J. Dairy Sci. 97:4000-4017
http://dx.doi.org/10.3168/jds.2013-7392
© American Dairy Science Association®, 2014.

[ENO& ®
ams)’:
a‘\‘"/'é’

Invited review: Current representation and future trends of predicting
amino acid utilization in the lactating dairy cow

S. I. Arriola Apelo,* J. R. Knapp,t and M. D. Hanigan*1
*Department of Dairy Science, Virginia Tech, Blacksburg 24060
TFox Hollow Consulting LLC, Columbus, OH 43201

ABSTRACT

In current dairy production systems, an average of
25% of dietary N is captured in milk, with the remainder
being excreted in urine and feces. About 60% of total N
losses occur postabsorption. Splanchnic tissues extract
a fixed proportion of total inflow of each essential AA
(EAA). Those EAA removed by splanchnic tissues and
not incorporated into protein are subjected to catabo-
lism, with the resulting N converted to urea. Splanchnic
affinity varies among individual EAA, from several fold
lower than mammary glands’ affinity for the branched-
chain AA to similar or higher affinity for Phe, Met,
His, and Arg. On average, 85% of absorbed EAA ap-
pear in peripheral circulation, indicating that first-pass
removal is not the main source of loss. Essential AA in
excess of the needs of the mammary glands return to
general circulation. High splanchnic blood flow dictates
that a large proportion of EAA that return to general
circulation flow through splanchnic tissues. In asso-
ciation with this constant recycling, EAA are removed
and catabolized by splanchnic tissues. This results in
splanchnic catabolism equaling or surpassing the use
of many EAA for milk protein synthesis. Recent stud-
ies have demonstrated that EAA, energy substrates,
and hormones activate signaling pathways that in turn
regulate local blood flow, tissue extraction of EAA, and
rates of milk protein synthesis. These recent findings
would allow manipulation of dairy diets to maximize
mammary uptake of EAA and reduce catabolism by
splanchnic tissues. Dairy cattle nutrient requirement
systems consider EAA requirements in aggregate as
metabolizable protein (MP) and assume a fixed ef-
ficiency of MP use for milk protein. Lysine and Met
sufficiency is only considered after MP requirements
have been met. By doing so, requirement systems limit
the scope of diet manipulation to achieve improved
gross N efficiency. Therefore, this review focuses on
understanding the dynamics of EAA metabolism in
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mammary and splanchnic tissues that would lead to
improved requirement prediction systems. Inclusion
of variable individual EAA efficiencies derived from
splanchnic and mammary responses to nutrient and
hormonal signals should help reduce dietary protein
levels. Supplementing reduced crude protein diets with
individual EAA should increase gross N efficiency to
more than 30%, reducing N excretion by the US dairy
industry by 92,000 t annually.

Key words: nitrogen utilization, essential amino acid
requirement, mammary gland, splanchnic tissue

INTRODUCTION

Agriculture in general and the dairy industry in
particular are under increasing pressure from federal
and local governments and from consumers to reduce
their environmental footprint. Among the dairy indus-
try pollutants, N excretion is a major concern because
of its impact on air and water quality, ecosystem bio-
diversity, and human health. Nitrogen export to the
environment can result in eutrophication of aquatic
ecosystems and coastal hypoxia; increased atmospheric
particles, decreased stratospheric ozone concentrations,
and greenhouse gas concentrations; increased acidity
of precipitation, soil, and surface water; aggravation of
asthma in people; and denigration of drinking water
contributing to methemoglobinemia in infants (Wolfe
and Patz, 2002). In addition to the environmental
impact of nitrogen, protein—the source of the waste
N—is an expensive dietary nutrient, representing ap-
proximately 42% of the cost of lactating cow rations
(St-Pierre, 2012). Improving gross N efficiency would
improve dairy economics, reduce environmental impact,
and reduce demand for animal feed protein sources.

There are approximately 9 million dairy cattle in the
United States (USDA-ERS, 2012). In a survey carried
out on 103 large dairies across the country (613 + 46
cows and 34.5 + 0.3 kg of milk sold per cow per day),
nutritionists reported feeding diets that averaged 17.8
+ 0.1% CP (Caraviello et al., 2006). A meta-analysis
using 846 experimental diets with similar average CP
content reported a mean gross N efficiency of 24.7 +
3.99% (Hristov et al., 2004b). Thus, over a 10-mo lacta-
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tion, assuming the same dietary conditions (22.1 kg/d
DMI and 17.8% CP) reported by Hristov et al. (2004b),
1.3 million tonnes of dietary N would have been ex-
creted in the United States.

To reduce the environmental impact of the dairy
industry, it is necessary to know the potential maximal
gross N efficiency for milk protein production, where N
is lost, and what approaches can be used to mitigate
those losses and improve gross N efficiency. Dietary N
that is not incorporated into milk is mostly excreted
in feces or urine. Fecal N includes undigested dietary,
microbial, and endogenous N. The latter represents
between 18 and 31% of fecal N and includes undigested
proteins secreted along the gut, sloughed cells from the
gut mucosa, and urea recycled to the hindgut (Lapierre
et al., 2008; Rgjen et al., 2012), which are not particu-
larly responsive to varying dietary N levels. Similarly,
intestinal digestibility of bacterial protein and RUP
from individual ingredients is considered fixed by nutri-
ent requirement systems (NRC, 2001).

Unlike fecal N, urinary N excretion is highly respon-
sive to varying N intake (Lobley et al., 2000a; Lapierre
and Lobley, 2001; Reynolds and Kristensen, 2008).
When dietary N is not highly restricted, most of the
urinary N is excreted as urea produced in the liver from
2 sources: ruminal ammonia and postabsorptive AA
catabolism (Lobley et al., 2000b; Marini and Van Am-
burgh, 2003). At low levels of N supply, other sources of
N such as ammonia can represent a significant propor-
tion of total N excreted in urine and can even surpass
the amount of N excreted as urea (Wickersham et al.,
2008, 2009). The relative contribution of rumen am-
monia and postabsorptive AA catabolism to the total
amount of urea produced in the liver depends on how
well the N supply matches ruminal and postabsorptive
requirements. When RDP was supplemented in excess
of the microbial utilization capacity, ammonia absorp-
tion from the rumen and N excretion in urine increased
(Hristov et al., 2004a). Thus, excess RDP reduces
gross N efficiency, but the efficiency of MP for milk
protein synthesis (MPLE) does not change (Cyriac et
al., 2008). On the other hand, increasing RUP sup-
ply increases duodenal absorption of both EAA and
NEAA, and when the absorbable supply of AA exceeds
MP requirements for maintenance, lactation, gestation,
and growth, excess AA are catabolized, increasing N
excretion in urine. Therefore, by matching MP supply
with maintenance and production requirements, MPLE
should be maximized, and urea production and urinary
N excretion should be minimized. However, even when
MP just meets requirements, some EAA are likely lim-
iting, whereas other EAA are provided in excess of their
individual requirements and are subject to catabolism.
This latter group represents an inefficiency.
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Swine and poultry nutritionists formulate rations
with reduced protein levels and supplement with spe-
cific EAA to minimize overfeeding of most EAA. Using
this approach results in gross N efficiencies of 40% or
greater (Nahm, 2002). Baker (1996) made maximal use
of this strategy and demonstrated that postabsorptive
N efficiency in pigs can reach 85% when the supply
of each EAA matches tissue needs. That efficiency is
in agreement with the maximal theoretical efficiency
of the mammary glands (MG) to convert an ideal
absorbed EAA profile into milk protein, as considered
by the UK Nutrient Requirement System for Rumi-
nants (AFRC, 1992). Dijkstra et al. (2013) discussed
potential losses that explain why maximal theoretical
partial efficiencies cannot be achieved at the animal
level. The inevitable losses included endogenous N
losses in urine and feces, microbial nucleic acids, undi-
gested AA, and catabolism of absorbed AA (Dijkstra
et al., 2013). However, reducing dietary CP to 15% or
lower and supplementing with individual EAA should
increase gross N efficiency to 30% or greater (NRC,
2001; Haque et al., 2012) and reduce N losses by 92,000
t/yr in the United States. If such a reduction in dietary
protein could be achieved industry-wide with no loss
in production, the reduction in need for high-protein
meal ingredients translates to 543,000 fewer hectares of
land used to grow soybeans, assuming a yield of 2,700
kg/ha (NASS, 2013). Feeding such low levels of dietary
protein requires very accurate and precise predictions
of nutrient requirements to avoid potential losses in
milk production and dairy income. Therefore, the focus
of this review is on experimental and modeling work
investigating MG and splanchnic metabolism of EAA,
as well as their effect on cell signaling regulation of
milk protein synthesis. The objective is to delineate
modeling approaches that will address the current defi-
ciencies and lead to model systems that can be used to
increase postabsorptive MPLE.

CURRENT REPRESENTATION OF EAA
SUPPLY AND REQUIREMENTS

The National Research Council (NRC, 1989, 2001)
equations, especially the postabsorption protein sys-
tem, are used in whole or in part by most ration bal-
ancing software packages in the United States. Thus,
components of the protein system encoded in the Dairy
NRC (1989, 2001) models (the latter being referred to
as NRC-2001 for the remainder of this work) are used
to determine protein supplementation in most US dairy
diets. The NRC-2001 predicts flow of MP and digest-
ible EAA to the small intestine. Requirements for MP
are determined based on efficiencies dependent on the
metabolic process (i.e., maintenance, lactation, growth,

Journal of Dairy Science Vol. 97 No. 7, 2014



4002

and gestation). Specific requirements for Lys and Met
are also established in NRC-2001, but these are as-
sessed as a proportion of total MP required. This ne-
gates the need to know the exact amount of each EAA
required, yet provides a method to identify EAA that
are likely limiting in a ration based on their proportions
in MP. However, establishing EAA requirements as a
proportion of MP does not allow manipulation of EAA
amounts separately to reduce total MP supply below
requirements and supplement with individual EAA.
Furthermore, splanchnic and MG fractional removal
(uptake as a percentage of supply) of individual EAA
differ among the AA (MacRae et al., 1997b; Hanigan et
al., 2001, 2004a; El-Kadi et al., 2006). Finally, mamma-
ry fractional removal of individual EAA can be affected
by arterial supply of those and other EAA (Bequette
et al., 2000; Hanigan et al., 2002). The combination
of these undermines the effectiveness of treating them
in aggregate as MP. Thus, attempting to define AA
requirements in aggregate or even as a fixed proportion
of MP will likely over-predict requirements for some
EAA and under-predict requirements for other EAA
under some conditions.

The NRC-2001 predicts intestinal digestibility of
RUP based on digestion coefficients for the protein in
each feed ingredient. Microbial protein digestibility in
the small intestine is assumed to be, in a percentage
base, 80%. Microbial protein and RUP coefficients are
used by NRC-2001 to empirically predict the propor-
tions of EAA in MP. Evaluation of those assumptions
by comparison of predictions of individual digested
EAA with the corresponding net portal appearance of
EAA absorption resulted in predictions with reason-
ably small errors (Pacheco et al., 2006), suggesting that
the approach works within the range of observed data.

The effort to predict intestinal flow of individual
EAA by NRC-2001 was not fully leveraged in the
postabsorptive model as AA requirements for milk
production are primarily restricted to MP supply, with
only Lys and Met identified as potential AA limiting
protein yield based on percentages in MP (NRC, 2001).
Haque et al. (2012) observed an increase in milk pro-
duction, milk protein yield (MPY), and MPLE when
lactating Holstein cows (179 DIM) consuming a diet
with either 7.7% MP of the DM or 9.6% MP of the DM
were duodenally infused with an EAA mix (His, Leu,
Lys, and Met). The response to the EAA infusion was
independent of MP supply, indicating that one or more
of those EAA were still limiting production, even at the
higher level of dietary MP. An MP-based model such
as NRC-2001 is unable to predict the response observed
by Haque et al. (2012) because it does not consider in-
dividual EAA requirements in terms of grams per day.
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The NRC-2001 model assumes that the MP supply
is first used to meet maintenance requirements, which
are a function of BW (endogenous urinary and scurf
proteins) and DMI (endogenous MP and metabolic
fecal protein). The remainder is used for productive
functions such as gestation, growth, and milk protein
synthesis. When the cow is not pregnant or growing
and once maintenance requirements are met, MP is
used with 67% efficiency for milk protein synthesis
(MPLE). The model assumes the same efficiency above
requirements but does not attempt to predict the maxi-
mal productive capacity of the cow. Thus, MPLE above
requirements may still be 67% or it may be 0% if, given
a level of intake, energy is limiting milk production
because NRC-2001 does not accommodate additive
nutrient effects. When cows are producing somewhere
between 0 and the maximum level of production, the
MPLE used in the model is significantly greater than
observations reported in the literature (Hanigan et al.,
1998a; Hristov et al., 2004b; Lapierre et al., 2010). In an
evaluation of the NRC-2001 model using 100 treatment
means from 25 published studies (Figure 1), 82% of the
observations had milk yields lower than the predicted
MP-allowable milk (NRC, 2001). The slope of residuals
regressed on predicted values was —0.34, indicating an
over-estimation of the MPLE (most of the variation
on MPY is explained by variation in milk yield, not
in milk protein percentage). Therefore, the average
MPLE for lactation is approximately 44% [0.67 x (1 —
0.34)]. A quadratic term can be fitted to the residuals
also, suggesting that MPLE decreases as MP supply
increases. The authors identified energy and individual
EAA as the nutrients most likely to limit milk pro-
duction (NRC, 2001). The reason for adopting higher
MPLE than those observed empirically may have to do
with the compartmental representation of maintenance
requirements of the model and the assumption of fixed
MPLE. The NRC-2001 subtracts maintenance require-
ments from supply before determining the amount of
milk protein that can be produced from MP. Thus,
MPY is 0 until MP intake exceeds maintenance MP
requirements. Any error in estimating the maintenance
requirement will affect the estimate of MPLE, because
the latter can only be derived from observing gross ef-
ficiency of lactating cows. Additionally, any curvilinear-
ity to observed MPLE will contribute to overestimates
of predicted MPLE when a linear function is used. To
fit observations at low MP supply levels, the slope has
to be high, which will result in overpredictions of the
response to MP close to lactation requirements when
MPLE is declining (Hanigan et al., 1998a). That pat-
tern is observed in Figure 1, where residuals are more
evenly distributed at low prediction levels. Overpre-
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Figure 1. Milk (kg/d) residual errors (observed — predicted; Obs
— Pred) as function of MP-allowable milk (kg/d) supply. Points repre-
sent individual residuals, the solid line represents the predicted linear
function of those residuals, and the dashed line represents a predicted
quadratic function. Adapted from Figure 16.3 in NRC (2001). Data
from 25 published studies summarizing 100 treatment means.

dicting MPY at MP levels close to requirement has
a larger negative economic and environmental impact
than prediction errors at low MP supply levels because
the former is the range where most commercial dairy
diets are formulated.

Additional evidence that MLPE should not be fixed
is provided by selected experimental observations. In a
conclusive study, Whitelaw et al. (1986) observed that
abomasal infusion of 200 g/d of casein to Ayrshire cows
in early lactation (20 DIM) fed a 13.6% CP diet and
producing 13 kg/d of milk increased milk production
by 2.3 kg with an MPLE of 41.5%. Because the cows
were already producing milk on the basal diet (13.6%
CP) none of the additional infusate should have been
required for maintenance, based on NRC-2001 assump-
tions. Infusing an additional 200 g of casein/d (400
g/d total) increased milk production by another 1.2
kg/d and MPLE for this second increment decreased to
22.6%. Infusion of an additional 200 g of casein/d (600
g/d total) increased milk production by 0.7 kg, and
MPLE for this final increment was only 15.4%. Because
the cows responded to all levels of supplementation,
they clearly did not exceed their genetic potential for
the first 2 infusion levels, yet neither infusion resulted in
marginal efficiencies close to the 67% assumed by NRC-
2001. Additionally, MPLE was clearly variable in rela-
tion to MP supply. Looking at a wider range of dietary
CP levels (11.3 to 20.1% DM), a quadratic response in
MPY was observed, indicating that MPLE decreases
as supply increases (Metcalf et al., 1996b). Increasing
dietary CP content from 13.5 to 19.4% of DM for mid-
lactation (120 DIM) Holstein cows had no effect on
MPY and thus resulted in a decrease in MPLE (Olmos
Colmenero and Broderick, 2006). Recently, Metcalf et
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al. (2008) evaluated the accuracy of the 68% MPLE ad-
opted by the UK requirement system (AFRC, 1992) in
lactating cows fed at 4 different CP levels (12.5% and
25% below and above requirements). In the Whitelaw
et al. (1986) work, increased MP supply was observed
to reduce MPLE. However, when estimating MPLE,
the authors forced the regression intercepts to zero;
that is, no milk production when MP supply was at
or below maintenance. If MPLE is curvilinear with re-
spect to supply, as indicated by variable MPLE, using a
linear regression model and forcing a zero intercept will
severely bias slope estimates for the nonlinear portions
of the curve. The derived slopes will, at best, represent
the average marginal responses from maintenance to the
level fed (assuming the maintenance estimate is accu-
rate), which is geometrically represented by the slope of
the arc segment of the curve. In fact, the instantaneous
response at each MP level, which is represented by the
slope of the tangent, represents the true MPLE. The
tangents can have a wide range of intercepts depending
on the amount of curvature, so the intercepts must be
derived with the slopes. Furthermore, it is the slope of
the tangent (MPLE) that determines the profitability
of increasing or reducing MP supply. An approximation
to the true MPLE in the Metcalf et al. (2008) study
would be the marginal efficiency of each increment of
protein added to the diet. Using this approach, MPLE
decreased from a high of 35% when MP increased from
—25 to —12.5% of milk protein requirements to a low of
18% when MP supply increased from +12.5 to +25%
of milk protein requirements. These MPLE are similar
in range to those observed by Whitelaw et al. (1986).
Model aggregation at the protein level has the added
limitation of forcing requirements to be set high enough
to supply adequate amounts of the EAA with the low-
est efficiency for milk protein, while EAA with higher
efficiency are supplied in excess. Using the same model
framework and assumptions as for MP requirements
will likely result in an inadequate model, given observa-
tions at the cellular (Appuhamy et al., 2011, 2012) and
whole-animal levels (Rius et al., 2010; Toerien et al.,
2010; Haque et al., 2013). These observations indicate
that energy supply, hormone concentrations, and select
individual EAA all have independent and additive ef-
fects on milk protein synthesis and on MPLE. As these
additive and independent effects are inconsistent with
the current framework of assuming a single limiting AA,
we must re-examine our knowledge base with the goal
of developing a better presentation of the true biology.

SPLANCHNIC EAA METABOLISM

Figure 2 presents N fluxes (g/d) in lactating cows
fed a low (15%) protein diet (Hanigan et al., 2004b). Tt
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Figure 2. Nitrogen flux diagram derived from Hanigan et al. (2004b), control treatment (0 g/d of casein infused). Solid boxes represent
pools, open boxes represent compartments, and numbers indicate fluxes (g of N/d). GIT = gastrointestinal tract; PDV = portal-drained viscera.
Intestinal AA flux was obtained from NRC (2001). Urine and fecal N excretion, and other tissue N losses were calculated by difference. Color

version available in the online PDF.

is important to note that the diagram represents total
AA-N. Individual EAA fluxes depend on splanchnic
and mammary affinity, which vary among EAA and
on dietary treatment. In this example, postabsorptive
mean N efficiency for milk protein (without consider-
ation of maintenance cost) was 34%. Mammary frac-
tional removal of AA-N was 22%, and for splanchnic
tissue it represented 12.5% of total supply (arterial
influx and absorption). Although other peripheral tis-
sues remove some absorbed EAA, partially represented
in the diagram, such use is a minor proportion of the
total AA-N absorbed and not incorporated into milk
protein. Splanchnic blood flow is between 3 and 4 times
MG blood flow (Delgado-Elorduy et al., 2002; Hanigan
et al., 2004b; Raggio et al., 2004). Thus, AA-N influx
to splanchnic tissues is significantly larger than that
to the MG, and splanchnic net removal can equal or
surpass incorporation into milk protein for most of the
EAA (Arg, His, Met, Phe, Thr, and Trp; Hanigan et
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al., 2001, 2004a,b). This analysis demonstrates that ef-
fects of splanchnic metabolism are primarily a function
of the EAA released by the MG and other tissues, and
not a function of first-pass removal (i.e., the tissue bed
is a responder not a driver), and this response is not
captured by a model with fixed MPLE.

Before delving into the topic further, a brief discus-
sion of the calculations typically used to assess tissue
affinity for AA is warranted. This discussion is perti-
nent to splanchnic tissues as well as the MG and other
peripheral tissues. Fractional removal, calculated as the
ratio of arterio-venous difference by arterial concentra-
tion, completely ignores the effect of blood flow. Even
when total influx and outflux are considered for the
calculation, blood flow entering and leaving the organ
are the same (milk volume is dismissible compared with
mammary blood flow) and cancel out. This calculation
has historically been used to represent relative tissue
affinities among nutrients or between tissues for a given
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nutrient. However, the use of fractional removal to
assess changes in intrinsic tissue affinity has 2 major
limitations that should discourage scientists from us-
ing them for this purpose. First, venous concentrations
more closely represent extracellular concentrations
than arterial. Diffusion of small molecules such as
AA from the capillaries to the extracellular space is
as rapid as arterial inflow (Farr et al., 2000), ensuring
that capillary and extracellular spaces are very close
to a perfectly mixed pool. If no other sources of blood
enter the pool or are mixed with venous outflow before
measurement, then venous outflow must be equivalent
to source pool concentrations; that is, the well-mixed
extracellular plus capillary space. Thus, the AA trans-
porters on the cell membrane are exposed to AA con-
centrations that are approximated by venous concen-
trations, not arterial (Hanigan et al., 1998b). Second,
increasing total influx through changes in blood flow
also increases removal of metabolite in venous blood.
More blood flow will increase metabolite input to the
tissue but will also remove metabolite. Thus, equal
increases in metabolite input by a change in arterial
concentration or a change in blood flow will not yield
equal uptake changes by the tissue unless tissue affinity
is so high that essentially all of the input metabolite
is cleared by the tissue. The lower the tissue affinity,
the greater the divergence between concentration and
blood flow responses. This latter concept is totally ig-
nored when calculating fractional removal (Hanigan et
al., 1998b). Thus calculating fractional removal based
only on arterial concentration fails to account properly
for the true substrate concentrations at the cell surface
and the nonlinear effects of changes in blood flow on
those concentrations, and these methods of calculation
should not be used to infer intrinsic tissue activity.

Clearance rate constants as derived by Hanigan et al.
(1998b) from the product of venous blood flow and the
ratio of arterio-venous difference and venous concen-
tration are independent of concentration and flow and
thus, better represent the tissue activity. In defining
this model, Hanigan et al. (1998b) only assumed that
capillary concentrations equal interstitial concentra-
tions, extracellular concentrations are linearly pro-
portional to the intracellular pool, and that the pools
rapidly achieved steady state. As noted above, the
first is clearly the case. Work on transport activity has
demonstrated that intracellular and extracellular pools
are proportional (Clark et al., 1980). Finally, the flux
through the pools is so large that turnover rates range
from the high seconds to low minutes range, ensuring
that the system will be in steady state except over very
brief periods after a change in inputs.

Unfortunately, fractional removal has been used and
reported extensively in the literature and one must rely
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on those values when interpreting all available data.
In general, the direction of change inferred from both
should be correct provided blood flow does not change.

Even if the EAA profile of the protein digested in the
small intestine perfectly matched the milk protein pro-
file, variable splanchnic affinities for individual EAA
will modify flow of those EAA to the MG, and the
MG will modify the flow of individual EAA returning
to splanchnic tissues. Figure 3 shows portal-drained
viscera (PDV), liver, and MG affinities for individual
EAA from modeling work in those tissues (Hanigan
et al., 2001, 2004a,b). The ratio between splanchnic
and mammary affinity for individual EAA weighted
by tissue blood flow will in turn determine circulating
EAA concentrations, fractional incorporation into milk
protein, and excretion. The different affinities between
tissues and among EAA reported in Figure 3 cannot be
captured by a model that aggregates individual EAA
into a unique postabsorptive pool.

PDV Metabolism of EAA

Assuming gut growth is quantitatively insignificant
in the lactating cow after the large increases in DMI
in early lactation, net EAA use by the PDV should
be reduced to 3 main components: synthesis of export
proteins, replenishment of sloughed cells, and energy
supply from carbon skeletons. Export protein synthesis
is estimated to represent between 0 and 50% of total
endogenous N losses, with the remainder represented
by sloughed cells (Lapierre et al., 2008). Catabolism of
EAA for energy generation in ruminant PDV seems to
be limited to the branched-chain AA (BCAA), Met,
and, among NEAA, Glu and Gln (Lobley et al., 2003;
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Figure 3. Portal-drained viscera (PDV), liver, and mammary
glands (MG) clearance rate constants (L/d) as derived by Hanigan et
al. (2001, 2004a,b). Leucine liver constant and Trp PDV constant are
not reported.
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El-Kadi et al., 2006). In sheep infused with labeled Leu
in the small intestine, catabolism accounted for 21% of
the Leu removed by the PDV (MacRae et al., 1997a).
However, despite its relevance for EAA metabolism,
catabolism of EAA and NEAA is insignificant in spar-
ing the use of glucose by the PDV (El-Kadi et al., 2006;
Doepel et al., 2007; Larsen and Kristensen, 2009).
Among the factors that could affect PDV use of in-
dividual EAA are intestinal absorption rates, arterial
plasma concentrations, and blood flow. In addition,
cellular EAA availability could be limited by individual
EAA transport capacity from blood or the intestinal
lumen. However, net removal seems to be linear (mass
action) over a wide range of arterial concentrations
for individual EAA (Hanigan et al., 2004b; Raggio et
al., 2004; El-Kadi et al., 2006). Thus, saturation of
individual EAA transporters does not appear to be a
limitation, and total supply (arterial plus intestinal)
should drive PDV net removal. In sheep infused with
labeled Leu in the small intestine and jugular vein,
PDV fractional removal of intestinal plus arterial influx
of EAA ranged from about 20% for Leu, Lys, and Val
to 5% for Phe and His as a proportion of arterial plus
intestinal supply (MacRae et al., 1997a). The fraction
removed from the intestinal supply was between 60 and
500% larger than that from the arterial supply, suggest-
ing that preferential use of luminal AA occurred. How-
ever, net uptake of EAA (BCAA, His, Lys, and Thr)
from arterial sources was 80% of total tissue uptake,
except for Phe, where intestinal and arterial sources
contributed similarly (MacRae et al., 1997a). In dairy
cows, PDV clearance rate constants were highest for
Thr, Phe, Leu, and His, intermediate for Val and Met,
and lowest for Lys and Arg (Figure 3; Hanigan et al.,
2004b). Label sequestration of EAA infused into the je-
junum or jugular vein was highly correlated with EAA
composition of PDV protein, indicating high protein
turnover rates and suggesting that the measurements
largely reflected label sequestration in protein (MacRae
et al., 1997a). Essential AA sequestered in PDV struc-
tural protein would be matched by equal amounts of
EAA released from protein in association with protein
turnover; thus, such use does not represent a net loss
of AA. This consideration is required when analyzing
labeled sequestration, and researchers must rely on net
balance measurements to estimate tissue use and affin-
ity. Net balance data indicate that recycling of EAA
from peripheral tissues is the main supplier of EAA re-
moved by the PDV (Hanigan et al., 2004b). Given the
relatively low PDV affinity for individual EAA, supple-
menting MP above requirements would increase EAA
flow into the portal vein. Essential AA not removed by
the liver or peripheral tissues return to general circula-
tion, and a large proportion of that recycles back to
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PDV in arterial blood where a fraction of it (5-20%)
would be sequestered in each pass.

Given that arterial blood is the main supplier of
EAA to the PDV, increased blood flow would increase
total supply, and one might assume removal of EAA
(Hanigan et al., 2004b). However, as the PDV is a net
exporter of EAA, increased blood flow also increases
the rate of removal in the portal vein, thus reducing
interstitial and portal EAA concentrations. Therefore,
increased portal blood flow should reduce the rates
of removal of arterial EAA (Hanigan et al., 2004b).
Blood flow in the portal vein responds to energy supply
(Lomax and Baird, 1983; Reynolds, 1995) but not to
protein supply (Hanigan et al., 2004b; Raggio et al.,
2004). Hence, the increases in blood flow mediated by
energy supply should increase the release rates of EAA
to the portal vein. This hypothesis was not substan-
tiated in the study of Larsen and Kristensen (2009),
where glucose infusion reduced EAA appearance in the
portal vein. However, in that study, portal blood flow
was not reported, and glucose infusion significantly
reduced diet intake, likely reducing EAA flow to the
small intestine. More research is required to understand
nutrient effects on blood flow and the effects of blood
flow on PDV metabolism of nutrients.

Liver Metabolism of Essential AA

Liver extraction and metabolism of EAA have been
reviewed (Hanigan, 2005; Lapierre et al., 2005). Hanigan
et al. (1998b, 2004a) represented liver net removal of
EAA as a mass action function of total supply (bidi-
rectional exchange across the cell membrane was not
represented). There were no indications that clearance
rate constants varied as AA supply was altered in the
early work. Raggio et al. (2004) subsequently reported
an increase in fractional removal for Met, Phe, and Tyr
as dietary MP was increased, raising questions as to the
constancy of hepatic removal with respect to MP supply.

Excepting the BCAA where hepatic clearance rates
are very low, hepatic clearance rates of EAA range from
a low of 41% of mammary clearance rate for Lys to a
high of 135% for Phe (Hanigan et al., 2001, 2004a).
However, because hepatic blood flow is 3- to 4-fold
greater than mammary blood flow, the fractional re-
moval of EAA by the liver is lower. It should be noted
that comparison of hepatic and mammary affinities in
this review deviates from the review of Hanigan (2005),
where it was concluded that mammary affinity was
much greater than liver affinity. In reviewing the source
data used for the earlier review, it is clear that a mis-
take was made in calculating the mammary clearance
rates in the earlier work. The values reported in this
work are representative of the source work.
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High hepatic blood flow dictates that the majority of
EAA reaching the liver are delivered from arterial sup-
plies (arterial delivery in PDV plus arterial delivery in
the hepatic artery), and thus net uptake of EAA by the
liver is largely a function of recycling from peripheral
tissues. Nutritionally, this is an opportunity because
providing energy or signaling AA that are minimally
removed by the liver, such as BCAA, could stimulate
protein synthesis in MG, increase mammary net uptake
of other EAA (e.g., Met), and reduce EAA recycling
to splanchnic tissues, liver net clearance, and EAA
catabolism.

Several studies have found no effect of MP supply on
hepatic blood flow (Blouin et al., 2002; Hanigan et al.,
2004b; Raggio et al., 2004), whereas energy supply has
been shown to be positively associated with changes in
hepatic blood flow (Lomax and Baird, 1983; Reynolds,
1995). The ability to increase energy supply to the
animal without experiencing a significant increase in
splanchnic clearance of EAA is consistent with ensuring
that the animal can enhance milk output when dietary
energy supply is high without compromising posthe-
patic EAA supply.

In summary, splanchnic tissues play a significant role
in metabolism of EAA. More importantly, the effects
of PDV and the liver on peripheral availability are
unique to each EAA, restricting the utility of predic-
tion models that aggregate EAA in one fraction (MP).
The largest fraction of EAA catabolized by splanchnic
tissues arises from recycling from peripheral tissues.
Therefore, increasing MG demand for individual EAA
would sequester more EAA in milk protein at the ex-
pense of splanchnic catabolism, thus improving MPLE
and reducing N excretion.

UTILIZATION OF EAA BY THE MAMMARY GLANDS

Mammary net uptake of individual EAA is a func-
tion of arterial influx and cellular transport activity.
The former is a function of rates of absorption from the
gut, blood flow distribution, and AA transport activity
in various tissues (Hanigan et al., 1998a). Mammary
unidirectional transport rates (mol/d) of individual
EAA into mammary epithelial cells depend on total
influx (mol/d) of that EAA from arterial blood into the
extracellular space and influx of other AA transported
by the same AA transport system (Baumrucker, 1985).
However, AA competition for transporters seems to
have minimal effects on transport rates because most
transport systems are operating at rates that are an
order of magnitude below their Michaelis-Menten affin-
ity constants (Baumrucker, 1985; Hanigan et al., 1992).
Thus, unidirectional transport of individual EAA into
mammary epithelial cells seems to be driven by mass
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action, within ranges observed in lactating cows fed a
regular dairy diet, and net mammary uptake of individ-
ual EAA would be driven by venous concentrations and
blood flow (Baumrucker, 1985; Hanigan et al., 1998b).

Mammary Metabolism of EAA

Mammary fractional removal of individual EAA
changes with arterial concentration (Bequette et al.,
2000; Doepel et al., 2004), physiological condition
(Schwab et al., 1992), and hormonal status (Mackle
et al., 2000). In multiparous lactating Holstein cows,
mammary fractional removal of AA, on a percentage
basis, ranged from 5% for Asp to 69% for Phe (Hani-
gan et al., 1992). The average fractional removal for
EAA was 43%, and for NEAA was 30% (Hanigan et
al., 1992).

Bequette et al. (2000) observed a 43-fold increase
(0.14 to 6.05 L/d) in the mammary clearance rate
constant for His when arterial His concentration was
reduced by 90% in lactating goats fed a 10.5% CP diet
and infused with an EAA mixture devoid of His. Clear-
ance rate constants for Lys, Phe, Thr, Val, and the
NEAA Pro and Ala were significantly reduced by the
His-depleted treatment. That effect was not observed in
lactating cows fed 16% CP and arterially infused for 10
h with 30 g/h of AA mix with or without His (Cant et
al., 2001). However, His arterial concentrations in the
His-depleted infusion treatment did not differ from the
control (saline infusion), and MPY was similar for the
control and the complete AA infusion, suggesting that
dietary His was sufficient. Abomasal infusion of casein
plus BCAA (500 and 88 g/d, respectively) to lactating
cows fed above MP requirements reduced fractional
removal of Val (Mackle et al., 2000). In the same study,
insulin (hyperinsulinemic-euglycemic clamp) increased
mammary blood flow and fractional removal of the
BCAA, Lys, and Arg. Calculation of clearance rate
constants from treatment means supports the authors’
conclusion that tissue affinity for those AA increased
significantly. Therefore, although fixed clearance rates
explained mammary net uptake of EAA in cows with
small to moderate perturbations of supply (Hanigan et
al., 2002), it does not completely represent the biology
of the system and fails when challenged with data from
animals where large perturbations in the system have
been imposed, such as in the work of Bequette et al.
(2000). In fact, a Michaelis-Menten representation of
mammary net uptake of EAA reduced prediction errors
compared with a mass action representation (Bequette
et al., 2000; Hanigan et al., 2000).

Net clearance rates are a function of unidirectional
transport rates, which depend on the number of epi-
thelial cells and the bidirectional transport activities
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of those cells. The number or differentiation of cells is
not likely to explain short-term changes in transport
rates observed in association with abomasal or arterial
EAA infusions (Akers, 2002). Unidirectional transport
of EAA across the epithelial cell membrane is gener-
ally an active process that depends on the number of
transporters located in the membrane and transport
kinetics. Short-term responses in transport rate are
related to relocation of AA transporters from intracel-
lular compartments to the plasma membrane, whereas
long-term adaptations are a result of gene expression
changes for individual transporters (Mackenzie and
Erickson, 2004).

At least 10 AA transport systems are expressed by
mammary epithelial cells (Baumrucker, 1985). Tight
regulation of AA transport system A has been observed
in relation to intracellular AA concentrations and
insulin signaling in other tissues (Mackenzie and Er-
ickson, 2004). In mammary cells, insulin increased the
expression of the y* transporter gene (Menzies et al.,
2009), and prolactin seemed to affect transport activity
of systems A and L (Shennan et al., 1997). Figure 4
depicts gene expression regulation of proteins belong-
ing to several AA transport systems (SNAT-2, CAT-1,
LAT1, and EAAT). These genes have been shown to
respond to intracellular AA concentrations through the
integrated stress response (ISR) pathway (Kilberg et
al., 2005). The same pathway has been shown to stimu-
late protein translation initiation in liver (Anthony et
al., 2004), and is active in mammary epithelial cells
(Arriola Apelo et al., 2010; Toerien et al., 2010). In hu-
man skeletal muscle, Leu supply stimulated Leu trans-
port into the cell by upregulating mRNA and protein
expression of system L (Drummond et al., 2010). The
authors suggested an effect of mammalian target of
rapamycin complex 1 (mTORC1) on AA transporter
gene expression (Drummond et al., 2010). These obser-
vations, if confirmed, provide a link between cellular AA
demand and supply. However, more research is needed
to understand and connect local mechanisms of regula-
tion of EAA removal by the MG with milk protein
responses. That knowledge would allow formulation
of equations that could accurately predict variations
observed when the supply of individual AA is affected.
However, the applicability of an individual AA based
model will depend, in the end, on whether the protein
synthesis machinery in the mammary cells is responsive
to changes in the supply of individual EAA.

Mammary Cell Demand and Nutrient Signaling

Coordination of mammary AA removal with cellular
demand helps prevent wasteful energy expenditure as-
sociated with AA transport, ribosome biogenesis, and
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translation. Protein synthesis is tightly regulated at the
transcriptional and translational levels. Positive stimuli
that increase protein synthesis rates have a negative
effect on intracellular free AA concentrations and
transfer (t)RNA loading (EIf et al., 2003). Therefore,
cellular coordination between AA demand and nutrient
availability seems indispensable.

Milk protein synthesis is regulated at the transcrip-
tion level by the lactogenic hormones prolactin and glu-
cocorticoids (Doppler et al., 1989). In early lactation,
milk protein gene expression is upregulated (Lemay et
al., 2007; Wickramasinghe et al., 2012). However, after
initiation of lactation in mice, milk protein mRNA reach
a steady state and regulation happens posttranscrip-
tionally (Lemay et al., 2007). In agreement with these
observations, the Akt (also known as protein kinase
B) pathway that mediates insulin effects on mRNA
translation is upregulated during lactation (Lemay et
al., 2007).

Translation of milk protein mRNA is regulated via the
activity of initiation and elongation factors. Nutrients
and hormones activate signaling pathways that control
the activity of these factors. The mTOR pathway is the
pathway most studied with respect to nutritional regu-
lation of translation. The mTORC1 complex regulates
the rate of protein translation and cell growth through
intermediates: elF4E-binding protein 1 (4EBP1),
ribosomal protein S6 kinase 1 (S6K1), and eukary-
otic elongation factor 2 (eEF2, Figure 5; Sarbassov et
al., 2004; Mahoney et al., 2009; Gan et al., 2011). In
mammary tissue of lactating cows, phosphorylation of
mTOR and 4EBP1 were positively correlated, whereas
eEF2 phosphorylation was negatively correlated with
casein synthesis rates (Appuhamy et al., 2011).

Insulin and IGF-1 are indicators of positive energy
status, and as such, they stimulate anabolic processes
in peripheral tissues in all vertebrates (Davis et al.,
2002; Stump et al., 2003; Castillo et al., 2004). Insulin
binding to its membrane receptor sequentially activates
the Akt pathway (Bellacosa et al., 1998). In MAC-T
cells, insulin stimulated phosphorylation of insulin
receptor substrate 1 (IRS1), Akt, and downstream
proteins (Appuhamy et al., 2011). Local energy status
is also sensed intracellularly by the AMP-activated pro-
tein kinase (AMPK), which detects increases in the
AMP:ATP ratio (Hardie, 2004). Activation of AKT
and AMPK results in a cascade of kinase activities that
are integrated by mTORCI1. Signaling by mTORC1
also responds to EAA. Therefore, mTORCI integrates
endocrine and cellular nutrient signals to ensure proper
matching of protein synthesis with local EAA and en-
ergy and systemic nutritional state availability.

Much progress has been made recently in understand-
ing AA effects on mTORC1 activity. Essential AA, es-
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Figure 4. Schematic representation of the general AA response pathway involved in protein translation and AA transporter gene expression
regulation in mammalian cells derived from Kilberg et al. (2005) and Kimball et al. (1989). ATF4 = activating transcription factor 4; C/EBP@3
= CCAAT enhancer binding protein; elF2aP = eukaryotic initiation factor 2 a subunit phosphorylated in the Ser51 phospho site; elF2B = eu-
karyotic initiation factor 2B; GCN2 = general control non-derepressible 2; tRNAi = individual transfer RNA. Stimulatory effects are designated

by + and inhibitory effects by —.

pecially Leu, activate mTORC1 through its recruitment
to the lysosomal membrane (Sancak et al., 2010; Han
et al., 2012). Appuhamy et al. (2012) observed effects
of Ile as well as Leu on mTOR phosphorylation and
casein fractional synthesis rates in mammary tissue. In
agreement, Moshel et al. (2006) reported that mTOR
signaling in mammary epithelial cells was more sensi-
tive to all AA than to Leu alone, and this effect was
reflected in synthesis rates of 3-lactoglobulin. Essential
AA effects on mTOR signaling did not show saturation
over a wide range of concentrations beyond physiologi-
cal levels (Arriola Apelo et al., 2014). Recently, it was
reported that a Val-deficient diet limited milk protein
synthesis in dairy cows (Haque et al., 2013). However,
it is unknown whether the observed effects were due to
Val as a substrate or via its cell signaling effects.

The integrated stress response pathway is also regu-
lated by EAA (Figure 4). Four distinct kinases activate
this pathway in response to different environmental sig-
nals (Wek et al., 2006). General control non-derepress-

able 2 (GCN-2) senses AA depletion by binding with
deacylated tRNA and subsequently phosphorylates
elF2a (Wek et al., 1995). Phosphorylation of elF2«
blocks the release of GDP upon hydrolysis from elF2
and stops methionyl-tRNA recruitment to the 40S ribo-
somal subunit (Kimball et al., 1989). In MAC-T cells,
His and BCAA supplementation reduce elF2a phos-
phorylation (Arriola Apelo et al., 2010). However, in
mammary tissue slices, no effect of these AA on elF2a
phosphorylation was observed despite changes in milk
protein synthesis rates (Appuhamy et al., 2012).

By coordinating EAA and energy supply with de-
mand for protein synthesis, mammary cells avoid
the potentially costly mistake of synthesizing cell
machinery when substrate supply is inadequate. This
cellular strategy opens the possibility for nutritional
manipulation by reducing dietary protein supply and
supplementing with specific AA that activate the cor-
responding signaling pathways. This strategy would
maximize mammary use of AA for protein synthesis
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Figure 5. Mammalian target of rapamycin complex 1 (mTORC1) translation regulation pathway. Depicted are the effects of insulin, AMP,
and identified AA, as well as other potential essential AA, on mTORC1 pathway. Several effects of the mTORC1 downstream protein on transla-
tion regulation are also represented (Bellacosa et al., 1998; Hardie, 2004; Mahoney et al., 2009). 4EBP1 = eukaryotic initiation factor 4 E binding
protein 1; AMPK = AMP kinase; Akt = protein kinase B; eEF2 = eukaryotic elongation factor 2; eEF2K = eukaryotic elongation factor 2 ki-
nase; el[F4E = eukaryotic initiation factor 4 E; FKBP38 = FK506 binding protein 38; IRS1 = insulin receptor substrate 1; mLST8 = mammalian
lethal with SEC3 protein 8; PRAS40 = proline-rich Akt substrate 40 kDa; Rheb = Ras homolog enriched in brain; rpS6 = ribosomal protein S6;
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and minimize AA recycling to splanchnic tissues, thus
improving AA efficiency and reducing N excretion.
Several efforts to model nutrient metabolism at the
tissue level have been undertaken (Hanigan et al., 2001,
2004a,b). Incorporation of cellular signaling regula-
tion into those models seems to be the next logical
step to reach the final objective of predicting tissue
responses to nutrient availability and homeostatic and
homeorhetic regulation. In turn, this understanding can
be aggregated in nutritional models at the animal level
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to better represent nutrient utilization efficiency and
reduce the environmental effect of the dairy industry.
Initial attempts have resulted in a comprehensive model
of the regulation of mRNA translation, which included
predictions of signaling protein activation by EAA and
insulin, and protein synthesis rates (El-Haroun et al.,
2010). Parameter values were derived from the litera-
ture, but the model has not been validated with inde-
pendent data. Other efforts include mechanistic models
of translation that do not include nutritional regulation
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and lack applicability with respect to the objective of
improving gross N efficiency (Basu and Chowdhury,
2007; Tuller et al., 2010; Sharma and Chowdhury, 2011).

Attempts have also been made to represent individual
signaling pathways. A model of the mTOR pathway acti-
vation by AA and insulin was recently developed (Vinod
and Venkatesh, 2009). The model predicted saturable
responses in mTOR and S6K1 phosphorylation with
respect to supply of AA and additive effects of insulin.
Interestingly, it also includes a negative feedback of AA
on the insulin pathway and glucose transporter GLUT4
translocation to the cytoplasmic membrane. Similar to
protein synthesis models presented above, this model
requires specific inputs that limit its use in nutritional
research. Appuhamy and Hanigan (2010) represented
the mTOR pathway activation in a simplified represen-
tation with 3 proteins (Akt, mTOR, and 4EBP1) and 6
pools (phosphorylated and unphosphorylated for each
protein). Phosphorylation was driven by mass action as
a function of insulin and EAA concentrations (Figure
6). Phosphorylation of downstream proteins (mTOR
and 4EBP1) was predicted with minimal error (<10%).
As additional data are generated, this model could be
incorporated into existing tissue models and evaluated
for accuracy of prediction. However, this level of com-
plexity should not be required nor would it be desirable
for incorporation into animal requirement models for
production purposes. Rather, these molecular and cel-
lular models identify sources of variation in response
variables and provide a quantitative understanding of
the importance of these mechanisms with respect to
deficiencies in existing requirement systems. Through
such understanding, we can gain the knowledge required
to construct more aggregated and empirical representa-
tions of the key elements for use in our requirement
systems.

Mammary Blood Flow

Several studies have investigated local effects of nu-
trients on mammary blood flow. Increasing levels of Lys
up to 63 g/d increased arterial Lys but had no effect
on blood flow (Guinard and Rulquin, 1994). Guinard
and Rulquin (1995) used an addition approach to in-
vestigate the effect of Met on mammary blood flow in
mid-lactation Holstein cows (84 to 154 DIM) consum-
ing a 17.8% CP diet and producing 24 kg/d of milk.
Duodenal infusion of 16 g of Met significantly reduced
blood flow compared with the basal diet, but that effect
disappeared when the Met dose was doubled. Bequette
et al. (1996, 2000) observed 17 and 36% increases in
mammary blood flow when EAA mixtures depleted
of Leu or His, respectively, were infused into lactating
goats. In contrast, in dairy cows fed a 16% CP diet,
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a 10-h unilateral infusion of 30 g/h of an AA mixture
with or without His at the external iliac artery did not
affect mammary blood flow (Cant et al., 2001). In Hol-
stein cows fed 13.9% CP diets (72% MP requirement)
and producing 34.5 kg/d of milk, abomasal infusion of
all the EAA (359 g/d) reduced blood flow to the MG
by 10% compared with treatments that did not receive
EAA, whereas infusion of NEAA (356 g/d) tended to
increase (7%) blood flow (Doepel and Lapierre, 2010).
Similarly, duodenal infusion of casein (743 g/d) reduced
mammary blood flow by 17% (Lemosquet et al., 2009).
The same effect was not observed when 860 g/d of
casein was infused abomasally (Rius et al., 2010) or
when dietary RUP supply was increased (Metcalf et
al., 1996b). In a meta-analysis considering 52 treat-
ments from 24 experiments, a poor negative relation-
ship between MP supply and mammary blood flow was
observed (Lapierre et al., 2012). In lactating rats, 18 h
of total feed deprivation reduced mammary blood flow
50% (Stewart et al., 2009). Refed rats recovered mam-
mary blood flow to initial levels within 60 min. In this
latter work, dietary energy was a confounding effect.
Provision of glucose to Holstein cows (81 DIM) pro-
ducing 32 kg/d of milk increased mammary blood flow
linearly, affecting the net removal of EAA (Rulquin et
al., 2004). Propionate infusion increased arterial glu-
cose and mammary blood flow followed a very similar
pattern (Lemosquet et al., 2009). Rius et al. (2010)

Insulin
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=
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mTOR-U [ mTOR - P
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Figure 6. Schematic of the mTORCI1 signaling pathway model
derived from Appuhamy and Hanigan (2010). Solid arrows represent
fluxes, dashed arrows represent regulatory effects on the fluxes, and
solid boxes represent protein pools. 4EBP1 = eukaryotic initiation
factor 4 E binding protein 1; Akt = protein kinase B; mTORC1 =
mammalian target of rapamycin complex 1; U = unphosphorylated; P
= phosphorylated.
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observed an increase in mammary blood flow and nitric
oxide synthase phosphorylation (indicating enzyme
activity) in response to abomasal infusion of starch (2
kg/d) to Holstein cows (160 DIM) producing 40 kg/d
of milk. The mechanism behind nitric oxide synthase
activation is unclear, because no effect on Akt phos-
phorylation, a key intermediate in the insulin signaling
pathway, was observed (Rius et al., 2010). On the other
hand, Bequette et al. (2001) reported a 42% increase
in mammary blood flow of lactating goats during a
hyperinsulinemic-euglycemic clamp, suggesting that
glucose responses are indirectly mediated by insulin. A
common factor between the Rius et al. (2010) and Be-
quette et al. (2001) study is the increase in plasma IGF-
1 concentration. From these observations, it appears
that the MG regulates local blood flow in response to
nutrient deficiency or imbalance, thus affecting nutrient
partitioning.

Blood flow has been described as a linear function of
milk yield (Kronfeld et al., 1968; Hanigan et al., 2002).
Cant and McBride (1995) represented mammary blood
flow as a negative function of intracellular ATP:ADP
ratio. Based on that model, increasing blood nutrient
concentrations (AA, acetate, and glucose) would reduce
blood flow due to an increase in the ATP:ADP ratio.
Conversely, reducing nutrient concentrations increased
blood flow and clearance per unit of time of AA, fatty
acids, and glucose, but not acetate by the MG. That
effect has been experimentally observed for infusions of
EAA (Doepel and Lapierre, 2010), but not for NEAA,
total AA (Metcalf et al., 1996a), or glucose (Rulquin
et al., 2004). A more comprehensive representation of
local blood flow regulation in the MG has not been
published. Further research is needed to understand
the mechanisms controlling blood flow regulation in the
MG and other tissues if we are to achieve a better de-
scription of variable partial efficiencies in postabsorp-
tive N metabolism. We expect that local blood flow
regulation is a nonlinear function of at least several
independent nutrients such as glucose and individual
EAA. However, data availability does not currently al-
low parameterization of such a representation.

NUTRIENT INTERACTIONS

The single limiting AA theory applied to animal nu-
trition is based on the Law of the Minimum that derives
from the work by the German botanist Carl Sprengel in
1828. The original hypothesis stated that a nutrient can
limit plant growth and, when limiting, growth will be
proportional to supply. von Liebig (1863) subsequently
restated the hypothesis in stronger terms, indicating
that if a nutrient was limiting for growth, responses
to other nutrients could not occur. Mitchell and Block
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(1946) used von Liebig’s extension of Sprengel’s hy-
pothesis to develop the concept of the order of limiting
AA, which is commonly described using the analogy of
a water barrel with broken staves, where only the AA
represented by the shortest stave can cause a response
(Cant et al., 2003). Based on this concept, if an AA
is limiting milk production, then only the addition of
that AA to the diet will result in a positive milk yield
response; for example, the single-limiting AA theory.
Several studies at the animal level have challenged this
theory, whereas others agree with it (reviewed in Cant
et al., 2003). Hanigan et al. (2000) observed that the
effects of individual AA on milk protein synthesis were
better represented by consideration of multiple AA as
independent and additive effectors of protein synthesis
using a Michaelis-Menten model than the single-limit-
ing AA approach.

Milk protein synthesis is a multi-step enzymatic pro-
cess that happens in the cell at a rate determined by
substrate availability and enzyme catalytic potential.
Essential AA can affect milk protein synthesis by acti-
vating signaling proteins that modify enzyme catalytic
potential, or when in short supply via a reduction in
tRNA loading and thus substrate availability. It was
previously assumed that tRNA loading was not limiting
for protein synthesis (Cant et al., 2003). However, there
have been observed responses in milk protein synthesis
to EAA without activation of signaling pathways (Ap-
puhamy et al., 2012). Elf et al. (2003) demonstrated
that when an AA becomes limiting, the charging level
of some iso-acceptor tRNA can approach zero, whereas
others remain fully loaded. The rate of translation of
the respective codons could thus differ greatly due
to substrate availability. This study also showed that
iso-acceptor sensitivity to AA deficiency and codon
usage (frequency of appearance in genes expressed in
the cell) were not necessarily correlated. The concept
of differential iso-acceptor loading validates the multi-
substrate application of the Michaelis-Menten equation
for protein synthesis (Hanigan et al., 2000). It also
agrees with early studies where addition of individual
EAA (Clark et al., 1978) or groups of AA (Park et al.,
1976) to mammary explants independently increased
the rate of milk protein synthesis. Recently, Appuhamy
et al. (2012) observed no effects of Met and Thr on
signaling proteins in mammary tissue slices, but these
AA did affect casein synthesis rate, suggesting either a
substrate affect or an unknown signaling mechanism.
We recently studied the effect of Ile, Leu, Met, and Thr
on fractional synthesis rates of casein using mammary
tissue slices from lactating cows and observed additive
(nonsignificant interactions) and saturable effects of
the 4 AA, contradicting the single limiting AA theory
(Arriola Apelo et al., 2014).
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As previously discussed, signaling pathways that
regulate translation initiation and elongation have been
shown to respond to specific EAA. In mammary tissue
slices, Leu, Ile, and Thr have been shown to activate
the mTOR pathway (Appuhamy et al., 2012; Arriola
Apelo et al., 2014). Increasing the maximum catalytic
rate (V,,.,) in the absence of a change in substrate af-
finity (k,) at a given concentration of substrate will
result in increased catalytic rates (mRNA translation).
Therefore, Leu or Ile could independently and additive-
ly stimulate protein synthesis even when they are not
considered first limiting according to the hypothesis.
This contradicts the single-limiting AA theory because
the cell may respond to not only Leu and Ile, but per-
haps also to other AA (e.g., Met or Thr) that are alter-
ing translation rates due to substrate availability (Ar-
riola Apelo et al., 2014). Moreover, mTOR can also be
regulated by hormonal or intracellular energy signals,
thereby either causing an increase in protein synthesis
when it is activated in the absence of a change in the
limiting AA or decreasing synthesis when not activated
even if more of the limiting AA is provided.

Postruminal infusion of casein and glucose produced
an additive response in MPY in lactating cows (Van-
hatalo et al., 2003). This response can be partially
explained by an increase in arterial concentrations of
some EAA due to reduced hepatic use (Vanhatalo et
al., 2003). However, Rius et al. (2010) determined that
part of the response to increased postruminal glucose
(via starch) supply was explained by changes in phos-
phorylation state of the mTOR pathway proteins in
mammary tissue in response to increased concentrations
of blood glucose. In MAC-T cells, EAA and insulin ad-
ditively activated the mTOR pathway (Appuhamy et
al., 2011). Furthermore, in MAC-T cells and mammary
tissue slices, individual EAA independently affected
the phosphorylation state of mMTOR (Appuhamy et al.,
2012). These changes were correlated with changes in
rates of casein synthesis in mammary tissue slices.

The evidence conclusively indicates that EAA avail-
abilities, energy supply, and hormone concentrations all
independently stimulate rates of milk protein synthesis
through the activation of signaling pathways, contra-
dicting the single limiting nutrient theory at the tis-
sue level. Thus, additive nutrient effects, in addition
to variable partial AA efficiencies, should be included
in nutrient requirement models to better represent re-
sponses to EAA and energy, and in this way improve N
utilization and reduce N excretion.

CONCLUSIONS

Current understanding of EAA metabolism is ad-
equate to allow improvement of nutrient requirement
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systems for dairy cattle that should reduce predic-
tion errors and increase the robustness of the system
through the incorporation of metabolic mechanisms
as a pillar for future contributions. An improved rep-
resentation of the biology of milk protein synthetic
processes should include (1) individual EAA rather
than the aggregated representation as MP, (2) variable
partial efficiencies of AA utilization, and (3) the ef-
fects of multiple nutrients on AA utilization. Variable
efficiencies reflect the saturable nature of enzymatic
reactions in protein synthesis and are a function, in
part, of local regulation of nutrient utilization. Among
those mechanisms, local regulation of blood flow has
been demonstrated to interact with tissue affinities and
determine nutrient uptake. Progress in understanding
the regulation of AA transport in mammary cells is
encouraging, but quantifying the systems that trans-
port each of the EAA at a molecular level, the overlap
between them, and the mechanisms regulating them
remains to be completed. However, it is clear from in-
fusion studies that AA transport systems can respond
to changes in AA supply and at least partially mitigate
supply shortages. Amino acid transport systems are
also coordinated with intracellular signaling pathways
so that AA availability and tissue demand for pro-
tein synthesis are matched. The progress obtained in
understanding signaling pathways, their mechanisms
of activation, and their effects on translation regula-
tion has been remarkable. Furthermore, understand-
ing these pathways has led to the concept that indi-
vidual EAA and energy can independently stimulate
protein synthesis at the cellular level, in agreement
with observations at the animal level. Such concepts
are inconsistent with the single limiting AA and the
single limiting nutrient theory. Differential responses
to individual EAA limit the use of an aggregated rep-
resentation of AA requirements as MP. This approach
fails to capture milk protein responses to corrections
in dietary EAA profile without changing total N sup-
ply. The aggregated representation of AA as MP also
fails to capture variable utilization efficiencies between
tissues, especially splanchnic and MG, which modify
EAA availability for cellular processes. Requirements
are overestimated because protein must be supplied
at a level to meet the needs of those EAA used with
the least efficiency relative to supply. Incorporation of
these concepts into future requirement systems should
allow formulation of rations with lower CP levels in
concert with selected supplementation of specific EAA.
This approach should increase postabsorptive partial
efficiencies and reduce N excretion to the environment,
thus improving dairy industry economics and reducing
environmental impact.
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