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1. ABSTRACT

One major goal of nutrition is to maximize the
rate of muscle protein gain via provision of amino acids
(AAs) through blood plasma. Comparing the plasma
AA concentrations with the growth performance data
can help to elucidate the metabolic mechanisms
regulating plasma AA homeostasis, nutrient utilization,
and intracellular protein turnover. Knowledge about
the homeostatic regulation of plasma AA profile can
aid in predicting dietary AA availabilities, the order of
limiting AAs, and the whole body protein metabolism.
Lysine, for example, is typically the first limiting AA in
practical swine diets; however, our current knowledge
is insufficient to draw a clear conclusion about the
complex relationship between dietary lysine supply
and plasma AA profiles. Thorough understanding of
the effect of dietary AA supply on plasma AA profiles
can help nutritionists to develop novel nutritional
strategies to guide and improve dietary AA supplies.
Further research is needed to study how different
levels of dietary AAs, individually or in concert, affect
the plasma concentrations of all AAs and related
metabolites.

2. INTRODUCTION
The primary objective of swine production

is to convert feedstuffs into edible pork for human
consumption. Pork, the most consumed meat in the
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world, is a major source of high-quality food protein
for human consumption (1). Pigs grow fast, offer
more meat per breeding female and, therefore, are
more prolific than other livestock species (2, 3). The
predominant component of pork is skeletal muscle
(interchangeably called muscle in this review), and
in modern days the efficiency of pork production is
measured by the efficiency of lean gain (i.e., the
muscle gain) instead of the whole-body weight gain.
Thus, knowledge about the growth and development
of skeletal muscle in pigs is fundamentally important
from both the economic and scientific standpoints (3).

Besides water which constitutes
approximately 75% of the total muscle mass, the
principal chemical component of muscle is protein
that constitutes approximately 74% of the total muscle
dry matter. All the other components, including lipids,
non-protein nitrogenous substance, carbohydrates
and minerals, compose approximately 26% of the dry
matter in muscle (4). As is known, the protein molecules
are polymers of amino acid (AA) residues linearly
connected by peptide bonds (3, 5). Although there are
more than 500 naturally occurring AAs (6), only about
20 of them are commonly found in plant and animal
proteins, and these 20 AAs, called proteinogenic AAs
(7), are alanine, arginine, asparagine, aspartic acid,
cysteine, glutamic acid, glutamine, glycine, histidine,
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isoleucine, leucine, lysine, methionine, phenylalanine,
proline, serine, threonine, tryptophan, tyrosine, and
valine (8, 9). Recently, a new AA called selenocysteine
has been identified as a new AA naturally existing in
certain proteins (10).

Traditionally AAs were classified as
nutritionally essential or nonessential AAs for pigs.
The essential AAs are those that need to be provided
to the pigs through dietary supply because pigs
cannot de novo synthesize them or cannot synthesize
enough to meet their metabolic needs (3, 9). It was
tactically assumed that pigs can synthesize enough
amounts of nonessential AAs for use if enough dietary
nitrogen is provided. Therefore, the U.S. National
Research Council (NRC) has dietary requirement
recommendations for the essential AAs but not for
the nonessential AAs (9). Recently, a growing body of
knowledge, however, showed that this classification is
invalid, as pigs (as well as poultry and fish) do have
dietary requirements for the so-called “nonessential
AAs” to fulfill their genetic potential for maximum growth
and reproduction performance, as well as for their
optimal health and wellbeing (11). The long-standing
term “nonessential AAs” is now considered as a long-
standing misnomer in nutritional sciences. Beyond
serving as the building blocks for protein synthesis,
different AAs do have different biochemical functions,
and this must be considered when formulating swine
diets to improve the efficiency of nutrient utilization and
animal well-being (11).

Skeletal muscle, the major reservoir of
protein or AAs in the body, is actually a dynamic
tissue. Different from the protein molecules in secreted
milk or laid eggs, the protein molecules in muscle
mass constantly undergo a normal intracellular life
processes, which is called protein turnover — old or
damaged proteins are degraded and new proteins are
de novo synthesized (3, 5). This process continues
throughout animal life even when the growth rate is
zero or negative (12). Besides muscle, other tissues
in animal body also possess intracellular protein
turnover, but the rates of this metabolic cycle vary
greatly among the tissues (13).

Constant muscle protein turnover requires
a constant supply and removal of free AAs through
extracellular and intracellular fluids. Blood circulation
is connected to these fluids and is responsible for AA
transportation and distribution within animal body. In
order for animal muscle to grow or to grow fast, its
protein biosynthesis rate must be much higher than the
rate of protein degradation, which requires not only a
maximal amount of AA supply (within the physiological
range) but also the optimal ratios among the AAs at
the site of protein synthesis (14). If one required AA
is unavailable, the whole protein biosynthesis will be
halted, and this halt will consequently lead to more
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muscle protein degradation, because the degradation
process can release the lacking AA that is necessary
for other more important organs (such as the brain and
liver) to function (15, 16).

In swine production practice, it is crucial to
constantly provide swine muscle cells with AAs in
right amounts and at right ratios via blood circulation.
As is known, the ultimate source of free AAs for the
blood plasma comes from daily dietary intake of
protein or AAs. Therefore, a thorough understanding
of the relationship between the plasma AA profile and
dietary AA supply is of ultimate importance for the
nutritional management of pig production, such as diet
formulation. This review was written to highlight some
recent advances in this area of research.

3. PIVOTAL ROLES OF PLASMA
FREE AMINO ACIDS

Besides the aforementioned muscle cells,
virtually all other living cells within an animal’s body
involve the intracellular protein turnover process
(Figure 1). For this process to proceed, the intracellular
fluids need to receive and remove free AAs via
extracellular fluids and blood circulation according
to the metabolic status of the cells. The free AAs in
the plasma with different concentrations (i.e., the AA
profile) play pivotal roles during the protein turnover
process (17). This is so because the free AAs are
intermediates of the whole body protein turnover and
nutrient metabolism, and they function as a type of
circulating “currency” for these metabolic processes.

Blood circulation transports all metabolic
products of protein digestion and absorption, which
include peptides and free AAs, to other tissues in the
body (Figure 1). Comparing the current plasma AA
concentrations (after feed intake) with the reference
plasma AA concentrations (at starvation) can give
important information about the bioavailability of
AAs in a diet (5). This type of comparison assay has
been used for determining the limiting AAs in swine
and poultry diets and to determine AA requirements
of these animals (18, 19, 20). The profiles of the
digestible or bioavailable AAs, especially those not
de novo synthesizable in animal cells, in a diet is
the single most important factor that determines the
nutritional value of the dietary protein or the efficiency
of dietary protein for metabolic utilization (21, 22).

In many circumstances, the cellular uptake
and further metabolism of small peptides and free
AAs depend on the concentrations of free AAs in the
plasma (17, 23). If the required free AAs are readily
supplied from the blood plasma, upon entering the
cell they will rapidly join one another by peptide bonds
to form peptides or proteins under the direction of
corresponding cellular mRNAs. Therefore, except
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Figure 1. Homeostatic regulation of plasma free amino acid (AA) concentrations. The relationships among AA intake, AA de novo synthesis, the plasma
pool of free AAs, AA catabolism, and protein and peptide turnover in animal body are outlined. Endogenous proteins and AAs are those coming from
the inside of the body instead of from the dietary source (i.e., the exogenous source). The endogenous protein losses include the losses of swine tissue

proteins and the intestinal microbial proteins and nitrogen-containing metabolites.

for taurine, glutamate, glutamine, aspartate, glycine,
alanine, B-alanine, arginine, proline, and threonine,
the concentrations of other free AAs in the skeletal
muscle of young pigs usually remain low (< 0.5 mM)
(5). Of note, the intramuscular concentrations of
methionine, phenylalanine and tryptophan are only
0.076, 0.074, and 0.047 mM (5). Every particular type
of cells has an upper limit with regard to the amounts
of protein and AAs it needs or can store. After the
cell has reached over its upper limit, the excess
protein and AAs will be metabolized, via inter-organ
cooperation, into other metabolic products (e.g.,
glycogen and lipids), or they will be used immediately
as an energy source (3, 24, 25).

As new proteins are biosynthesized, many
of the old or damaged proteins are catabolized within

642

living cells and returned to the plasma in the form
of small peptides or free AAs almost as rapidly as
the speed of protein synthesis (5). Thus, there is a
constant interchange or equilibrium between plasma
AAs and the labile proteins in almost all the living cells
(24). For instance, if a particular tissue requires more
proteins, new proteins will be synthesized quickly
using the plasma free AAs, and thereafter, the plasma
AAs can be replenished via the diet or degradation of
proteins in other tissues (24).

For an animal to have proper life processes
and a healthy body, there is a need for a homeostatic
plasma AA profile. Whenever the plasma AA
concentrations fall below the homeostatic levels, and no
or very little AAs come from diet at that particular time,
more cellular proteins will be catabolized to provide
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free AAs, which will be released and transported out
of the cells into the plasma. In this way, the plasma
AA profile is maintained at a reasonably constant or
homeostatic status. Nevertheless, an animal body
with a normal plasma AA profile or in a physiologically
healthy state is not necessarily growing at a maximal
or optimal rate. The optimal plasma AA profile for body
health may not be the same as that for fast muscle
growth.

4. FACTORS AFFECTING THE PLASMA
FREE AMINO ACID PROFILE OF PIGS

4.1. The endogenous and exogenous
sources of amino acids

In general, the plasma free AA profile of a
pig at any given time is affected by the appearance
rates (R,) of various AAs to the blood and by their
disappearance rates (R,) from the blood at the same
time (Figure 1). While the factors controlling R,
include (i) the rate of AA withdrawal from the plasma
by cells for syntheses of proteins, peptides, and non-
peptide substances, (ii) the rates of plasma free AA
degradation, and (iii) the rates of AA losses via urine,
saliva, feces, and skin, those controlling R, include
endogenous and exogenous sources (23, 26).

The endogenous sources of AAs are referred
to those obtained from the inside of the body, whereas
the exogenous sources of AAs are referred to those
coming from the outside of the body. The endogenous
AAs mainly include those that come from cellular
proteolysis and de novo AA syntheses (Figure 1). In
pigs, after secreted into the intestinal lumen some
endogenous proteins are degraded into free AAs
and, therefore, most of the AAs associated with those
proteins are lost in feces (27, 28). At any given time,
however, pigs can also recycle these endogenous
AAs, and under some physiological situations, up to
two-thirds of the total AAs needed for the whole body
may come from the endogenous sources. For a pig to
gain muscle, however, only using the endogenous AA
R, to compensate the normal AAR  should be avoided,
which means that the exogenous AAs should always
be provided to the pig in order to maintain its plasma
AA homeostasis, tissue health, and body growth (29).

The exogenous source of AAs basically is the
dietary supply of AAs via mouth and gastrointestinal
tract (23, 26), and this dietary source can be provided
in the form of proteins, peptides, and/or free AAs. The
form of proteins is the primary source of exogenous AAs
in current swine production practice. The end products
of the gastrointestinal digestion of dietary proteins and
peptides are small oligopeptides (di- and tri-peptides)
and free AAs, which can be actively absorbed into
the blood stream via numerous facilitated system
transporters anchored in the apical and basolateral
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membranes of the small intestinal epithelial cells
(30). In addition, any endogenous proteins and
peptides secreted into the gastrointestinal lumen are
also subject to a similar digestion and absorption
processes as that for the exogenous dietary proteins
and peptides (28). Any factors that affect the activities
of digestive enzymes (such as proteolytic enzymes)
(24) and transport systems (31) will affect the rates
and quantities of free AAs entering the blood stream.

4.2. The roles of gastrointestinal tract

First of all, besides being responsible for
digestion of proteins and absorption of small peptides
and AAs, animal gastrointestinal tract plays important
roles in the synthesis, conversion and catabolism of
AAs, which significantly affects the proportion of the
absorbed AAs before being transported to the blood
stream. Although the portal-drained viscera (intestines,
pancreas, spleen, stomach) represents only about
5-7% of body mass, these tissues disproportionately
account for 20-35% of whole-body protein synthesis,
which means that the splanchnic tissues metabolize
about 20-50% of dietary essential AAs (leucine,
lysine, phenylalanine) in the first-pass (32, 33). With
low-protein diets, this extraction of AAs can be as high
as 70% of lysine intake (32). Based on the literature,
Wu et al. (34) reported that most of glutamine and
almost all glutamate and aspartate from the diet are
catabolized by the small intestinal mucosa in the first-
pass, and that the small intestinal mucosa degrades
enteral arginine, ornithine, proline, branched-chain AAs
and lysine, and perhaps methionine, phenylalanine,
threonine, glycine, and serine, such that 30-50% of
these dietary AAs do not enter the portal vein.

The small intestinal lumen of pigs harbors
many species of microorganisms, which can degrade
both exogenous and endogenous small peptides
and free AAs and, thus, actively affect the luminal
supply of free AAs to the blood stream. Dai et al. (35)
reported high rates of the utilization of glutamine,
lysine, arginine, threonine, leucine, isoleucine,
valine and histidine by luminal bacteria in the small
intestine. Except for the formation of glutamate and its
metabolites (alanine and aspartate) from glutamine,
and of ornithine from arginine, there was no net
production of any AAs from glutamine, lysine, arginine,
threonine, leucine, isoleucine, valine and histidine by
pig intestinal microbes. Dai et al. (35) also found that
small-intestinal bacteria, particularly Streptococcus,
M. elsdenii, Mitsuokella, and E. coli, degraded AAs
at different rates in a species-dependent manner and
the protein synthesis was a major pathway for AA
metabolism in all the bacteria studied. Of note, Yang
et al. (36) found that bacteria in the small intestinal
lumen of pigs degraded AAs, but bacteria that tightly
adhered to the small intestinal epithelial wall might be
able to synthesize AAs, suggesting variations in AA
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metabolism by bacteria from different niches. The small
intestinal bacteria also synthesize proteins from the
luminal free AAs (37). Those free AAs that pass from
the terminal ileum into the large intestine of pigs are
catabolized by large intestinal microbial fermentation
and lost with feces because large intestinal absorption
of free AAs is very limited and only occurs during early
postnatal development (33).

4.3. Inter-organ exchange of amino acids

Besides the gastrointestinal tract, other
internal organs, such as liver, kidney, and muscle,
also affect the plasma AA profile through inter-
organ AA metabolism. Although the uptake of basic
AAs (e.g., arginine and lysine) by liver is low due
to the near absence of the y* AA transport system
(5), the liver can degrade most AAs with only a few
exceptions (e.g., the branched-chain AAs including
leucine, isoleucine and valine) and plays a central
role in determining the plasma concentrations
of AAs (38). Although a large quantity of rapidly
exchangeable proteins can be synthesized in it, liver
is the major organ responsible for AA catabolism and
disposal and, along with the enterocytes, is capable
of synthesizing urea from ammonia (39). If the liver is
injured or diseased, the total plasma AA concentration
will be increased (40). In addition to AA catabolism,
the liver also has an ability to synthesize certain AAs
and some important compounds from plasma AAs.
For instance, with a few exceptions (e.g., citrulline
and arginine), the so-called nonessential AAs can
all be synthesized in the liver (41). As is known, the
plasma proteins have many physiological functions,
including transport of lipids, hormones, vitamins,
and metals in the circulatory system and regulation
of acellular activities (24). Many blood proteins act
as enzymes, antibodies, complement components,
protease inhibitors, or kinin precursors. Most of the
plasma proteins, with the exception of some gamma
globulins, are synthesized from free AAs by the
hepatic cells (24).

The kidney, as another metabolically
important organ, is able to finely filter the plasma and
tissue pools of free AAs and also to synthesize some
AAs (e.g., glycine from hydroxyproline; arginine from
citrulline; and homoarginine from arginine and lysine)
(5, 42—44). Therefore, the kidney also plays a major
role in the homeostatic control of plasma free AAs
through filtration, reabsorption, synthesis, degradation,
and urinary excretion of free AAs and peptides (45,
46). In a renal failure situation, nearly all plasma or
tissue AA levels are within roughly 60% and 150%
of the normal range of levels, with the exception of
citrulline, cysteine, and methylhistidines (47). Detailed
descriptions about renal handling of individual AAs can
be found in an excellent review paper of Kuhimann
and Kopple (47).

644

The skeletal muscle, without doubt, has a very
critical role in affecting the plasma AA profile, since it
is the largest single tissue in the body (comprising
up to 40-45% of the body mass), which contains a
paramount portion of the body proteins (48). Certainly,
the skeletal muscle takes up free AAs from the plasma
for its own protein synthesis when it is in an anabolic
status, and releases free AAs to the plasma when in a
catabolic status. Although the skeletal muscle does not
catabolize most AAs such as lysine, serine, proline,
threonine, methionine, cysteine, phenylalanine,
histidine, tyrosine, and tryptophan, it is the primary
tissue for catabolism of three branched-chain AAs in
mammals, and it is also very active in the net synthesis
of others, specifically, alanine and glutamine (48).

As previously alluded to, the plasma free
AA profile is influenced by a variety of nutritional and
physiological factors. Of particular note, some AAs
can be endogenously synthesized by the swine (49,
50) and each AA has its own characteristics in the
inter-organ metabolism (5). However, much evidence
shows that the plasma concentrations of free AAs
are predominantly affected by the exogenous dietary
AA supply via the gastrointestinal tract (561-53). The
current knowledge regarding the relationship between
the plasma free AA profile and dietary AA supply is
reviewed as follows.

5. RELATIONSHIP BETWEEN PLASMA
AMINO ACID CONCENTRATION AND
DIETARY AMINO ACID INTAKE

The plasma AA concentrations are often
measured to gain insight into the status of whole-body
AA metabolism in response to AA intake, not only
because of the pivotal metabolic roles of the free AAs
but also because of the blood accessibility (54). The
relationship between the plasma AA profile and various
aspects of AA nutrition can provide a comprehensive
vision about (i) the availability of individual AAs, (ii) the
deficiency, the limiting, or the excess order of AAs in
various sources of dietary protein (55), (iii) the pattern
of AA absorption from the small intestine into the blood,
and (iv) the AA balance or imbalance phenomena. If
the dietary provisions of AAs, energy, vitamins and
minerals are adequate, one could use the plasma or
serum AA profile as an indicator of the whole-body
protein nutrition status (16, 56-58).

For increasing the rate of muscle protein
biosynthesis in pigs, the knowledge of the free AA
profile of blood plasma has more direct implications
than the knowledge of an AA profile of a diet, because
free AAs in the plasma are the immediate source of
AAs for utilization by the muscle. Nevertheless, most
swine nutritionists or diet formulators are not always
concerned about the availability of AAs coming from a
diet to the blood stream for muscle protein biosynthesis.
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The plasma AA profile of a pig is not only
affected by the exogenous source but also by the
endogenous source of AAs, as described above.
Because the endogenous source of AAs originally
also came from the diet and pigs cannot readily utilize
the microbial proteins resulting from the intestinal
fermentation, it can be stated that pigs solely depend
on their diets for the supply of non-synthesizable AAs.
While the influence of dietary AAs on the plasma AA
profile is not easy to be understood (56), numerous
studies were conducted in the past to determine
the relationship between plasma AA concentrations
and dietary AA supply (54, 59-61). Although the
published results did not always support each other,
different researchers have tried different sources and
compositions of dietary AAs with hopes to find out the
alteration patterns of AA concentrations in the blood
plasma.

As mentioned before, the plasma AA profile
is predominantly affected by the dietary supply of AAs,
so there may be some kinds of pattern or relationship
between the plasma and dietary AA concentrations
(16), although the plasma AA concentrations do
not always parallel the dietary AA levels (53, 62). It
should be born in mind that the time of blood sampling
relative to animal’s last meal also greatly influences
the results (61).

5.1. Dietary change in crude protein levels

With a few exceptions, for those AAs that are
not synthesized by animal cells, their plasma profile
generally reflects their provision from a diet, which
means that the plasma AA concentrations increase
after a protein meal (45) and decrease after the
animal is deprived of dietary protein, with a pattern
for individual AAs being related to that in the dietary
protein (63, 64). The AAs that are not limiting in a
diet (as compared to the animal requirements) tend
to increase in the plasma with the increasing level of
dietary protein. But, when the increase in the level of
dietary protein is associated with a substantial increase
in the rate of body weight gain, the increase in plasma
AA levels is of a lesser magnitude or nil (51).

Increases in the plasma concentrations
of some AAs (e.g., leucine and glycine) may be an
indicator of an inadequate intake of dietary proteins,
resulting from increased degradation of intracellular
proteins, rather than an excessive intake of dietary
protein that is abundant in these AAs (58, 65). On the
other hand, intake of excessive dietary protein actually
can cause a decrease in the plasma concentrations
of certain AAs (e.g., threonine). This phenomenon
has been referred to as the “dietary protein paradox”.
The complexity of this paradox was supported by
Frame (45), who found that the increase in plasma AA
concentrations after a protein meal did not parallel the
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relative AA composition of the food, but Frame (45)
failed to correctly postulate any theory behind it.

In humans, Adibi and Mercer (62) found that
the total concentrations of free AAs in blood plasma
significantly increased after a protein rich meal. On
other hand, a protein-free meal failed to elevate the
concentrations of all individual free AAs. In addition,
they also observed a relationship between the
magnitudes of increases in plasma AA levels and the
amounts of AAs in dietary proteins. Of note, these
authors failed to establish a precise relationship
because of the complexity of AA transport and
metabolism in the small intestine and other tissues.
However, it was clear that the AAs that were the most
and least abundant in the dietary protein exhibited the
greatest and smallest rises in the plasma, respectively.
Gustafson et al. (16) measured the serum AA
concentrations of male rats after they were fed seven
graded levels of dietary casein. In general, the serum
essential AA concentrations increased, while the
non-essential AA concentrations decreased with the
increasing in dietary casein concentrations. However,
the relationships between serum concentrations of
individual AAs and dietary casein levels were quite
varied.

As mentioned above for humans (62), the
concentrations of individual free AAs in the blood
plasma of pigs can also be increased by a protein
rich meal (66, 67). Davey et al. (52) performed a
study in pigs to determine the influence of dietary
protein level, animal age, and time of sampling on the
plasma concentrations of essential AAs. Their results
showed that the concentrations of valine, isoleucine,
and leucine were significantly higher in plasma from
the pigs fed a 20% crude-protein diet compared to the
pigs fed a 13% crude-protein diet, while the reverse
was found for threonine. No differences were found for
methionine, phenylalanine, lysine, histidine, arginine,
and total AAs. Fuller et al. (68) reported that the
blood leucine concentration of the growing pigs was
significantly higher with the high-protein diet than with
the low-protein diet, and the lysine supplementation
reduced the blood leucine concentration with both
diets. The blood concentrations of other AAs were not
studied.

5.2. Dietary change in the levels of
multiple amino acids

Generally, after a protein-rich meal the
changes in the plasma AA concentrations of an animal
follow a simple rule — the concentrations of plasma AAs
will increase after the dietary intake and the magnitudes
of the increase are proportional to the levels of the
respective AAs in the diet (54). For example, in the
case of some AAs, such as leucine, isoleucine or
valine, there is usually a linear relationship between
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dietary level and plasma concentration. The reduced
concentrations of arginine and proline in the plasma of
neonatal pigs are fairly sensitive and can be used as
indicators for their low intake from the diet (54).

These simple correlations, however, are
not always true, and the plasma concentrations of
most AAs are not linearly related to or parallel their
dietary intake. The relationship between plasma and
dietary AA concentrations could be influenced by the
interactions or antagonism between structurally related
AAs competing for intestinal absorption, because
similar AAs ride the same transporters (30, 69). The
complex interactions among AAs can alter not only the
expected release of AAs from the diet into the blood,
but it is also possible that the excess of one AA may
act as competitive antagonist, reducing the utilization
of other structurally similar AAs.

One classical example of AA interactions is
the arginine-lysine antagonism. As is known, lysine is
the first-limiting AA in most swine diets while arginine
is present in great excess. This leads to the possibility
that excess arginine interferes with lysine absorption,
and as such, adversely affects pig performance. In an
experiment with young pigs, excess dietary lysine alone
increased plasma lysine and histidine concentrations,
without altering the concentrations of other AAs
(70). When dietary lysine and arginine were added
together, plasma lysine and histidine concentrations
decreased, relative to the situation when dietary lysine
was added alone, which implicated the arginine-lysine
interaction (70). Hagemeier et al. (71) conducted two
experiments with weaned piglets to study the effects
of excess arginine on plasma AA levels and growth
performance, and found that the plasma lysine
concentration was reduced by excess arginine in pigs
fed a high level (1.26%) of dietary lysine, but not in pigs
fed a lower level (1.03%) of dietary lysine. While the
plasma concentrations of other essential AAs were not
affected, the plasma concentrations of threonine and
methionine were reduced by excess arginine in both
experiments. Nonetheless, dietary supplementation
with 0.8% arginine to a basal diet containing 12% crude
protein (including 0.7% arginine and 0.57% lysine) did
not result in antagonism among basic AAs in gestating
gilts (72-74).

Vice versa, research with poultry (75-78)
has demonstrated that excess lysine has an adverse
effect on arginine utilization, and increases chicken’s
requirement for arginine. Yun et al (79) fed three
different levels of dietary lysine, 0.6%, 1.2% and
1.8%, to broilers. The serum concentration of arginine
decreased with a higher inclusion rate of dietary
lysine. This result is consistent with the previous
findings reported by Dean and Scott (80). Although
some research data from chicks, humans, and other
monogastric animals were cited in this paper for
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supporting the concept, readers should keep in mind
that there are some species differences in terms
of AA metabolism and physiological plasma AA
concentrations. However, the detailed comparison of
plasma AA profiles among these animals is not an aim
of this review paper.

A study conducted by Anderson et al. (81),
however, showed that the adverse effects of excess
arginine on nitrogen utilization in young pigs was not
alleviated by dietary supplementation of crystalline
lysine, although the plasma lysine concentration was
reduced by adding dietary arginine and increased
by adding dietary lysine. Edmonds and Baker (82)
found evidence against lysine-arginine antagonism in
pigs. Addition of graded levels of lysine to a basal diet
resulted in a quadratic elevation in plasma lysine and
its metabolite, a-aminoadipic acid. Plasma levels of
arginine, ornithine and histidine remained essentially
unchanged in pigs which were fed excess lysine.
Thus, it was stated that there was little evidence for
dietary lysine-arginine antagonism. Also, Henry et al.
(83) observed that the plasma content of free arginine
was increased with dietary lysine supplementation.
This might be because of higher expression of
cationic AA transporter CAT-1 in the small intestine
(84). Taken together, it is evident that pigs can
tolerate very high levels of arginine in the diet (57,
85), because this AA is extensively degraded by the
small intestine (86).

Besides the arginine-lysine antagonism,
another classical example of AA interactions is the
interaction amongst three branched-chain AAs (87,
88), and this interaction could further affect lysine
absorption (84) and methionine metabolism (89).
Garcia-Villalobos et al. (84) tried to explain some
complexity in the absorption and serum concentrations
of AAs. They assumed that typical swine diets
formulated to meet the requirement of lysine contain
excess leucine, which may depress the absorption of
lysine, causing depression in the performance of pigs.
The principle behind this assumption was that both the
levels and the sources of leucine in practical swine
diets affect the expression of cationic AA transporters
and hence the availability of cationic AAs for the animal.
They hypothesized that reducing the dietary protein
content, coupled with adequate supplementation of
crystalline lysine, threonine, and methionine may
correct the leucine excess. In the study of Garcia-
Villalobos et al. (84), the serum concentrations of
lysine and threonine were around 24- and 4-fold
higher, respectively, in pigs fed the supplemental diet
(with a lower crude protein level and supplemented
with crystalline lysine, threonine, and methionine) than
in pigs fed the basal diet. Their results indicated that
the dietary lysine : leucine ratio affects the expression
of cationic AA transporters and, therefore, affects the
serum AA profile.
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5.3. Dietary change in the level of single
amino acid

When a diet is deficient in one AA, a dietary
addition in the amount of that AA does not always
increase the plasma concentration of that AA. The
previous studies by Morrison et al. (90) with rats,
Zimmerman and Scott (91) with chicks, and Mitchell
et al. (19) with pigs have shown that when an AA is
added in graded levels to a diet deficient in that AA,
the plasma concentration of that AA remains rather low
and constant until its dietary requirement is reached. A
rapid and approximately linear increase in the plasma
concentration of one AA can only be achieved when a
higher or super-optimal level of that AA is fed.

Lysine is usually the most deficientAAin typical
cereal based diets for rats, chicks, and swine. Dietary
lysine alone can alter the overall plasma AA profile (61,
79, 90), which can have a series of interconnected
consequences in animal health and productivity.
Morrison et al. (90) measured the plasma free lysine
concentrations in growing female rats after giving
them a lysine-deficient diet supplemented with graded
levels of lysine. The plasma free lysine level, after an
initial lag, rose rapidly in response to the addition of
lysine to the diet, and reached a maximum at a dietary
concentration of approximately 1.0%. The plasma
free threonine concentration showed a reciprocal
relationship with that of lysine. It was concluded that
the alleviated concentration of plasma threonine during
higher lysine supply was due to the higher demand of
threonine for protein synthesis during lysine adequacy.
The lysine : threonine ratios for the lysine deficient
diet, the lysine adequate diet, and the lysine surplus
diet were found to be less than 1, around 1, and more
than 1, respectively. Thus, the measurement of the
ratio between plasma free lysine and free threonine
concentrations may provide a sensitive indication of
dietary lysine adequacy.

Zimmerman and Scott (91) reported that
a dietary deficiency of lysine in chicks resulted in
increased plasma concentrations of several AAs,
notably, threonine, histidine, tyrosine, phenylalanine,
leucine, and isoleucine. The plasma lysine started
to accumulate at a rapid rate only when the level of
dietary lysine was approximately 10% in excess of that
required to maximize weight gain. This was probably
due to the inability of the body to further metabolize
the excess lysine. The plasma pattern of arginine
and valine concentrations reflected the same basic
characteristics as observed for lysine.

In the experiment of Dean and Scott (80),
diets containing suboptimal levels of lysine resulted
in a marked decrease in lysine and increases in
most other AAs in chicken plasma. An excess of
dietary lysine resulted in a striking increase in plasma
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lysine concentration and relatively small changes in
other AAs. However, arginine, glutamic acid, and a
mixture of glutamine and asparagine appeared to be
decreased as a result of the excess lysine. Similar
results were also obtained by Mitchell et al. (19) from
studies involving baby pigs, in which the plasma free
lysine started to increase greatly when the level of
dietary lysine provided the highest nitrogen retention.

Also, in the experiment of Corzo et al. (92),
who fed different levels of dietary lysine to male
broilers, increasing the level of dietary lysine increased
plasma concentration of lysine, but almost all other
AAs tended to remain at constant concentrations in
plasma except for arginine and threonine, which were
found to be decreased upon increasing the lysine
level. This result, however, was not supported by other
findings, almost all of which showed direct changes in
many more AAs due to dietary lysine (80, 90, 91). More
recently, Mahdavi et al. (93) demonstrated a directly
proportional relationship between dietary lysine supply
and plasma lysine concentration in broilers, and Regmi
et al. (61) also demonstrated a similar relationship in
finishing pigs (Figure 2).

Braude et al. (53) studied growing pigs fed
diets based on cereals and groundnut meal and
supplemented with graded levels of lysine. They found
that the concentration of plasma lysine increased
linearly over a wide range of dietary lysine contents,
but the concentrations of most other AAs were largely
unaffected, except for arginine and leucine. The plasma
concentrations of arginine and leucine were positively
correlated with the dietary lysine contents. Roy et al.
(60) studied the plasma AA profiles of growing barrows
fed diets that were deficient, adequate, and excess in
lysine, and found that the plasma lysine concentration
linearly increased as the dietary lysine level increased,
while the plasma concentrations of isoleucine, taurine,
threonine, and valine linearly decreased. In pigs fed a
diet either deficient in or with an excess of lysine, the
plasma concentration of histidine decreased, but that
of serine increased. The plasma concentrations of all
other AAs were unaffected. This finding supported the
result of Zimmerman and Scott (91) and indicated a
distinct pattern of AA concentration change in plasma
in response to dietary lysine level.

More recently, Zeng et al. (94) studied the
serum concentrations of various AAs of growing
pigs fed three different diets with 0.65%, 0.95% and
1.25% lysine. It was observed that the serum lysine
concentration was higher in the pigs fed the 0.95%
than the 1.25% lysine; meanwhile the glutamic acid
concentration was higher in pigs fed the 0.95% than
the 0.65% lysine. In contrast, the serine concentration
was lower with the 0.65% lysine diet than with the other
diets, and the threonine concentration was lower with
the 0.95% than with the 0.65% lysine diet. The 1.25%

© 1997-2018



Homeostatic regulation of plasma amino acid concentrations

220

—

nmol/mL

Lysine Leucine

120

nmol/mL

Arginine Citrulline

.

Phenylalanine Total EAAs

b
500 4 T
120
a
_, 400 I =100
£ £
= =
° 4 9 80
g 300 £
H H
60
200 A
40
100 4
20
K o L o

Alanine

b

)

Glutamic acid

c
a
T a
150 4 60
100 4 40 100
50 4 20 50
co D o G o
a

o
b nmol/mL
N 2 9
o 8 8 8 8
-c— -m

60

40

20

—
- )
-
nmol/mL
0
o 3
-

Histidine 250 Isoleucine
b b
1 i
+ 200 I
a a
a 150
: a E f
T I %
£ 100 4
<
50
H o
Threonine Valine
3600 - b
b, b b
T 3400 A 1
a
I —El 3200 -+
=
[} a
£ 3000 [
2800 - J
N 2600
Glycine Total NEAAs
b
O Diet |
a
a .
T i ODiet Il
H Diet Il

Asparagine

Figure 2. Patterns of blood plasma amino acid (AA) concentration change in finishing pigs in response to different levels of dietary lysine in a corn and
soybean meal based diet. Diets I, II, and Ill were lysine-deficient, lysine-adequate, and lysine-excess diets, respectively. The total lysine concentrations
in diets |, Il, and Ill were 0.43%, 0.71%, and 0.98% (as-fed basis), respectively. EAAs = traditionally classified essential AAs, and NEAAs = traditionally
classified nonessential AAs. The plasma concentrations of 11 other AAs (methionine, tryptophan, aspartic acid, B-alanine, cysteine, glutamine, ornithine,
proline, serine, tyrosine and, taurine) were not statistically different (data not shown) among the three pig groups fed diets I, Il, and Ill. Bars labelled without
same letters (i.e., a, b, and c) differ (P < 0.05). Data were adopted from Regmi et al. (61). A. Lysine, B. Leucine, C. Arginine, D. Citrulline, E. Histidine, F.
Isoleucine, G. Threonine, H. Valine, |. Phenylalanine, J. total EAAs, K. Alanine, L. Glutamic acid, M. Glycine, N. total NEAAs, and O. Asparagine.

lysine group exhibited a lower tyrosine concentration
compared to the other two groups. The concentrations
of most other AAs were lower in the 0.95% lysine
group than in the other two groups, with the exception
of alanine, aspartic acid, histidine, and leucine.

A similar type of plasma AA pattern was
observed by Morales et al. (95) when they fed two
different levels of dietary lysine (lysine deficient and
lysine adequate) to growing pigs. They observed the
effect of different levels of dietary lysine on plasma
AA concentrations and found serum lysine to be
higher and serum valine to be lower in the pigs fed
the lysine adequate diet. In a study with late-stage
finishing pigs, Regmi et al. (61) observed similar
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results in their studies of the alteration of the plasma
AA profile in pigs fed different levels of dietary lysine.
Specifically, the concentrations of arginine, citrulline,
histidine, isoleucine, threonine, valine, phenylalanine,
and total non-synthesizable AAs were decreased
with the lysine-adequate diet (probably because of
the increased tissue protein synthesis), but were not
further decreased with the lysine-excess diet when
compared to the lysine-deficient group (Figure 2),
whereas the plasma concentrations of 3 synthesizable
AAs, alanine, glutamic acid, and glycine, as well as
the plasma concentrations of total synthesizable AAs,
were increased in the lysine-adequate or -excess
group (Figure 2). However, contrary to the findings
of Morrison et al. (88) who observed an initial lag
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in plasma lysine, Regmi et al. (61) found that the
plasma lysine increased almost linearly without any
initial lag as dietary lysine was increased. A possible
reason for the discrepancy might be that at least 5
levels of dietary lysine were fed to rats by Morrison
et al. (90), whereas only 3 levels of dietary lysine were
fed to pigs by Regmi et al. (61), which could make it
difficult to identify the initial lag in the pigs. They also
demonstrated that most of the essential AAs showed
a reciprocal relationship with dietary lysine, which is
in agreement with findings of Dean and Scott (80),
Morrison et al. (90), and Zimmerman and Scott
(91). However, in terms of plasma concentration of
glutamic acid, the findings of Regmi et al. (61) are not
consistent with those of Dean and Scott (80), in that
the former found increased plasma concentration with
increased dietary lysine, whereas the latter found a
decrease. Compared to the findings of Zeng et al. (94),
Regmi et al. (61) observed similar patterns for plasma
glutamic acid, threonine, and most of other AAs except
for serine, the concentration of which was the lowest
in the lysine-deficient group. This may be because
nearly all of the dietary glutamic acid is extensively
degraded in the small intestine of pigs (96). Thus,
dietary supplementation with 0.5 to 4% monosodium
glutamate does not appreciably affect glutamate
concentrations in the plasma of pigs (97).

Why the concentrations of some AAs, but
not others, are affected by lysine deficiency or excess
could be attributed to multiple factors. Theoretically,
when one AA is deficient in a diet, the metabolic
demand for that AA cannot met. Thus, that AA would
be present at a low concentration in the plasma until its
dietary requirement is met. While gradually increasing
the level of that AA, a stage will come when the plasma
concentration of that AA starts to increase and that of
other AAs to decrease (due to the increased rate of
protein synthesis) (5). This corresponding dietary level
should be considered as an optimum level of that AA for
utilization by the animal. In principle, every AA should
have an optimum level in a diet. It is expected that
beyond this optimum level, the plasma concentrations
of many but not all AAs would rise in the plasma until a
certain time point when the excess AAis all catabolized.

6. CONCLUSIONS

One ultimate task of swine nutritionists is
to maximize the rate of muscle protein accretion via
maintaining an optimal plasma AA profile through
dietary AA supplies. Comparing the plasma AA
concentrations with the growth performance data of
pigs can help to elucidate the metabolic mechanisms
regarding the regulation of the plasma AA homeostasis,
the nutrient utilization for muscle growth, as well as the
cellular protein turnover process. Knowledge about
plasma AA profile that is regulated by a single AA, or
by multiple AAs in concert, can offer useful references
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to predict the availabilities of AAs and the order of
limiting AAs in a diet, and to provide a useful insight
into pig’s whole body status of protein metabolism.

Lysine, for example, is usually the first limiting
AA in almost all practical swine diets; however, the
currently available knowledge is still not sufficient to
draw a clear conclusion about the complex relationship
between dietary lysine supply and the plasma AA
profile. Thorough understanding of the effect of dietary
AA supply on the plasma AA concentrations can help
animal nutritionists to develop novel nutritional strategies
to manage swine plasma AA profile via dietary AA
supplies. In this regard, further research is still needed
to study how different levels of dietary AAs, individually
or in concert, affect the plasma concentrations of all
AAs and the related nutrient metabolites.
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