFC) or steam-rolled (SRC) to density of 360 or 490 g/L
(n = 6).

FAA PBAA

Pool SFC SRC SFC SRC
Diet
Amino acid Mean P1 Mean P1 SEM2 P3 Mean P1 Mean P1 SEM2 P3

Ala 12.6 * 10.7 * 2.99 0.66 13.9 4.1 20.1 0.74
Arg 50.1 * 42.5 * 4.17 0.25 47.9 * 32.4 * 10.3 0.33
Asn 58.8 * 55.7 * 7.24 0.45
Asp 45.0 * 36.6 * 3.65 0.37 42.7 * −23.3 41.3 0.31
Cit 5.3 1.9 2.7 0.41 6.5 −0.5 2.1 0.07
Gln 15.1 ∧ 19.3 ∧ 6.96 0.65
Glu 71.1 * 63.4 * 4.8 0.32 −93.1 −87.5 88.8 0.96
Gly 0.9 2.8 3.54 0.72 −2.1 −2.7 4.5 0.92
His 38.4 ∧ 28.7 * 4.29 0.17 −3.3 6.6 5.7 0.28
Hyp −1.5 −2.4 3.02 0.85 −6.6 −14.4 10.7 0.63
Ile 39.9 * 35.4 * 3.54 0.41 −22.9 −82.8 184.2 0.82
Leu 46.7 * 41.6 * 2.85 0.26 33.0 * −106.8 80.9 0.26
Lys 62.0 * 56.5 * 3.12 0.27 59.7 * 37.4 * 7.1 0.08
Met 60.1 ∧ 68.0 * 13.6 0.69 71.0 * 48.2 * 10.6 0.19
Orn 41.6 ∧ 39.3 * 3.29 0.64 24.7 * 19.8 * 4.8 0.50
Phe 49.5 * 41.4 * 3.64 0.17 166.2 ∧ 114.0 57.1 0.54
Pro 19.7 ∧ 17.9 * 3.75 0.75 6.1 −49.5 26.3 0.19
Ser 39.9 * 37.3 * 4.26 0.68 29.0 * 36.6 * 6.1 0.41
Thr 37.3 * 29.8 * 3.82 0.22 59.2 * 37.5 49.3 0.77
Trp 14.2 ∧ 16.9 * 4.4 0.69
Tyr 40.0 * 31.4 * 2.6 0.07
Val 24.9 * 20.8 * 2.42 0.28 26.2 −28.3 70.1 0.61
TEAA4 39.3 * 34.5 * 2.85 0.28 35.4 * 10.7 10.5 0.15
TNEAA4 21.0 * 19.5 * 3.46 0.77 0.3 −2.6 10.9 0.86
TAA4 29.7 * 26.8 * 8.49 0.8 10.7 ∧ 1.4 9.5 0.52

*, ∧, Differs from zero at P < 0.001 to 0.05, P < 0.05 to 0.1, respectively.
1Probability of differing from zero.
2Standard error of the model least square means.
3Probability of difference between treatments within pools (FAA or PBAA).
4Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).

generally exceed the quantities excreted in the milk.
Nevertheless, some will be extracted in quantities that
only marginally exceed tissue needs or even in quanti-
ties that are short of tissue needs, and these are believed
to be stochiometrically incorporated into milk proteins
(Mepham, 1982). To examine the role of PBAA in meet-
ing the requirement of AA, correlation coefficients be-
tween MU of FAA or FAA + PBAA were examined and
are presented in Table 13. It is apparent that there
were correlations between MU of FAA and AA incorpo-
ration in milk for all AA except Gln, Gly, and Ser, with
only a trend for Lys. Correlation coefficients and proba-
bility level improved when amounts of PBAA that were
extracted by the mammary gland were included for Arg,
His, Lys, and Met for both diets and for Thr for the
SFC diet only. Correlation coefficients decreased when
PBAA were included for the EAA, Ile, Leu, Phe, Thr,
and Val and for NEAA Pro, Ser, Gly, Asp, and Ala.
Two of the 5 EAA whose correlation coefficients were
improved by including PBAA, namely Arg and Met, are
known to be used by the mammary gland not only for
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milk AA synthesis, but for other purposes too. That
many of the multiple methylation reactions involving
Met occur extensively in the mammary gland is com-
mon knowledge.

Cultured bovine mammary epithelial (MAC-T) cells
utilized Met from Met-containing dipeptides as sources
of Met to support protein accretion, with the response
ranging from 35 to 122% of the free Met growth re-
sponse (Pan et al., 1996). Mammary tissue explants
from lactating CD-1 mice were used to study the ability
of Met-containing peptides to substitute for free Met
for the synthesis of secreted proteins (Wang et al.,
1996). The Met from all peptides was utilized and Met
from 11 peptides promoted 15 to 76% greater synthesis
of secreted proteins than did free Met. Results from in
vivo experiments with lactating dairy goats indicate
that many essential AA are taken up by the mammary
gland as PBAA from the circulation and utilized for
protein synthesis (Backwell et al., 1996; Bequette et
al., 1999; Mabjeesh et al., 2000, 2001b). Mammary tis-
sue from lactating cows was examined for the presence
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Table 13. Correlation between secretion of AA in milk and mammary uptake (MU) of FAA or FAA + PBAA.
(n = 12).

MU of FAA MU of total AA

Amino acid r1 P r1 P

Ala 0.594 0.042 0.200 0.534
Arg 0.669 0.017 0.702 0.011
Asp 0.603 0.038 0.020 0.950
Glu-gln vs. Gln FAA 0.334 0.289 0.429 0.165
Glu-gln vs. Glu FAA 0.631 0.028
Gly −0.058 0.859 0.092 0.775
His 0.806 0.002 0.844 0.001
Ile 0.770 0.003 0.680 0.015
Leu 0.792 0.002 0.680 0.015
Lys 0.477 0.117 0.526 0.079
Met 0.666 0.018 0.795 0.002
Phe 0.797 0.002 0.257 0.421
Pro 0.514 0.087 0.445 0.147
Pro vs. (Arg + Pro) FAA 0.685 0.014
Ser 0.123 0.704 −0.281 0.377
Thr 0.763 0.004 0.653 0.021
Thr2 0.753 0.084 0.793 0.060
Tyr 0.801 0.002
Val 0.668 0.018 0.411 0.184
Sum EAA3 0.849 0.001 0.826 0.001
Sum NEAA3 0.670 0.017 0.379 0.224
Sum TAA3 0.820 0.001 0.703 0.011

1The correlation between milk secretion of AA and MU of FAA or FAA + PBAA.
2For SFC cows only (n = 6).
3Total essential AA (TEAA), total nonessential AA (TNEAA), and total AA (TAA).

of mRNA for a peptide transport protein (PepT1; Chen
et al., 1999). None was detected, indicating that utiliza-
tion of PBAA by mammary tissue may not involve ab-
sorption of these. Recently, evidence was reported for
the presence of mRNA for aminopeptidase N in the
mammary gland of goats and cows (Mabjeesh et al.,
2001a). This enzyme is imbedded in the cell membrane
and is an exopeptidase that cleaves N-terminal AA from
peptides. The presence of aminopeptidase N in the cell
membrane of the mammary epithelium may explain
how AA from PBAA in the circulation are internalized
by the mammary gland.

It is well accepted that the first limiting AA in the
diet of lactating cows for milk protein synthesis are
Lys and Met, and recently His was suggested as well
(Vanhatalo et al., 1999). Indeed, the largest relative
amounts that were extracted from the PBAA pool in
BOTH treatments were those of Lys and Met, whereas
those of His in both treatments and Lys in the SRC diet
were still in marginal or short supply. These shortages
might be satisfied from 2 additional sources: degrada-
tion of peptides (or proteins) larger than included in the
PBAA pool (3 kDa) and from blood cells. That plasma
proteins might be a source of AA for tissues was re-
ported previously (Danilson et al., 1987b; McCormick
and Webb, 1987). Results from several studies indicate
that blood cells pose the ability for interorgan transfer
of FAA (McCormick and Webb, 1982; Danilson et al.,
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1987a; Hanigan et al., 1991), whereas others do not
(Mackle et al., 2000). The extent to which blood cells
play a role in the interorgan transfer of FAA might be
variable and dependent on the physiological status of
the animal. Hanigan et al. (1991) reported that blood
cells contributed sizable amounts of His, and to a lesser
extent, Lys and Met to the total pool of AA extracted
by the mammary gland of lactating cows. The fact that
such large proportions and quantities of Lys and much
larger proportions of Met were extracted from the
plasma PBAA pool in the present study, despite the
quoted potential contribution of Lys and Met from blood
cells, further emphasizes the role of the plasma PBAA
pool as a source for meeting mammary requirements
of EAA or even total AA.

CONCLUSIONS

Milk and milk protein yields increased significantly
in lactating dairy cows at midlactation with steam flak-
ing of corn compared with steam rolling. This improve-
ment in milking performance was the result of a sub-
stantial increase in PDV flux and splanchnic flux of
FAA and PBAA, and a significant increase in MU of AA
from these two pools. Essential PBAA concentrations,
expressed as a proportion of essential FAA, varied be-
tween 7.5 to 14%. From 37 to 101% of PDV flux and
MU of essential AA were in the form of PBAA and these
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supplemented shortages of AA from the FAA pool either
for milk protein production or other metabolic func-
tions. A dietary effect on the AA profile of the PDV flux
of PBAA was apparent. More studies are needed to
substantiate the effect of diet on the extent and profile
of PDV flux of FAA and PBAA and the release from the
latter free AA to their pool in blood. Quantifying diet
effects on PDV flux of FAA and PBAA, may lead to
improvements in diet formulation and efficiency of di-
etary protein utilization.
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