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Summary
There is an interest to reduce the dietary crude protein (CP) level to promote the gut health
of piglets, eliminate the environmental nitrogen load from intensive pig farming, and to
reduce diet costs. This is possible by estimating individual amino acid (AA) requirements
and by optimizing the diet according to the ideal protein profile that is compatible with the
animal AA demand for normal body function. During the past decades, it has been tried to
understand and characterize branched chain amino acids (BCAA) requirements, biological
importance, and mode of actions. This is interesting for two reasons: first, BCAA share the
same enzymes in their catabolic pathways, and there is an interaction among them in a
way that excess Leu for example increases the catabolism of them all and changes the
requirements. Second, BCAA are not only building blocks of protein biosynthesis, but are
also involved in important regulatory mechanisms and biological functions, e.g. muscle
protein synthesis, chronic diseases, neurotransmitter biosynthesis, and so on. Identifying
biomarkers of the BCAA status may help to understand their biological effects. The
objectives of the current study were first to estimate Ile, Val, and Leu requirements in ratio
to Lys for pigs after weaning and second, to study the metabolic profile in blood and urine
of pigs fed with different BCAA in the diet, and finally, to identify the biomarkers of BCAA,
when pigs were fed with the optimum dietary BCAA level to support the best growth
performance.
Three dose-response studies were carried out to estimate the required standardized ileal
digestible (SID) isoleucine (Ile), valine (Val), and Leu in ratio to lysine (Lys) for the highest
growth performance as well as to collect blood and urine samples from pigs for further
investigation. A non-targeted metabolomics study was thereafter conducted in order to
screen the bio-fluids of pigs for discriminating metabolites and identify biomarkers of
BCAA, when the pigs were fed the optimum level of BCAA for the highest growth
performance. The results of the Ile dose-response study showed that the maximum animal
performance was obtained from 0.51 to 0.53 SID Ile:Lys depending on the chosen
performance trait and/or statistical model, and 0.52 SID Ile:Lys was concluded as the
requirement. The increasing SID Val:Lys increased average daily feed intake (ADFI) and
average daily gain (ADG), and the highest growth performance was obtained in pigs fed the
0.78 SID Val:Lys diet; it was not different from the results of pigs fed the 0.70 SID Val:Lys
diet. The highest feed efficiency was obtained in pigs fed 0.70 SID Val:Lys, and the Val
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requirement was therefore defined at 0.70 SID Val:Lys for pigs after weaning. In the Leu
study, the ADFI and ADG of pigs increased from 0.70 to 0.90 and remained constant
thereafter. Pigs had the highest feed efficiency, when SID Leu:Lys was 0.80. The fitted
curvilinear plateau model to animal growth performance traits estimated the minimum
Leu requirements at 0.93.
Metabolomics, one of the last “-omics”, is a global analysis and interpretation of
metabolome in specific health or nutritional status. Non-targeted metabolomics is used for
screening the metabolic profile, and the metabolic signature could be used for hypothesis
generation. The results of a non-targeted LC-MS metabolomics approach in the current
study provided novel knowledge of the metabolic response of pigs to increasing dietary
BCAA and enabled us to identify the biomarkers of BCAA in plasma and urine of pigs when
fed the optimum dietary Ile, Val, and Leu for the highest growth performance.
Plasma 3-methyl-2-oxovaleric acid, Tyr, hypoxanthine, Trp, indoxylsulfuric acid,
glycocholic acid, tauroursodeoxycholic acid, taurocholic acid, LysoPC and urinary
phenylacetylglycine, hippuric acid, itaconic acid, Ile 3-hydroxy-3-methyl-glutaric acid, and
2-methylbutyrylglycine were discriminating the pigs fed the increasing dietary SID Ile:Lys
level. The most important discriminating metabolites to increasing SID Val:Lys in the diet
were plasma hippuric acid, Trp, arachidonic acid ethyl ester, docosahexaenoic acid ethyl
ester and urinary 2-pyrrolidinone, glutamate, creatinine, and acetyl-DL-leucine. The
metabolites altered by increasing SID Leu:Lys in the diet were plasma Phe, αketoisovaleric acid, creatine, Ile, 3-methyl-oxovaleric acid, Trp and urinary Ile, glutamate,
choline, cytosine, 3-hydroxy-2-methyl-[S-(R,R)]-butanoic acid, acetyl-DL-valine, L-2aminoadipic acid, 2-methylbutyrylglycine, Tyr, and L-ascorbic acid. Among the identified
metabolites, those that could be linked to the animal growth performance were plasma
glycocholic acid and taurocholic acid which were concluded as biomarkers of the optimum
dietary Ile level. Plasma creatine, urinary 2-aminoadipic acid, ascorbic acid, and choline
were identified as biomarkers of the optimum dietary Leu level. The optimum dietary Val
had a less pronounced metabolic signature in plasma and urine of the pigs. The identified
biomarkers are important intermediate metabolites involved in different metabolic
pathways. The biomarkers could potentially be used as response criteria in dose-response
studies and should be assessed in further details to see if they can replace or complement
traditional methods.
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Resume
Der er stor interesse for at reducere foderets råproteinindhold for at fremme tarmsundhed
i smågrise, reducere kvælstofudledning fra produktionssystemerne, og reducere
foderomkostningerne. Dette er muligt ved at bestemme dyrenes behov for de enkelte
aminosyrer (AA) og optimere foderets proteinprofil, så det opfylder dyrenes behov for AA
til opretholdelse af de forskellige behov. Gennem de seneste årtier, har det været forsøgt at
forstå og karakterisere de forgrenede aminosyrer (BCAA) i forhold til behov, fysiologiske
funktioner og mekanismer. Dette er interessant ud fra to primære grunde. Den første er at
BCAA deler de samme enzymer i deres katabolske processer og at der er en vekselvirkning
mellem dem, hvor fx et overskud af Leu øger katabolismen af de andre BCAA og påvirker
behovet for dem. Den anden årsag er at BCAA ikke kun er en byggesten for
proteinsyntesen, men også er involveret i vigtige regulatoriske mekanismer og biologiske
funktioner

som

fx

muskelproteinsyntese,

kroniske

sygdomme

og

neurotransmitterbiosyntese.
En hjælp til at forstå de biologiske effekter af BCAA kan være gennem identificering af
biomarkører for BCAA status. Formålet med nærværende arbejde var først at bestemme
smågrises behov for Ile, Val og Leu i forhold til Lys og dernæst at undersøge den
metabolske profil i blod og urin fra dyr fodret med forskellige niveauer af BCAA, samt til
sidst at identificere biomarkører for BCAA når dyrene blev fodret med et optimalt BCAA
niveau, som understøtter den bedste produktion.
Der blev gennemført tre dosis-responsforsøg for at bestemme behovet for standardiseret
ileal fordøjeligt (SID) Ile, Val, og Leu i forhold til Lys. Der blev også taget blod- og
urinprøver fra grisene. Non-targeted metabolomics blev anvendt for at undersøge og
screene plasma og urin for metabolitter som kunne differentiere behandlingerne og for at
identificere biomarkører for BCAA med det formål at relatere dem til det niveau af BCAA,
der giver bedste produktion.
Resultaterne fra Ile dosis-responsforsøget viste at den maksimale produktion blev opnået
ved 0.51 til 0.53 SID Ile:Lys afhængigt af det valgte respons parameter og/eller den
statistiske model. Det blev konkluderet at 0.52 SID Ile:Lys var dyrenes behov. Et stigende
SID Val:Lys øgede det gennemsnitlige daglige foderoptag og gennemsnitlige daglige
tilvækst og det højeste produktionsniveau blev opnået når dyrene blev fodret 0.78 SID
Val:Lys, men dog ikke signifikant forskelligt dyr fodret 0.70 SID Val:Lys. Den bedste
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foderudnyttelse blev opnået for grise fodret med 0.70 SID Val:Lys og Val behovet blev
derfor konkluderet til at være 0.70 SID Val:Lys for smågrise efter fravænning. I Leu dosisresponsforsøget blev gennemsnitlige daglige foderoptag og gennemsnitlige daglige tilvækst
for grisene øget ved at fodre med 0.70 stigende til 0.90 SID Leu:Lys, hvorefter det var
konstant. Foderudnyttelsen var bedst for grise fodret 0.80 SID Leu:Lys. Modellering af
resultaterne for grisenes produktion med curvelineære plateau modeller bestemte et
minimumsbehov for Leu på 0.93 SID Leu:Lys.
Metabolomics er en af de seneste omics-teknikker og er en overordnet analyse og
fortolkning af metabolit-profilen ved et specifikt helbreds- eller ernæringsstatus. Nontargeted metabolomics bruges til screening af den metabolske profil og denne profil kan
bruges til at generere hypoteser. Resultaterne fra non-targeted LC-MS metabolomics i
nærværende forsøg bidrager med ny viden om det metabolske respons i grise fodret med
stigende BCAA og gav os mulighed for at identificere biomarkører for BCAA omsætningen i
plasma og urin, som kunne relateres til optimalt niveau af Ile, Val og Leu.
Plasma

3-methyl—2-oxovalerianesyre,

Tyr,

hypoxanthin,

Trp,

indoxylsvovlsyre,

glycocholsyre, tauroursodeoxycholsyre, taurocholsyre, lysophosphatidyl cholin og urin
phenylacetylglycin, hippursyre, itaconsyre, Ile 3-hydroxy-3-methyl-glutarsyre og 2methylbutyrylglycin blev fundet til at adskille dyr fodret med stigende niveau af SID Ile:Lys
level. De vigtigste differentierende metabolitter ved stigende SID Val:Lys i foderet var
plasma hippursyre, Trp, arachidonsyre ethyl ester, docosahexaensyre ethyl ester, og urin 2pyrrolidinon, glutamat, creatinin, og acetyl-DL-leucin. Metabolitterne som blev påvirket af
stigende SID Leu:Lys i foderet var plasma Phe, α-ketoisovalerianesyre, creatin, Ile, 3methyl-oxovalerianesyre, Trp, samt urin Ile, glutamat, cholin, cytosin, 3-hydroxy-2methyl-[S-(R,R)]-butansyre, acetyl-DL-valin, L-2-aminoadipinsyre, 2-methylbutyrylglycin,
Tyr og L-ascorbinsyre. Blandt de identificerede metabolitter, der bedst kunne relateres til
dyrenes produktion, blev det konkluderet at plasma glycocholsyre og taurocholsyre var
biomarkører for optimal Ile niveau, og for Leu var de bedste biomarkører plasma creatin
samt urin 2-aminoadipinsyre, ascorbinsyre, og cholin. Det optimale niveau af Val
påvirkede i mindre grad den metabolske profil i dyrenes blod plasma og urin. De
identificerede biomarkører er metabolitter som kan relateres til vigtige metabolske
processes. Disse biomarkører kan potentielt blive anvendt som responsparametre i dosisresponsforsøg og det burde undersøges nærmere om de kan erstatte eller supplere de
traditionelle gravimetriske responsparametre.
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1.

Introduction

There is an increasing interest on reduced crude protein (CP) diets due to the large
amounts of ammonia being produced from intensive pig rearing system which contributes
to the environmental pollution (Hayes et al., 2004). Every 1% reduction in dietary CP will
decrease the urinary nitrogen excretion by 10% (Le Bellego et al., 2001; Nørgaard et al.,
2014). Furthermore, excess CP of the diet demands more energy to be used for
deamination of amino acids (AA), synthesis and excretion of urea in the urine. Reduced CP
diet therefore increases the available energy for protein biosynthesis (Nørgaard et al.,
2014). The availability of crystalline AA provides the opportunity to reduce the CP level of
the diet to as low as 135 g/kg without compromising performance, as long as the
requirements for non-dispensable AA are met in 10- to 20-kg piglets (Gloaguen et al.,
2014). This approach provides the basis for more research on ideal protein concept. The
ideal protein concept defines the profile of indispensable AA which covers the need for
individual AA to support maintenance and production.
Implementing an optimized AA nutrition considering ideal protein concept, demands a
prerequisite knowledge of the AA requirements of pigs to avoid nutritional shortage and
AA surpluses and support the optimal animal growth. Therefore, the tables of AA
recommendations are frequently being updated as the research on more accurate
estimation of AA requirements is still going on.
Branched chain amino acids (BCAA), isoleucine (Ile), valine (Val), and leucine (Leu) are
three of nine indispensable AA and are generally discussed to be among the limiting AA.
Previous studies reported that in corn–soybean meal diets for pigs, Ile, histidine (His), Val,
and tryptophan (Trp) are equally limiting after lysine (Lys), methionine (Met) and
threonine (Thr) (Brudevold and Southern, 1994; Mavromichalis et al., 1998). According to
their similar chemical structure BCAA share the same enzymes in their catabolic pathways
which cause interaction among them (Harper et al., 1984). This fact makes it more
controversy to define the exact individual BCAA requirements as excess of one would
increase the catabolism of the others and therefore changes the requirements (Van Milgen
et al., 2012).
The empirical approach to estimate the requirements is to study the response criteria to
increasing AA level in the diet and to define the requirement as the breakpoint where no
more response could be observed for further added AA (Boisen, 2003). The existing data
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on BCAA requirements as well as the other AA have been produced by dose-response
experiments to the animal growth performance (e.g. feed intake and weight gain).
Currently there are no data available on the metabolic responses to the increasing level of
the BCAA in the diet and the metabolic profile of bio-fluids when the BCAA concentration
in the diet is optimum for the best animal growth performance is unknown.
The results have demonstrated that plasma urea nitrogen (PUN) could be used as a rapid
response parameter to evaluate protein quality of the diet (Pedersen and Boisen, 2001) and
also might be used as a marker for estimating AA requirements in pigs (Eggum, 1970;
Wiltafsky et al., 2009). There have been very few studies which have reported the AA
content in plasma (Wiltafsky et al., 2009) or α-keto acids produced from BCAA
transamination (Barea et al., 2009), as a marker to estimate protein quality of the diet and
AA requirements in pigs.
Recently, the nontargeted LC-MS metabolomics has demonstrated a potential for the
metabolite phenotyping of bio-fluids and tissues, reflecting an accurate health or
nutritional status. The nutritional metabolomics provides the comprehensive identification
of metabolites in response to specific nutrient intake (Dunn et al., 2011).
This project consists of three dose-response studies followed by an explorative nontargeted metabolomics study, aimed at estimating the BCAA requirements in post-weaned
piglet as well as characterizing the biofluids of pigs by a non-targeted metabolomics in
order to identify biomarkers of BCAA which could be linked to the animal growth
performance. The identified biomarkers may be later used as more accurate and rapidly
measured response criteria to develop new dose-response studies or complement existing
methods for better estimates of requirements.
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2.

Background

2.1.

General aspects of proteins and amino acids

Proteins are biological macromolecules pivotal for all cell functions. Each protein
consisting of a chain made up of AA in a unique sequence. The protein chain (polymer) is
generated by linking the carboxyl group of one and the amino group of the other AA to
each other. The type of AA involved and the sequence in which the AA are arranged
determines the protein property. Proteins serve as structural components and are involved
in transport mechanisms, immune functions, cell signaling processes, and enzymes which
play a vital role in the biochemical processes.
One of the most important characteristics of proteins is protein turnover which effectively
maintains the function of proteins by replacing old and possibly damaged proteins by
newly synthesized ones. Anabolic state refers to when protein biosynthesis is greater than
degradation and builds more lean tissue meanwhile greater breakdown than biosynthesis
of protein indicates catabolic state which utilizes the lean tissue. Protein turnover rate
decreases with ageing meaning that more old and damaged protein will be remained in the
body (Toyama and Hetzer, 2013). Proteins are enzymatically digested in small intestine to
peptides and AA which are absorbed by passive (facilitated or simple diffusion) or active
(Na+ or H+ co-transporters) pathways through brush border and basolateral membranes,
respectively (Webb, 1990).
An AA is a molecule containing two functional groups (carboxyl- and amino group) and an
organic substituent (R group) which accounts for the characteristic properties of the
different AA. Amino acids are used for different purposes in the body. Most of the
metabolic pool of AA is used as building blocks of proteins, and a smaller proportion is
used to synthesize specialized nitrogenated molecules as epinephrine and norepinephrine,
neurotransmitters and the precursors of purines and pyrimidines. Out of 20 AA necessary
for protein synthesis, 9 of them cannot be synthesized, or not in adequate quantities, by
animals; so they should be supplied through the feed and are referred to as
indispensable/essential AA. The indispensable AA could differ depending on the species.
Some AA are referred to semi-essential as they can be synthesized out of other
indispensable AA, but the endogenous synthesis might not be enough depending on the
developmental stage and health status of the individual and should therefore be partially
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provided by the diet. The rest which could be formed in the body are called nonessential/dispensable AA. Table 1 represents the AA classification according the dietary
requirement (Boisen, 2003).
Table 1. Classification of amino acids according to the dietary requirements
Indispensable AA

Dispensable AA

Semi-essential AA

Histidine

Alanine

Arginine

Isoleucine

Asparagine

Cysteine

Leucine

Asparatate

Tyrosine

Lysine

Glutamine

Methionine

Glutamate

Phenylalanine

Glycine

Threonine

Proline

Tryptophan

Serine

Valine

More classifications of AA are available on the basis of catabolic fate of the carbon skeleton
(glucogenic vs ketogenic), structural features (e. g. aromatic, branched-chain), and
transport affinities (anionic, cationic, and neutral).
Amino acids carry important biological functions. Besides being the building blocks of
protein, AA can increase muscle protein not only by providing more substrate for protein
synthesis but also by acting as a signaling stimulator to initiate the mRNA translation.
Leucine has demonstrated a strong ability in regulating muscle protein synthesis (Murgas
Torrazza et al., 2010). Brain neurotransmitters and neuromodulators including serotonin,
dopamine, noradrenaline, nitric oxide, and γ−aminobutyrate (GABA) are mainly
synthesized from tryptophan (Trp), tyrosine (Tyr), arginine (Arg), and glutamate (Glu),
respectively (D’Mello, 2003). Immune system has been enhanced by cysteine (Cys) and
methionine (Met) in broiler chicken (Takahashi et al., 1997). Some other bioactive
molecules being synthesized from AA that are crucial for normal biological functions are
hydroxyproline synthesized from proline and is a major component of connective tissues,
porphyrins synthesized from glycine and involves in red blood cells, and carnitine which
originates from Lys and Met is required for lipid metabolism (Lucas and Orten, 1954;
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Steiber et al., 2004; Barbul, 2008). A growing body of literature reveals more and more
regulatory functions of AA for health, growth, and reproduction in animals.
2.2.

Protein and amino acids in pig nutrition

The feed cost contributes to the majority of the costs in modern intensive pig production
and the dietary protein is the most expensive major component of the feed. Therefore it is
important to maximize the efficiency of utilization of the dietary protein by improving the
quality of the protein. Two important factors affecting the protein quality the most are the
AA profile and the digestibility of the protein which are explained further in the next
sections.
2.2.1.

Ideal protein concept

The closer the AA profile of the dietary protein is to the body AA requirements, the more
efficient the AA will be utilized in the body. The term “ideal protein concept” defines the
profile of indispensable AA which covers the need for individual AA to support
maintenance and production (Boisen et al., 2000). In this profile all the indispensable AA
are equally limiting and the requirements of each AA are expressed relative to Lys as a
reference. Lysine is often the first limiting AA in monogastrics animals and its requirement
therefore has been well investigated. The advantageous of implementing ideal protein
concept in practical nutrition is that Lys requirement varies by age but not the other
indispensable AA requirements in ratio to Lys. Furthermore, this approach simplifies diet
optimization as well as evaluation of AA pattern of different feedstuff (Wiltafsky et al.,
2009).
2.2.2.

Amino acid digestibility

The protein digestibility has shown to have a great impact on the quality of the protein
when taken into account (Darragh and Hodgkinson, 2000). From the nutritional point of
view, in pigs as a mongastric animal, the protein and AA digestion is complete by the end
of ileum as the remained part entering the hind gut of the pig, will be largely metabolized
by microbes to synthesize bacterial protein which is not accessible for pigs. Therefore, the
AA profile of the feces is a microbial protein profile which originates from hind-gut
microbes. Total tract AA digestibility which is calculated simply from fecal AA values
deducted from ingested AA, seems defective (Hendriks et al., 2012). The AA ileal
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digestibility values in return, takes ileal digest AA values into account to be deducted from
ingested AA and is therefore a better approach and more accurate (Columbus and de
Lange, 2012). However, the ileal AA profile contains AA from the endogenous origin along
with undigested AA and the ileal digestibility values therefore should be corrected for it.
The ileal endogenous AA loss contains two fractions, basal and specific endogenous AA
losses. The basal/non-specific endogenous AA loss is the fraction of AA secreted in the
ileum digesta regardless of the feed ingested by the animal and seems to be constant. The
specific endogenous AA loss is diet induced endogenous AA loss which is minimum when
the diet is highly digestible purified protein and might contribute up to 50% of endogenous
AA loss if the diet contains large amounts of fiber (Figure 1; Stein et al., 2007).

Figure 1. Sources of AA losses in ileal digesta (adapted from (D’Mello, 2003)).
The term “apparent ileal digestibility” (AID) refers to estimates from total AA in ileum
digesta being deducted from total dietary ingested AA without any correction for
endogenous AA lost. The apparent digestibility estimate is affected by protein content of
the diet (Donkoh and Moughan, 1994).
AID (%) = [(AA intake – ileal AA outflow / AA intake] × 100
True ileal digestibility (TID) values are more accurate approach which in return, takes into
account the basal endogenous AA loss and are not affected by dietary protein level.
TID (%) = [(AA intake – (ileal AA outflow – basal endogenous loss)) / AA intake] × 100
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Correction for specific endogenous AA loss results in real ileal digestibility (RID) values.
However due to the difficulties in estimating specific endogenous AA losses the practical
use of real ileal digestibility is limited (R. Mosenthin and Rademacher, 2003).
RID (%) = [(AA intake – (ileal AA outflow – total endogenous losses)) / AA intake] × 100
Total endogenous loss = basal + specific endogenous losses
2.2.3.

Standardized ileal digestibility

Standardized ileal digestibility is calculated the same as true ileal digestibility, by taking
into account only the basal endogenous AA loss using the average flow of endogenous AA
(g/kg dry matter intake) consist of Lys, Thr, Met, Trp, and Val (V. M. Gabert et al., 2000).
The values unlike the apparent digestibility values are additive and therefore the best to be
used for optimizing the diet with mixed ingredients.
SID (%) = [(AA intake – (ileal AA outflow – basal endogenous losses)) / AA intake] × 100

2.3.

Branched-chain amino acids and their metabolism

The BCAA are among the 9 indispensable AA, accounting for 35% of the indispensable AA
in muscle proteins, as their carbon skeleton is a good energy source, and 40% of the AA
required by mammals. Due to the post-absorptive metabolism, Val is a glucogenic AA
which can be converted into glucose through gluconeogenesis in liver, Leu is ketogenic and
can be degraded directly into acetyl CoA which is the precursor of ketone bodies, and Ile is
both ketogenic and glucogenic. The BCAA are not catabolized in the liver and the plasma
concentration of BCAA is directly affected by their dietary intake (Harper et al., 1984;
Layman, 2003). The plasma BCAA and their corresponding α-keto acid (BCKA) are
neurotoxic components and are therefore highly regulated.
The BCAA have got a similar chemical structure but different side chain (Fig. 2), therefore
the same enzymes are involved in their catabolic pathways which causes interactions
among BCAA metabolism. Thus, dietary Leu excesses for example might increase the
catabolism of all three BCAA because the corresponding BCKA of Ile, Val, and Leu are
catabolized by the same enzyme complex (Harper et al., 1984; Wiltafsky et al., 2010).
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L-Isoleucine

L-Valine

L-Leucine

Figure 2. Chemical structure of branched chain amino acids
As the main functions, BCAA serve as the precursor of the synthesis of proteins and other
AA like glutamine (Gln). Aside from these general functions, they have also specific
functions in many aspects of animal physiology and biochemistry which will be explained
later.
The BCAA catabolism starts with 2 initial common steps. The first step of BCAA
catabolism, transamination, is a reversible reaction catalyzed by BCAA-transaminase and
the main products are:


Glu, precursor of Gln and alanine (Ala). These AA subsequently join the AA pool for
protein synthesis.



NH3, that will enter the urea cycle



BCKA consist of: α-keto-Isovalerate / 3-Methyl-2-oxobutanoate from Val, α-Keto-βMethylvalerate/ (S)-3-Methyl-2-oxopentanoate from Ile, and α-Keto-Isocaproate/
4-methyl-2-oxopentanoate from Leu

The BCAA-transaminase is widely distributed in the body tissues in both the cytosol and
the mitochondria. In piglets, BCAA-transaminase is mainly located in skeletal muscle. It is
not a rate limiting enzyme and its activity is regulated by the substrate availability and
enzyme concentration, therefore increased BCAA intake results in increased corresponding
BCKA in plasma (Harper et al., 1984; Wiltafsky et al., 2010).
Branched-chain α-keto acid dehydrogenase complex (BCKDH) is the next common enzyme
which is located in the inner mitochondrial membrane. It irreversibly catalyzes the second
step of all 3 BCAA catabolism which is an oxidative decarboxylation and produces acyl-CoA
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derivatives from BCKA. These products after subsequent reactions are converted into
either acetyl-CoA or succinyl-CoA and enter the citric acid cycle. Enzymes involved are
BCAA-transaminase and 3-methyl-2-oxobutanoate dehydrogenase. This will finally lead to
produce glucogenic (from Ile and Val) and ketogenic (from Ile and Leu) bodies (Hutson et
al., 2005). The BCKDH is a rate-limiting enzyme meaning its activity is highly regulated.
Phosphorylated and dephosphorylated enzyme is the inactive and active form, respectively.
The enzyme could also be regulated by its end products consist of NADH and branchedchain acyl-CoA. The greater NADH to NAD+ and Acyl-CoA to CoA are potential inhibitors
for BCKDH complex (Harper et al., 1984).
Maple syrup urine disease (MSUD) is an illness which the BCKDH deficiency causes the
BCAA and their toxic by-products aggregate in the blood, urine, and Cerebrospinal fluid
(CSF). The MSUD is often associated with severe brain damage, which may be permanent
which without prompt treatment will cause death from brain swelling. Major symptoms of
the MSUD include anorexia, vomiting, dehydration, lethargy, hypotonia, seizures,
hypoglycaemia, ketoacidosis, opisthotonus, pancreatitis, rapid neurological decline, coma
and cerebral oedema (Ogier de Baulny and Saudubray, 2002).
Figure 3 demonstrates a schematic illustration of BCAA degradation. The comprehensive
understanding of BCAA breakdown and their intermediate metabolites would be helpful to
link the biomarkers identified by LC-MS metabolomics in the current study to the
respective pathways in BCAA degradation.
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L-Valine

L-Leucine
1
4-methyl-2oxopentanoate
2
3-Methyl-1hydroxybutyl-TPP
3
S-(3-Methylbutanoyl)dihydrolipoamide-E
4
3-Methylbutanoyl-CoA
5
3-Methylcrotonyl-CoA
6
3-Methylglutaconyl-CoA
7
HydroxymethylglutarylCoA
8
Acetoacetate Acetyl-CoA

9
3-Methyl-2oxobutanoate
10
2-Methyl-1hydroxypropyl-TPP
11
S-(2-Methylpropanoyl)dihydrolipoamide-E
12
2-Methylpropionyl-CoA

L-Isoleucine
20
20
(S)-3-Methyl-2oxopentanoate
21

2-Methyl-1-hydroxybutylTPP
22
S-(2-Methylbutanoyl)dihydrolipoamide-E
23

(S)-2-Methylbutanoyl-CoA
24

13
Methacrylyl-CoA
14
(S)-3-Hydroxyisobutyryl-CoA
15
(S)-3-Hydroxyisobutyrate
16
(S)-Methylmalonate
semialdehyde

Methylcrotonyl-CoA
25
(S)-3-Hydroxy-2methylbutyryl-CoA
26
2-Methylacetoacetyl-CoA
27
Acetyl-CoA PropanoylCoA

17
Methylmalonate
18
L-Methylmalonyl-CoA
19
Succinyl-CoA
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Figure 3. Schematic display of BCAA degradation. The numbers correspond to the
appropriate enzymes for each reaction. 1, 9, and 20. branched chain aminotransferase; 2,
10, and 21. branched chain keto-acid dehydrogenase; 3, 4, 11, 12, 22, and 23. 2oxoisovalerate dehydrogenase; 5. isovaleryl-CoA dehydrogenase; 6. 3-methylcrotonyl-CoA
carboxylase; 7. 3-Methylglutaconyl-CoA Hydratase; 8. 3-Hydroxy-3-Methylglutaryl-CoA
lyase; 11. 13. 2-Methylbutyryl-CoA Dehydrogenase; 14. Enol-CoA Dehydrogenase; 15. 3Hydroxyisobutyryl-CoA

Deacylase;

16.

3-Hydroxyisobutyryl-CoA

Dehydrogenase;

17.Methylmalonic semialdehyde Dehydrogenase; 18. Propionyl-CoA Carboxylase; 19.
Methylmalonyl-CoA

Mutase;

24.

butyryl-CoA

dehydrogenase;

25.

Enol-CoA

Dehydrogenase; 26. 2-Methylhydroxybutyryl CoA Thiolase; 27. 3-Methylacetoacetyl-CoA
Thiolase (map00280, KEGG pathways).
2.4.

Branched-chain amino acids metabolic functions

The BCAA are more than just a substrate for protein synthesis and a non-specific source of
carbon for oxidation as fuel for the muscle. They are believed to serve as initiators for
diverse cellular signaling pathways. The BCAA are involved in the protein synthesis and
degradation, glucose homeostasis, obesity, diabetes and cardiovascular disease,
neurotransmitters and hormone synthesis which are explained in details in the next few
sections.
2.4.1.

Protein synthesis and turnover

The BCAA, particularly Leu can increase muscle protein synthesis and reduce muscle
protein breakdown by stimulating the initiation of enzymes controlling protein synthesis.
This involves phosphorylation of the mammalian target of rapamycin (mTOR) and
sequential activation of 70-kD S6 protein kinase (p70 S6 kinase) and the eukaryotic
initiation factor 4E-binding protein 1 (Yoshizawa, 2004). Isoleucine has significantly lower
effect than Leu on protein synthesis or enzyme phosphorylation in skeletal muscle of rats
and Val has almost no effect (Kimball and Jefferson, 2004). In vivo and in vitro studies

have shown a significant increase (25–50%) of muscle protein synthesis and significant
decrease (30%) in protein degradation by oral and intravenously administration of BCAA.
The mixture of other AA has shown no effect on protein turnover (Li and Jefferson, 1978;
Freund and Hanani, 2002).
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2.4.2.

Glucose homeostasis

The BCAA improve body glucose metabolism, and oxidation. The glycogen which is being
synthesized and stored in the liver and skeletal muscle has an important role in controlling
blood glucose level. The BCAA facilitate glucose uptake by liver and muscle as well as
enhancing glycogen synthesis. In a previous study it is reported that Leu and its α-keto acid
promote glucose uptake in rat muscle cell in the insulin-free media in vitro. They
concluded that Leu can mediate glucose uptake by insulin-independent manner through
stimulating phosphatidylinositol 3-kinase or protein kinase C (Nishitani et al., 2002).
Leucine has also demonstrated to increase the synthesis of glycogen by promoting the
activity of glycogen synthase in muscle cells which were deprived from AA for 1 hour and
incubated with Leu. This involves inactivating glycogen synthase kinase-3 which inhibits
the glycogen synthase. Leucine significantly increased phosphatidylinositol 3-kinase and
p70 S6 kinase activity as well (Peyrollier et al., 2000). Isoleucine has also proven to play a
role in glucose metabolism. Isoleucine decreased plasma glucose level by increasing
glucose uptake by muscle through activation of the glucose transporter in rats. This
involves Phosphatidylinositol 3-kinase and protein kinase C independent to insulin (Doi et
al., 2005). The BCAA in addition to mediating glucose uptake by muscle and upregulating
glycogen synthesis by activating is involved in fat and energy metabolism as well.
2.4.3.

Obesity, diabetes and cardiovascular disease

Obesity prevalence and its related chronic disorders have increased during last decades
due to the high-calorie/low exercise lifestyle (Flegal et al., 2010). Obesity is associated with
elevated serum BCAA levels, insulin resistance in muscle and impaired glucose disposal
which clearly links the BCAA oxidation to glucose and fat metabolism (She et al., 2007).
The BCAA, particularly Leu are important regulators of mammalian target of rapamycin
(mTOR) which plays a role in obesity, diabetes and cardiovascular disease. The mTOR
forms two functionally distinct complexes, mTORC1 and mTORC2. The mTORC1 which is
nutrient-sensitive kinase is activated by BCAA especially Leu (Fingar and Blenis, 2004;
Foster and Fingar, 2010). Recent studies have demonstrated a key role of mTORC1 in the
regulation of multiple central cell functions, including gene transcription, translation,
ribosome biogenesis, protein synthesis, cell growth, cell proliferation, lipid synthesis and
suppression of autophagy (Avruch et al., 2009). Leucine up-regulates activated mTORC1
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by mediating Rag GTPases. Activated mTORC1 stimulates β-cell proliferation, increases
insulin secretion and p70 S6 kinase 1 (S6K1)-mediated insulin resistance leading to early
replicative β-cell senescence and apoptosis. The overstimulation of mTORC1 by elevated
plasma BCAA might result in beta cell dysfunction and destruction thus promoting the
development of type 2 diabetes (Melnik, 2012). Figure 4 illustrates higher risk of diabetes
with elevated plasma Leu level (adopted from (Melnik, 2012)). Recent studies reveal that
elevated plasma BCAA in obesity might be due to the decline in BCAA-transaminase and
BCKDH concentration in the adipose tissue. Since it is reported that insulin up-regulates
BCKDH kinase (which inactivates BCKDH), the decline in BCKDH might originate from
elevated insulin associated with obesity (She et al., 2007).

Figure 4. Nutrient-mediated over-stimulation of mTORC1 by greater leucine intake. AAT:
Amino acid transporter; IR: Insulin receptor; GLUT: Glucose transporter protein; IRS-1:
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Insulin receptor substrate 1; PI3K: Phosphoinositol-3 kinase; Akt: Akt kinase [= protein
kinase B (PKB)]; TSC1: Tuberous sclerosis complex 1 (hamartin); TSC2: Tuberous sclerosis
complex 2 (tuberin); AMPK: Adenosine monophosphate-activated protein kinase; EGCG:
Epigallocatechin gallate; DIM: 3,3’-diindolylmethane; SREBP: Sterol regulatory elementbinding transcription factor.
Isoleucine has shown to reduce muscle triglycerides and up-regulates free fatty acid
oxidation in skeletal muscle and liver by promoting the expression of peroxisome
proliferator-activated receptor (PPAR)-alpha and uncoupling protein. These findings
indicates that Ile might prevent the development of visceral obesity and high insulin level
by affecting white adipose tissue, liver, and muscle adiposity (Nishimura et al., 2010).

2.4.4.

Neurotransmitters and hormone synthesis

The BCAA are involved in various biochemical functions in the brain consist of, protein
biosynthesis; energy source, nitrogen-carrier for Glu biosynthesis, and the synthesis of the
neurotransmitters. The BCAA may enhance brain function by affecting synthesis of
different neurotransmitters included serotonin, dopamine, and norepinephrine. The BCAA
are being transported through the blood-brain barrier by the same transporter as aromatic
AA including Trp, Tyr, and Phe. Tryptophan is precursor of serotonin; Tyr and Phe are
precursors of catecholamines (dopamine, norepinephrine, and epinephrine. The affinity of
the transporter is higher for Leu (7-fold greater) and Phe (2.5-fold higher) which makes a
competition among the AA being transported by this transporter. As dietary ingested
BCAA are not catabolized in the liver, the plasma BCAA concentration increases after a
meal rich in BCAA which will saturate the blood-brain transporter and consequently
reduce the neurotransmitters synthesis by hampering the transport of the precursors to the
brain (Adibi, 1976). Furthermore Leu is believed to be nitrogen donor for synthesis of the
Glu and its metabolic product GABA as excitatory and inhibitory brain neurotransmitter,
respectively. The brain is impermeable to Glu and the brain Glu pool therefore originates
from de novo synthesis using glucose as carbon skeleton (Sakai et al., 2004). The nitrogen
source of brain for Glu, Gln, and GABA was unknown. Sakai et al. (2004) in their study
with labeled Leu revealed that at least 50% of the cerebral Glu nitrogen originates from
Leu. This finding confirms the role of Leu as a nitrogen-carrier to the brain (Sakai et al.,
2004).
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2.5.

Branched-chain amino acids in pigs nutrition

The industrial application of crystalline AA started in the 1960s with L-Lys first became
available and second DL-Met in 1970s. Afterwards L-Thr and L-Trp were introduced in the
late 1980s and 2001, respectively. Valine became available in 2009 and Ile in 2011. The
advances in biotechnology reduced the cost of the production of crystalline AA and now,
most of the AA are available in crystalline form as feed supplements. In pigs there is no
especial protein requirement but AA requirements should be fulfilled to maintain animal
growth performance and health. The availability of feed-grade AA provides the opportunity
to reduce dietary CP to as low as 137 g/kg by supplementing the diet with limiting AA
(Figure 5). In cereal based pig’s diet, Lys is the first limiting AA followed by Met as second
and Thr as third limiting AA. Isoleucine, His, Trp, and Val are equally forth limiting AA.
Leucine might be the next limiting AA for growing pigs in low CP diets. Over the past
decade, it has been tried to characterize the BCAA requirements for pigs. The interaction
among BCAA due to the shared enzymes in their catabolism makes it more controversy to
draw the conclusion as excess of Leu could change the requirements of Val and Ile.

Figure 5. Changes in crude protein level of the diet by supplementing 8 crystalline amino
acids (Ajinomoto Eurolysine Information No. 37, 2011).
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2.5.1.

Isoleucine

Isoleucine is considered to be the next limiting AA after Lys, Met, Thr, Trp, and Val in low
CP pig diets. In corn-soybean meal-based diet Ile along with His were sixth limiting AA
after Lys, Met, Thr, Trp, and Val (Figueroa et al., 2003). Isoleucine requirement might be
changed depending on the use of blood cells in cereal based diet. Blood products were used
as a protein source with low Ile content to produce Ile deficient diets in Ile dose-response
studies. However, incorporation of blood products into the diet increases the Ile
requirements due to its AA profile (Barea et al., 2009). Blood products contain low Ile but
high Leu, Val, His, and Phe content which causes the interaction between Ile and Leu.
Furthermore, the large neutral AA (LNAA), His and Phe, are being transported across the
blood–brain barrier by the same transporter as Ile, Leu, Val, Trp, Tyr, Met, Thr, and Glu.
Due to the different affinity of the transporter to LNAA and BCAA especially Leu, this AA
imbalance make a competition to pass through blood-brain barrier (Smith, 2000).
Therefore, Ile requirement is less in the diets not containing any blood cell and hence are
moderate in the other BCAA (Van Milgen et al., 2012). It appears that Ile excess could
impair animal growth performance as reported by Nørgaard et al., 2014. However, the
mode of action of impaired animal growth performance by excess Ile is unknown. The
current recommendations of Ile requirement for growth in pigs (relative to Lys) are 0.52
(NRC, 2012), 0.53 (Tybirk et al., 2012), and 0.58 (BSAS, 2003).

2.5.2.

Valine

In typical European diets, Val will often be the third to fifth limiting AA in diets for piglets
(Nørgaard and Fernández, 2009). Figueroa et al. reported that in barely-wheat-soy
protein-based diets Val is the fifth limiting AA after Lys, Met, Thr and Trp (Figueroa et al.,
2003). Valine is involved in feed intake and previous studies (Gloaguen et al., 2011) have
shown that feed intake was reduced rapidly after ingestion of a Val deficient test diet.
Deficient Val might be a signal of a BCAA unbalanced and the declined feed intake would
be a mechanism to inhibit the ingestion of a BCAA unbalanced diet. Animal growth will be
affected accordingly after reduced feed intake in response to Val deficiency (Gloaguen et
al., 2011). In another study, the impaired feed intake in response to a Val deficient diet was
alleviated when the diet was devoid of the other BCAA, Ile, and Leu indicating that a BCAA
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imbalance deteriorates feed intake rather than Val deficiency per se (Gaines et al., 2011).
Current recommendations for Val requirement for growth in pigs (relative to Lys) is 63%
(NRC, 2012), 67% (Tybirk et al., 2012), and 70% (BSAS, 2003).
2.5.3.

Leucine

Practically pig diets are not deficient in Leu, but it might become potentially limiting if the
CP level is further reduced. As it is explained before, Leu regulates the BCKDH enzyme
activity which is involved in the second step of BCAA catabolism and excess Leu therefore
results in degradation of all three BCAA (Wiltafsky et al., 2009). This stimulatory effect of
Leu origins from α-ketoisocaproic (substrate of BCKDH complex, issued from Leu) which
regulates the BCKDH complex activity in a dose-response manner (Murakami et al., 2005).
In comparison to Leu, Val and Ile have less or no effect on the regulation of the BCKDH
complex activity (Cynober and Harris, 2006). Leucine excess also interferes with the
transport of other BCAA as well as LNAA through blood-brain barrier which is also
explained before in details. However, a greater excess of Leu impairs growth performance
in pigs and a moderate excess of Leu has little or no detrimental effect on feed intake and
gain. It is reported that the detrimental effect of Leu excess also depends on the Ile and Val
content of the diet (Edmonds and Baker, 1987, Gatnau et al., 1995, Gloaguen et al., 2011).
Gloaguen et al. (2011) reported that Leu excess can exert growth-depressing effects if Val is
deficient. It appears that Leu excess deteriorates growth performance, if the SID Leu:Ile
ratio exceeded 2.33, or if the SID Leu:Val ratio exceeded 1.79 (Wiltafsky et al., 2010).There
are not many studies reported Leu requirements for growing pigs (Gatnau et al., 1995;
Augspurger and Baker, 2004; Gloaguen et al., 2013). According to the available data, the
recommendation for Leu requirement for growth (relative to Lys) is 100% (Tybirk et al.,
2015), 100% (NRC, 2012), 100% (BSAS, 2003).

2.6.

Metabolomics

Metabolomics one of the last “-omics” introduced after genomics, proteomics, and
lipidomics is the science of studying the metabolome. Metabolome refers to the complete
set of small dynamic metabolites in a biological sample. The idea of metabolomics is to
study all of the metabolites in the given sample in one run. Therefore it is possible to
discover all the changes in metabolome related to disease, environment, or nutrition. The
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idea originates from the concept that individuals have a metabolic profile which could be
reflected in their biofluids (Daviss, 2005). However, the currently available techniques and
tools are far behind the aimed idea.
The analytical procedure consists of 3 steps:


Separation: helps to simplify the analytes detection by separating some of analytes
from both other analytes and the matrix. This step is not mandatory and could be
skipped. Gas chromatography and high performance liquid chromatography
(HPLC) are two common methods for metabolic separation.



Ionization: in mass spectrometry, ionization techniques should be applied in order
to impart the analytes with a charge and transfer to gas



Detection: Mass spectrometry (MS) and nuclear magnetic resonance (NMR)
spectroscopy are two most common detection techniques to identify and to quantify
metabolites after optional separation. The NMR is the only detection technique
which does not need a preceding separation of analytes.

The data generated in metabolomics are spectra from samples containing all the existing
metabolites presented in the format of a mass to retention time ratio. Thousands of masses
may exist in a single sample which should be reduced by techniques to make the patterns
and connections bold before identification of metabolite itself (Griffin, 2003). A common
workflow of a non-targeted metabolomics which has also been used in this projected is
summarized in figure 6.
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Sample collection and preparation

Data acquisition (LC-MS/MS)

Data preprocessing

Chemometrics (PCA, PLS)

Biomarker identification

Figure 6. Common workflow for a non-targeted metabolomics with LC-MS
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3.

Hypotheses and objectives of the PhD thesis

The minimum requirements of BCAA in piglets just after weaning are not well
investigated. The first part of the project, aimed at estimating the minimum requirements
of each BCAA in ratio to Lys in 3 separate dose-response studies using animal growth
performance traits as the response criteria. Blood and urine samples were collected from
the pigs in the first part of the project to be analyzed for all the metabolites by
metabolomics. The second part of the project was an explorative non-targeted
metabolomics study to characterize the biofluids profile of pigs fed with increasing level of
each BCAA in separate studies. The more balanced diets in AA profile, the more efficient
usage of AA and their catabolic derivatives for protein synthesize. The hypothesis of the
project was that feeding different level of each BCAA would result in the appearance of
some unique metabolites in blood or urine from the BCAA catabolism. These catabolic
metabolites might be used as a physiological marker to estimate AA imbalance in the diet.
Therefore, the objectives of this project were to:


Estimate BCAA including Ile, Val, and Leu minimum requirements in post weaned
piglet on cereal-based diets.



Identify biomarkers in blood or urine which are showing a distinct pattern related to
the animal performance.



Use the identified metabolites as the response criteria
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4.

Materials and methods

4.1.

Animals and Diets

Three dose-response experiments were conducted on increasing level of Ile, Val, and Leu
in the diet. In each experiment, a total of 96 cross-bred (Danish Landrace, Yorkshire ×
Duroc) female pigs were individually housed in 1 × 2.2 m pens with 1/3 concrete floor and
2/3 cast iron slatted floor which were placed in 4 identical rooms. The temperature and
humidity were kept around 22°C and 60 %, respectively, during the experimental period.
Diets in all dose-response experiments were based on wheat, barley, and soy protein
concentrate and were formulated to be isonitrogenous and isoenergetic (Table 1). The
ingredients and experimental diets were analyzed before the experiment to confirm a
correct mixing of diets. The diets were planned to contain 0.42, 0.46, 0.50, 0.54, 0.58, and
0.62 standardized ileal digestible (SID) Ile:Lys, 0.58, 0.62, 0.66, 0.70, 0.74, and 0.78 SID
Val:Lys, and 0.70, 0.80, 0.90, 1.00, 1.10, and 1.20 of SID Leu:Lys in Ile, Val, and Leu doseresponse studies, respectively. To get an empirical approach of AA requirement in ratio to
Lys, Lys should be the second limiting AA in a dose-response study; otherwise, the AA
requirement may be underestimated. In this design, the tested AA is limiting before break
point and Lys is limiting after break point by adding increments of tested AA. Both tested
AA and Lys are limiting at breakpoint (Boisen S., 2003). Lysine was sub-limiting in all the
diets and provided 12.2 and 11.8 g/kg total Lys corresponding to 90 % of the Lys
requirement in Ile, Val, and Leu dose-response experiments, respectively (Tybirk et al.,
2012). The other non-dispensable AA and calcium and phosphorus were supplied
according to or slightly exceeding the Danish recommendations for pigs weighing 9-15 kg
(Tybirk et al., 2012). The calculated and analyzed compositions of the diets are presented
in Table 2 of papers I, II, and III.
4.2.

Experimental design

All experiments were conducted in 2 periods with a duration of 2 wk each. Pigs were
weaned at 28 d of age, and the experiments started 1 wk after weaning with an average
initial BW of 8.9 ± 0.6, 8.42 ± 0.32, and 7.8 ± 0.9 kg (mean ± SD) in Ile, Val, and Leu
studies, respectively. The pigs growth performance studies were performed as described in
paper I, II, and III. At d 8 and 15 of each experiment, after an overnight fast, pigs were
supplied with 25 g/kg BW0.75 of feed at 0700 h, and blood and urine samples were taken
3 h later from eight pigs per treatment. Blood samples were collected by jugular vein
21

puncture into 10 mL heparinized tubes (Greiner BioOne GmbH, Kremsmünster, Austria)
and placed on ice after collection. Blood samples were centrifuged at 1,050 × g at 4°C for
10 min, and the plasma was immediately harvested and stored at -80°C until the
laboratory analysis. Urine samples were collected using tampons covered by cotton pads in
a way which keeps tampons away from fecal contamination. The sandwiched tampons
were mounted on the back of the pigs with surgical tape at the time of blood collection
until urination which took from 15 min to 6 hours after blood sampling (Tampons
mounted 3 hours after feeding and urine sample collection was +15 min to 6 hours after
mounting tampons). The tampons were stored on ice immediately after urination and were
centrifuged at 1,050 × g at 4°C for 10 min for collection of urine. Pigs were monitored daily
for health conditions and were treated with antibiotics (Oxytetracyclin, Engemycin; MSD
Animal Health, Willington, New Zealand) in the case of diarrhea.
4.3.

Chemical analysis

Nitrogen content of the diets was analyzed by a modified Kjeldahl method (AOAC, 2000),
and CP content was estimated as total nitrogen × 6.25. Representative samples (n=3) of
each diet were hydrolyzed for 23 h at 110°C with (for Cys and Met) or without (for all other
AA) performic acid oxidation, and AA were separated by ion exchange chromatography
and quantified by photometric detection after ninhydrin reaction (Commission., 1998).
Plasma and urine samples were analyzed by HPLC for all metabolites.
4.4.

Non-targeted metabolomics

Non-targeted metabolomics was performed to test the main hypothesis of the project. To
screen the metabolic profile of plasma and urine, ultra high performance liquid
chromatography (UHPLC) connected to micrOTOF-Q II mass spectrometer allowing the
separation of metabolites before detection. A high pressure flow of the solvents was
applied to separate the metabolites based on their chemical properties (hydrophobic/
hydrophilic). In the current study, the HPLC system was equipped with a C18 column and
a UHPLC filter. The solvents were 0.1% formic acid added to either water (solvent A) or
acetonitrile (solvent B). The metabolites were eluted with a linear gradient starting at 5%
solvent B and continuing to 100% during 12 min. The mobile phase was introduced into
the mass spectrometer by electrospray ionization (Pluskal et al.). Electrospray ionization is
a method to produce aerosol ions by applying high voltage to the liquid phase. The ions
thereafter pass through collision cell where they will be fragmented before detection.
22

Metabolites were extracted from plasma and urine mixed with acetonitrile including two
internal standards, glycocholic acid (glycine-1 13C) and p-chlorophenylalanine which were
added directly to acetonitrile prior to mixing. The data acquired by LC-MS run, were
processed by MZmine (MZmine 2, Free Software Foundation, Inc., MA, US) software for
meaningful data mining. The data cropped to remove external standards, masses detected
and then chromatogram for each mass was built. Detected masses were processed more to
remove noise, duplicate peaks, gape filled and chromatograms aligned with m/z tolerance
of 0.01 and RT tolerance of 0.1 min. Finally sodium and ammonium adducts combined and
data exported to LatentiX (2.12, LatentiX Aps, Denmark) for multivariate data analysis.
Principle component analyses (PCA) and partial least squares (PLS) were used for pattern
recognition and identifying the discriminating masses among treatments. For
identification of discriminating masses, accurate mass and mass spectrometric
fragmentation patterns from MS/MS were compared to those of the databases such as
METLIN

(http://metlin.scripps.edu/),

Human

Metabolome

Database

(http://www.hmdb.ca/), and Massbank Database (http://www.massbank.jp/). Tentatively
identified metabolites using databases, were confirmed by chemical standards if available.
The pathways and mode of actions for identified metabolites then investigated by KEGG
pathways (http://www.genome.jp/kegg/pathway) to find out the possible link between the
metabolites and animal growth performance.
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Leucine requirements

The optimum ratio of standardized ileal digestible leucine to lysine for 8 to 12 kg female
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5.4.

Biomarkers of branched-chain amino acids

Biomarkers identification by non-targeted LC-MS metabolomics in plasma and urine from
pigs fed branched chain amino acids for maximum growth performance.
E. A. Soumeh1, M. S. Hedemann1, H. D. Poulsen1, E. Corrent2, J. van Milgen2, and J. V.
Nørgaard. Submitted to the Journal of Nutrition, (under review).
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14

Abstract

15

Besides being building blocks of proteins, branched chain amino acids (BCAA) and

16

particularly leucine (Leu) are involved in important biological functions such as e.g.

17

regulating muscle protein anabolism, neurotransmitter biosynthesis, wound healing,

18

chronic disease, and renal and liver dysfunctions. Currently, the metabolic profile of pigs

19

when feeding optimum level of BCAA for best growth performance is unknown. The

20

objective of the current study was to identify biomarkers of BCAA intake status that could

21

be linked to the animal growth performance. Three dose-response studies were carried out

22

to collect blood and urine samples from pigs fed with increasing levels of isoleucine (Ile),

23

valine (Val), or leucine (Leu) followed by a non-targeted LC-MS approach to identify the

24

metabolic profile of biofluids, at optimum level of BCAA in the diet for animal growth.

25

Results showed that concentrations of plasma hypoxanthine and tyrosine (Tyr) were

26

higher, while concentrations of glycocholic acid, tauroursodeoxycholic acid, and

27

taurocholic acid were lower, when the dietary level of Ile was optimum for animal growth.

28

Urinary hippuric acid was up-regulated by the optimum Ile level, while plasma hippuric

29

acid was down-regulated by the optimum dietary Val. Plasma 3-methyl-2-oxovaleric acid

30

and creatine were lowest when dietary Leu was optimum for animal growth. The optimum

31

level of Leu in the diet up-regulated urinary ascorbic acid and choline, while 2-aminoadipic

32

acid, acetyl-DL-valine, Ile, 2-methylbutyrylglycine, and Tyr were down-regulated. In

33

conclusion, plasma glycocholic acid and taurocholic acid are biomarkers of the optimum

34

Ile level in the diet. The biomarkers of the optimum Leu level in the diet were plasma

35

creatine and urinary 2-aminoadipic acid, ascorbic acid, and choline. The optimum Val level

36

in the diet had a less pronounced metabolic response reflected in plasma or urine than

37

other BCAA.

38

Keywords: Branched chain amino acid, biomarker, growth performance, metabolomics,

39

pigs

40

Introduction

41

The branched chain amino acids (BCAA), isoleucine (Ile), valine (Val), and leucine (Leu)

42

are 3 of 9 indispensable amino acids (AA) and are generally considered to be among the

43

dietary limiting AA [1, 2]. Besides being building blocks of proteins, BCAA and particularly

44

Leu are involved in important biological functions such as e.g. regulating muscle protein
52

45

anabolism, neurotransmitter biosynthesis, wound healing, chronic disease, and renal and

46

liver dysfunctions. Due to their similar chemical structure, BCAA share the same enzymes

47

in their catabolic pathways which can result in interactions among them [3]. This fact

48

makes it more difficult to define BCAA requirements, as excess of one BCAA could increase

49

the catabolism of the others and therefore changes the nutritional requirements [4].

50

The empirical approach to estimate an AA requirement is to study a response criterion to

51

increasing AA levels in the diet and to define the requirement as the breakpoint where no

52

further response is observed, when the AA level is increased [5]. The existing estimates for

53

BCAA requirements have been obtained by dose-response experiments using animal

54

growth performance (e.g. feed intake, weight gain, and feed efficiency) as response criteria.

55

Previous dose-response studies of our lab demonstrated that 0.52 standardized ileal

56

digestible (SID) Ile:Lys, 0.70 SID Val:Lys, and 0.93 SID Leu:Lys are the minimum Ile, Val,

57

and Leu requirements, respectively, to support the best growth performance of weaned

58

piglets [6-8].

59

Currently, there are no data available on metabolic responses to increasing levels of dietary

60

BCAA. Few studies have reported the AA content in plasma [9] or α-keto acids produced

61

from BCAA transamination [10] as potential biomarkers to estimate protein quality of the

62

diet and AA requirements in pigs. Plasma urea nitrogen has also been used as a response

63

criterion to evaluate the dietary protein quality for pigs [9, 11, 12].

64

In the current study, it was hypothesized that feeding increasing levels of Ile, Leu, or Val

65

would result in appearance of unique metabolites in blood and urine which correlate with

66

animal growth performance, and that the global analysis of these metabolites in plasma

67

and urine could be used as metabolic signatures that discriminate pigs fed optimum levels

68

of each BCAA. This metabolic signature could therefore lead to the discovery of biomarkers

69

of BCAA which correlate with best animal growth performance. The identification and

70

characterization of these biomarkers could be used to further improve the existing

71

methods for estimating BCAA requirements or protein quality. Non-targeted LC-MS

72

metabolomics has been demonstrated to have a potential for metabolic phenotyping of bio-

73

fluids and tissues reflecting health status or to provide the comprehensive identification of

74

metabolites in response to specific nutrient intake [13]. The aim of this study was therefore
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75

to identify biomarkers by non-targeted LC-MS in bio-fluids of pigs receiving optimum

76

levels of BCAA to support the best growth performance.

77
78

Materials and Methods

79

The experiment complied with the Danish Ministry of Justice, Law no. 253 of March 8,

80

2013 concerning experiments with animals and care of experimental animals, and a license

81

issued by the Danish Animal Experiments Inspectorate.

82
83

Animals and Diets

84

Three dose-response experiments were conducted using increasing levels of Ile, Val, and

85

Leu as described by [6-8]. In brief, each experiment used 96 cross-bred (Danish Landrace,

86

Yorkshire × Duroc) female pigs which were housed individually. Diets were based on

87

wheat, barley, and soy protein concentrate and were formulated to provide the same

88

nitrogen and net energy (NE) content (Table 1). The diets were planned to contain 0.42,

89

0.46, 0.50, 0.54, 0.58, and 0.62 standardized ileal digestible (SID) Ile:Lys; 0.58, 0.62,

90

0.66, 0.70, 0.74, and 0.78 SID Val:Lys; and 0.70, 0.80, 0.90, 1.00, 1.10, and 1.20 of SID

91

Leu:Lys in the Ile, Val, and Leu dose-response studies, respectively. To get an empirical

92

approach of AA requirement in ratio to Lys, Lys should be the second limiting AA in a

93

dose-response study, otherwise, the AA requirement may be underestimated [5]. Lysine

94

was sub-limiting in all the diets and provided 12.3 g/kg total Lys (11.4 g SID Lys/kg)

95

corresponding to 93 % of the requirements in Ile dose-response experiment and 11.8 g/kg

96

total Lys (10.95 g SID Lys/kg) corresponding to 90 % of the Lys requirement in the Val and

97

Leu dose-response experiments [14]. The other non-dispensable AA, calcium, and

98

phosphorus were supplied according to or slightly exceeding the Danish recommendations

99

for pigs weighing 9-15 kg [14]. The calculated compositions of the diets are presented in

100

Table 2.

101
102

Experimental design
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103

All experiments were conducted in 2 replicates with a duration of 2 wk each. Pigs were

104

weaned at 28 d of age, and the experiments started 1 wk after weaning with an average

105

initial BW of 8.9 ± 0.6, 8.42 ± 0.32, and 7.8 ± 0.9 kg (mean ± SD) for the Ile, Val, and Leu

106

studies, respectively. At d 8 and 15 of each experiment, after an overnight fast, pigs were

107

supplied with 25 g/kg BW0.75 of feed at 0700 h, and blood and urine samples were taken

108

3 h later from 8 pigs per treatment. Blood samples were collected by jugular vein puncture

109

in 10 mL heparinized tubes (Greiner BioOne GmbH, Kremsmünster, Austria) and placed

110

on ice after collection. Blood samples were centrifuged at 1,050 × g at 4°C for 10 min, and

111

the plasma was immediately harvested and stored at 80°C until the laboratory analysis.

112

Urine samples were collected using tampons covered by cotton pads in a way which keeps

113

tampons away from fecal contamination. The sandwiched tampons were mounted on the

114

back of the pigs by surgical tape at the time of blood collection and until urination. The

115

tampons were stored on ice immediately after urination and were centrifuged at 1,050 × g

116

at 4°C for 10 min for collection of urine.

117

Chemicals

118

Acetonitrile and formic acid were obtained from Fluka/Sigma-Aldrich (St. Louis, MO, US).

119

All the solvents were of HPLC and analytical grades. All the standard chemicals were

120

purchased from Sigma-Aldrich (St. Louis, MO, US).

121

Chemical analysis

122

Diets. Nitrogen content of the diets was analyzed by a modified Kjeldahl method [15], and

123

crude protein content was estimated as total nitrogen × 6.25. Representative samples

124

(n=3) of each diet were hydrolyzed for 23 h at 110°C with (for Cys and Met) or without (for

125

the other AA) performic acid oxidation, and AA were separated by ion exchange

126

chromatography and quantified by photometric detection after ninhydrin reaction [16].

127

Sample preparation for LC-MS

128

Plasma. Metabolites were extracted from 200 µl plasma mixed with 600 µl ice-cold

129

acetonitrile (ACN). Two internal standards (IS), glycocholic acid (glycine-1 13C) dissolved

130

in ACN and p-chlorophenylalanine dissolved in water, were added directly to acetonitrile

131

to a final concentration of 0.03 mg/mL prior to mixing with plasma samples. The mixture

132

of plasma and ACN plus IS was kept at 4°C for 20 min after a 1 min. vortex for protein
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133

precipitation. The supernatant was harvested after a 10 min. centrifugation at 13,200 × g

134

in 4°C and was evaporated using a vacuum centrifuge (Maxi Dry Plus vacuum

135

concentrator, Heto, Wettenberg, Germany) until complete drying. Metabolites were re-

136

suspended in 200 µL water/ACN/formic acid (95:5:0.1, v/v/v) and centrifuged again (10

137

min. at 10,621 × g, 4°C) after a short vortex. Finally, supernatant was pipetted to HPLC

138

vials to be used for LC-MS analysis.

139

Urine. Urine samples were prepared for LC-MS acquisition by mixing 450 µl urine with 50

140

µl ACN which contained the same IS as plasma samples to a final concentration of 0.01

141

mg/ml. Samples were centrifuged (10 min. at 17,949 × g, 4°C) after a short vortex, and the

142

supernatant was pipetted to HPLC vials for LC-MS analysis.

143

Standards. All commercial standards used for identification of metabolites were dissolved

144

in methanol, ethanol, water, 0.1 % formic acid in water, 40 % ACN, sodium hydroxide, or

145

hydrogen chloride based on their preparation instructions for a final concentration of 10

146

µg/L and analyzed on LC−MS.

147

Instruments and settings

148

Chromatographic separation was performed on an UltiMate 3000 RSLC System (Thermo

149

Scientific Dionex, Sunnyvale, CA, US) which was equipped with a Fortis 1.7 µm C18

150

column 100 × 2.1 mm and Fortis UHPLC filter (Fortis Technologies, Ltd., Chesire,

151

England). The column oven was set to 30°C, and the temperature of the auto sampler was

152

10°C. The flow rate was 0.4 mL/min with solvent A (water + 0.1 % formic acid) and solvent

153

B (ACN + 0.1 % formic acid). The metabolites were eluted with a linear gradient starting at

154

5 % of solvent B and continuing to 100 % for 12 min. and kept constant for 0.3 min. The

155

injection volume was 5 µL. The HPLC system was connected to a micrOTOF-Q II mass

156

spectrometer (Bruker daltonics GmbH, Bremen, Germany).

157

The eluent was introduced into the mass spectrometer by electrospray ionization in

158

positive and negative modes. The capillary voltage was 4,500 and 3,600 V for positive and

159

negative modes, respectively. The end plate offset voltage was set to 500 V in both the

160

positive and negative modes. The dry gas flow was 10 L/min at a temperature of 200°C,

161

and nebulizer pressure was set to 2.2 bar. Mass to charge ratio (m/z) of the quadrupole’s

162

full scan ranged from 50 to 1,000. Collision energy during MS scan was set to 6 eV. MS/MS
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163

fragmentation was used for the identification of compounds. The collision energy of

164

multiple reaction monitoring (MRM) scan varied from 20 to 35 eV in positive mode and 10

165

to 30 eV in negative mode which was optimized according to the chemical characteristics

166

of compound being analyzed. Lithium formate was used as an external standard which was

167

introduced into the mass spectrometer in the beginning of each chromatogram with an

168

independent syringe pump. This approach allowed mass correction of each chromatogram.

169

Quality control and blanks. The quality of data was evaluated by injecting deionized water

170

(blank samples), blank samples plus IS, and quality control (QC: a pooled sample of all the

171

plasma samples for plasma metabolites or urine samples for urine metabolites) in the

172

HPLC after every 8 samples. All blanks, blank plus IS samples, as well as QC samples were

173

treated the same way as explained for plasma and urine samples. The chromatograms of

174

blank samples were used to control carry-over effects during LC-MS runs, and the

175

chromatograms of QC samples were used to control the analytical stability (retention time

176

and sensitivity).

177

Data processing and statistics

178

The data were processed before statistical analyses [17]. The MZmine (MZmine 2, Free

179

Software Foundation, Inc., MA, US) software was used to perform data mining. First, data

180

was cropped to remove external standards. Masses were detected, and the chromatogram

181

for each mass was built by Centroid mass detector and Chromatogram builder,

182

respectively. Thereafter, smoothed data were deconvoluted using a noise amplitude

183

algorithm and deisotoped. A RANSAC Aligner was used to align chromatograms with m/z

184

tolerance of 0.01 and RT tolerance of 0.1 min. Duplicate peaks were filtered and missing

185

peak gaps were filled in by a peak finder. Finally, sodium and ammonium adducts search

186

was performed prior to exporting the data to Excel for post-processing.

187

The data were sorted in Excel, combined for adducts, assigned for each dietary treatment,

188

and exported to LatentiX (2.12, LatentiX Aps, Denmark) for multivariate data analysis.

189

Principle component analyses (PCA) were used to evaluate the data and identify possible

190

relationships within clusters of samples, QC, and blanks. The data were visualized by PCA

191

scores plots where each point on the plot represents a single sample (data are not

192

presented). The dataset on plasma and urine metabolites was subjected to partial least

193

squares regression (PLS) for pattern recognition. The PLS modes were performed on an
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194

auto-scaled and mean centered dataset by a full cross validation method. The model

195

robustness was evaluated by model statistics and actual vs. predicted plots. Outliers were

196

identified by their residual variance and Hotellings T2 and removed from dataset. Root

197

mean square error (RMSE) of each PLS model was used to select the optimum number of

198

principle components in each dataset. The metabolites of plasma and urine samples were

199

chosen using a scaled regression coefficients plot. Metabolites that are more important in

200

causing the variation are far away from center of the plot and have a greater coefficient

201

than the metabolites near the center which coefficient is close to zero and had no

202

separation power. Variables that are located close to each other are strongly correlated.

203

The metabolites, then subjected to statistical analyses using the MIXED procedure of SAS

204

(Version 9.3, SAS Inst. Inc., Cary, NC, US), where the diet was included in the model as

205

fixed effect, and room and period as random effects. Day of sampling was included in the

206

model as fixed effect, and the average of sampling days 8 and 15 was therefore considered

207

for each metabolite. Initial body weight of the pigs was included in the model as a

208

covariate. Statistical significances were considered at P<0.05 and tendencies at P<0.10.

209

The P-values of ANOVA in the tables are differences among 6 dietary levels of each BCAA

210

in the corresponding dose-response studies. The fold change was calculated by metabolite

211

intensity in the first level of BCAA divided by its respective intensity in the fourth level of

212

BCAA. The first level of each BCAA was considered deficient, and the fourth level of each

213

BCAA referred to the optimum, as the fourth levels are closer to the optimum levels of each

214

BCAA for the best animal growth performance as concluded from previous studies.

215
216

Biomarker identification

217

To identify the discriminating metabolites by tandem mass spectrometry, the exact masses

218

and their fragmentation traits were compared to those from databases such as METLIN

219

(http://metlin.scripps.edu/), Human Metabolome Database (http://www.hmdb.ca/), and

220

Massbank Database (http://www.massbank.jp/). The tentatively identified metabolites by

221

matching MS/MS fragmentation traits to the databases were confirmed by commercial

222

standards if available.

223

Results
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224

Chemometrics of plasma and urine. Evaluation the PCA score plots showed proper

225

grouping among experimental samples, blanks, blanks plus IS, and QC in both plasma and

226

urine samples of all 3 studies (data are not presented). The data were cross validated, and

227

the PLS models were chosen when the RMSE was smallest. The PLS models of plasma for

228

Ile, Val, and Leu studies and their corresponding regression coefficients plots are

229

presented in Figure 1 (a, b, c, d, e, and f). The model statistics are provided for each model

230

in the corresponding figures. In all of the models, PC 1 was discriminating among the

231

BCAA levels and explained most of the variation. Considering urine samples, PLS models

232

and their corresponding regression coefficient plots for the Ile, Val, and Leu studies are

233

presented in Figure 2 (a, b, c, d, e, and f). Distinct groups in clustering among experimental

234

diets were observed after model building for plasma and urine in all studies.

235

Metabolites of plasma. Table 3 shows the identified discriminating metabolites in plasma

236

from the Ile, Val, and Leu dose-response studies. The increasing level of Ile, Val, and Leu

237

in the diet changed the metabolomes differentially in 3 studies; however, the PLS models

238

showed that the main differences in plasma when pigs were fed increasing dietary levels of

239

BCAA originated from AA and their derivatives and from bile acids. Tryptophan (Trp) was

240

identified as a discriminating metabolite in plasma of all 3 studies which was decreased (P

241

= 0.04) and tended to decrease (P = 0.08) by increasing SID Ile:Lys and Val:Lys, while Trp

242

tended to increase (P = 0.08) by increasing SID Leu:Lys in the diet.

243

3-Methyl-2-oxovaleric acid was the most discriminating identified metabolite in the Ile

244

and Leu plasma samples. Increasing SID Ile:Lys in the diet increased 3-methyl-2-

245

oxovaleric acid (P < 0.001), while increasing SID Leu:Lys decreased 3-methyl-2-oxovaleric

246

acid (P < 0.001) to a similar extent. Tyrosine (P = 0.06), hypoxanthine (P = 0.10), and

247

indoxylsulfuric acid (P = 0.10) tended to increase by increasing SID Ile:Lys in the diet.

248

Glycocholic acid (P = 0.05), taurocholic acid (P < 0.001), and LysoPC (P = 0.03) decreased

249

and tauroursodeoxycholic acid (P = 0.09) tended to decrease by increasing SID Ile:Lys

250

level in the diet.

251

The most discriminating metabolite in the Val study could not be identified due to the lack

252

of MS/MS spectra in the databases for a 162.0498 m/z component which was increased (P

253

< 0.001) by increasing SID Val:Lys in the diet. Docosahexaenoic acid ethyl ester (P =
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254

0.006) and hippuric acid (P < 0.04) decreased, and Trp (P = 0.08) and arachidonic acid

255

ethyl ester (P = 0.10) tended to decrease by increasing SID Val:Lys in the diet.

256

In the Leu study, the most discriminating metabolite was 3-methyl-2-oxovaleric acid in the

257

PLS model which decreased (P < 0.001) by increasing SID Leu:Lys in the diet. Increasing

258

SID Leu:Lys decreased Phenylalanine (Phe) (P = 0.05), α-ketoisovaleric acid (P = 0.002),

259

creatine (P < 0.001), and Ile (P < 0.001) of the plasma. One of the discriminating

260

metabolites remained unidentified due to the lack of MS/MS spectra in the databases for a

261

191.0433 m/z component which was decreased (P = 0.03) by increasing SID Leu:Lys in the

262

diet.

263

Metabolites of urine. The PLS regression coefficient plots showed that, similar to plasma

264

metabolic profile, AA derivatives and small intermediate metabolites in AA metabolic

265

pathways were most discriminating in pigs fed with increasing SID BCAA:Lys. The most

266

discriminating metabolites of urine in the 3 dose-response studies are summarized in

267

Table 4. Urinary Ile and 2-methylbutyrylglycine were the most discriminating metabolites

268

which were increased along with increasing SID Ile:Lys in the diet (P < 0.001). By

269

increasing SID Ile:Lys in the diet, phenylacetylglycine (P = 0.04) and itaconic acid (P =

270

0.01) also increased, and hippuric acid (P = 0.10) and 3-hydroxy-3-methyl-glutaric acid (P

271

= 0.10) tended to increase.

272

Acetyl-DL-leucine was the most discriminating urine metabolite in the Val study which

273

was increased (P = 0.004) by increasing SID Val:Lys in the diet. Glutamate tended to

274

increase (P = 0.08), while creatinine (P = 0.05) and 2-pyrrolidinone (P = 0.05) decreased

275

by increasing SID Val:Lys in the diet. In the Leu study, the identified metabolites which

276

decreased by increasing SID Leu:Lys were Ile (P < 0.001), Glu (P < 0.001), 3-hydroxy-2-

277

methyl-butanoic (P < 0.001), acetyl-DL-valine (P < 0.001), L-2-aminoadipic acid (P <

278

0.001), 2-methylbutyrylglycine (P < 0.001), Tyr (P = 0.006). L-ascorbic acid (P = 0.02),

279

and choline (P = 0.005), and cytosine (P = 0.009) increased by increasing SID Leu:Lys

280

level in the diet.

281

The animal growth performance traits in response to increasing the level of each BCAA

282

have been described in detail by Soumeh et al. [6-8] where 0.52 SID Ile:Lys, 0.70 SID

283

Val:Lys, and 0.93 SID Leu:Lys were concluded as Ile, Val, and Leu requirements for the

284

best animal growth performance. Figures 5, 6, and 7 present the responses of the
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285

discriminating metabolites as well as the pigs’ average daily gain to the increasing SID

286

Ile:Lys, Val:Lys, and Leu:Lys, respectively. The metabolic responses to increasing BCAA

287

were compared to those of animal growth performance traits in response to increasing

288

BCAA in the diet. Among the discriminating metabolites to increasing level of Ile in the

289

diet obtained from PLS regression coefficients, those which showed similar pattern and

290

could therefore be linked to animal growth performance traits were plasma Tyr,

291

hypoxanthine, glycocholic acid, and taurocholic acid and urinary 3-hydroxy-3-methyl-

292

glutaric acid (Figure 5). Among the identified metabolites in Val dose-response, an

293

unidentified plasma metabolite and urinary creatinine were showing the same response as

294

growth performance traits to increasing SID Val:Lys (Figure 6). In the Leu study, among

295

the identified discriminating metabolites, plasma creatine, 3-Methyl-2-oxovaleric acid, L-

296

2-aminoadipic acid, 2-methylbutyrylglycine, and ascorbic acid were the metabolites that

297

could be linked to animal growth performance traits (Figure 7).

298
299

Discussion

300

To our knowledge, this is the first work to explore the profile of biofluids of pigs fed

301

different levels of BCAA to identify biomarkers which could be linked to animal growth

302

performance. Non-targeted metabolomics is generally used for hypothesis generation and

303

knowledge discovery. Nutritional metabolomics has recently become a powerful approach

304

to provide a comprehensive overview of metabolic alterations in response to specific food

305

intake which cannot be measured by traditional assays [18]. However, the identification of

306

the metabolites is the bottleneck of the procedure, because the databases are lacking

307

information for most of the known metabolite fragmentation features. This study combines

308

the plasma and urine data from 3 separate dose-response studies undertaken to study

309

animal growth performance in response to increasing the level of SID BCAA:Lys and to

310

estimate the minimum requirements on each BCAA for optimum animal performance. The

311

results on animal growth performance concluded 0.52 SID Ile:Lys, 0.70 SID Val:Lys, and

312

0.93 SID Leu:Lys to be the minimum requirements of Ile, Val, and Leu, respectively [6-8].

313

Tyrosine was upregulated by optimum dietary SID Ile:Lys. It passes the blood-brain

314

barrier intact and can be used as a precursor for the neurotransmitters’ dopamine,

315

norepinephrine, and epinephrine. The neurotransmitters and neuromodulators in the
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316

brain are known to alter food intake [19]. The Tyr level in the blood-brain barrier could be

317

affected by an AA imbalance especially by BCAA and large neutral amino acids (LNAA)

318

which are competing for the transporter [20]. The greater Tyr in plasma could result in a

319

greater Tyr level in the brain and will therefore cause more biosynthesis of

320

neurotransmitters, as it is discussed by Fernstrom et. al., (2007) as rates of synthesis of

321

serotonin and catecholamines in the brain depend on the substrate concentrations in the

322

brain, and therefore nutrition and other physiological factors that could alter brain pools of

323

these AA will affect the rates of neurotransmitter biosynthesis [20].

324

Plasma hypoxanthine showed a quadratic response to increasing SID Ile:Lys in the diet

325

which could be linked to animal growth performance. It is suggested that BCAA are

326

affecting nucleoside metabolism, but the mechanism is unknown [21]. Hypoxanthine is

327

involved in purine metabolism. It is an intermediate metabolite and originates from the

328

metabolism of adenosine or inosine and is involved in the formation of nucleic acids by the

329

salvage

330

http://www.genome.jp/kegg/pathway.html). As mentioned above, plasma Tyr increased

331

quadratically in response to increasing SID Ile:Lys in the diet. It is reported by Yamamoto

332

et. al., (2001) that norepinephrine may decrease the urinary excretion of oxypurinol and

333

xanthine, probably via hemodynamic change and may therefore increase the plasma levels

334

of these metabolites. Oxipurinol is a xanthine oxidase inhibitor which catalyzes the

335

oxidation of hypoxanthine to xanthine and can further catalyze the oxidation of xanthine to

336

uric acid [22]. In the current study, increased oxipurinol may originate from increased

337

norepinephrine that would result in elevated plasma hypoxanthine concentration by

338

inhibiting the xanthine oxidase enzyme.

339

Glycocholic acid and taurocholic acid are the products of conjugation of cholic acid with

340

taurine and glycine (Gly) which both showed a quadratic decrease to increasing SID Ile:Lys

341

in the diet. Besides being fat solubilizers and regulators of bile-acid homeostasis, bile acids

342

have been recognized to act as signaling molecules with endocrine functions [23]. This has

343

revealed the importance of bile acids not only in fat digestion but also in triglyceride,

344

cholesterol, and glucose homeostasis [23, 24]. In the current study, the increasing SID

345

Ile:Lys reduced bile acids in plasma. It may be through a reduced cholesterol biosynthesis

346

as it is reported by Chen and Raylene (2009) that BCAA regulate cholesterol metabolism

347

by stimulating glucagon-like peptide-1 release and down-regulate the expression of

pathway

(Pathway:

rn00230,

Purine

metabolism,
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348

intestinal-type fatty acid binding protein, fatty acid transport protein 4, Niemann-Pick C-1-

349

like-1 protein, acetyl-coenzyme A carboxylase, fatty acid synthase, sterol regulatory

350

element-binding protein-2, and 3-hydroxy-3-methylglutaryl-CoA reductase [25]. Another

351

reason for reduced glycocholic acid could be the reduced plasma Gly by increasing SID

352

Ile:Lys which is reported in previous work [6].

353

The urinary 3-hydroxy-3-methyl-glutaric acid tended to increase quadratically by

354

increasing the SID Ile:Lys levels in the diet. 3-hydroxy-3-methyl-glutaric acid is a product

355

of the final steps in Leu catabolism and is a precursor of 3-hydroxy-3-methylglutaryl-CoA

356

playing a key role in ketone body formation. The elevated urine 3-hydroxy-3-methyl-

357

glutaric acid may come from elevated Leu degradation by increasing SID Ile:Lys in the

358

diet. The plasma Leu concentration reduced quadratically in response to increased SID

359

Ile:Lys in the diet which the authors concluded may be due to the higher degradation of

360

Leu by the branched-chain keto acid dehydrogenase complex (BCKDH) which catalyzes the

361

irreversible step in BCAA degradation [6]. It is also reported that 3-hydroxy-3-methyl-

362

glutaric acid suppressed hepatic cholesterol biosynthesis in a dose-dependent manner [26,

363

27]. This may contribute to the decreased plasma bile acid levels by increased SID Ile:Lys

364

in the diet.

365

In the Val dose-response study, only hippuric acid and an unidentified metabolite with the

366

m/z-RT of 162.0498-1.61 showed a similar response as animal growth performance.

367

Plasma hippuric acid which is an acyl Gly produced from conjugated benzoic acid with Gly

368

was down-regulated by increasing SID Val:Lys in the diet. It is formed in the liver as a

369

detoxification mechanism for removal of excess acyl-CoA esters. It is possible that acyl-

370

CoA esters function as intercellular messengers via cell surface receptors [28].

371

Unfortunately, there was no MS/MS spectrum available in the database for the exact mass

372

of 162.0489 to be identified. However, it could be 3,4-dihydroxybenzylamine which has the

373

same exact mass and is an alternative substrate for dopamine and is produced in brain.

374

Among the BCAA, Leu has been given more attention due to the important roles in

375

regulating the BCKDH enzyme complex, muscle protein biosynthesis, insulin secretion,

376

and glucose homeostasis [3, 29, 30]. In the Leu dose-response study, several metabolites

377

were identified that could be linked to animal growth performance. Plasma creatine, Ile,

378

and 3-methyl-2-oxovaleric acid responded in a similar way as growth performance traits
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379

when increasing SID Leu:Lys level in the diet. Plasma creatine was down-regulated by

380

increasing SID Leu:Lys in the diet. Creatine is synthesized in the liver, kidney, and

381

pancreas from Gly, methionine, and arginine. It is then transported to and mainly located

382

in skeletal muscle (approximately 95-98 %) in the form of phosphocreatine [31].

383

Phosphocreatine functions as an energy source and is involved in muscle energy

384

homeostasis [32]. As Leu induces muscle protein biosynthesis, the creatine uptake by

385

muscle may therefore be elevated by increased Leu intake to provide more energy for the

386

muscle which could result in reduced creatine levels in the plasma. Creatine is further

387

metabolized to creatinine in the muscle which will be transported to the kidney where it is

388

being excreted to the urine. The plasma creatinine level is an indicator of kidney

389

function/failure and is related to body protein mass [33].

390

Plasma Ile and 3-methyl-2-oxovaleric acid, which is the α-keto acid of Ile, were down-

391

regulated by increasing the SID Leu:Lys level in the diet. Their responses to increasing SID

392

Leu:Lys were similar to that of growth performance (feed conversion ratio) response. Due

393

to the shared enzymes in their catabolic pathways, BCAA are known to have interactions.

394

The BCKDH which catabolizes the oxidative decarboxylation of all 3 α-keto acids, the end

395

products of BCAA transamination, is a rate limiting enzyme and is regulated by 4-methyl-

396

2-oxopenthanoate, the α-keto acids from Leu deamination [3, 34]. In the Leu dose

397

response, increasing SID Leu:Lys in the diet, increased the plasma Leu concentration in a

398

dose-dependent manner [8], because BCAA are not catabolized in the liver, and their

399

plasma concentration, is therefore directly affected by the BCAA intake [3]. Increased Leu

400

in the diet is reported to reduce Ile and Val by increased BCKDH activity [34]. In the

401

current study, increasing SID Leu:Lys in the diet reduced both plasma Ile and its

402

respective α-keto acid and urinary Ile and an acylated metabolite of Val – most probably by

403

increased BCKDH activity. The reduced plasma or urinary Ile and Val concentrations could

404

also be indicators of improved muscle protein biosynthesis and thus a greater uptake of AA

405

by the muscle, as the results show. Most of the other plasma AA as well as urea had the

406

lowest concentrations when the SID Leu:Lys level in the diet was optimum for growth

407

performance of pigs [8].

408

Urinary 2-aminoadipic acid, 2-methylbuturylglycine (2-MBG), and 3-hydroxy-2-methyl-

409

[S-(R,R)]-butanoic acid (HMBA), 2 intermediate metabolites in Ile degradation, were also

410

down-regulated and showed a similar response as growth performance by increasing SID
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411

Leu:Lys in the diet. 2-aminoadipic acid is an intermediate metabolite in Lys degradation

412

and biosynthesis as well as in 2-oxocarboxylic acid metabolism (map01210, KEGG

413

pathways) and biosynthesis of AA (map01230, KEGG pathways). 2-aminoadipic acid has

414

been introduced as a biomarker of diabetes risk and is a potential modulator of glucose

415

homeostasis in humans [35]. Leucine has been shown to improve glucose and cholesterol

416

metabolism and to reduce diet-based obesity in mice [29]. Fasting concentrations of BCAA

417

and aromatic AA also correlated with obesity and serum insulin [36]. The data of the

418

current study suggest that 2-aminoadipic acid that is involved in the insulin secretion,

419

glucose or cholesterol homeostasis, and obesity may be regulated by BCAA metabolism. 2-

420

aminoadipic acid augments insulin secretion in animal model systems [35], and it seems

421

that Leu may modulate peripheral insulin sensitivity by reducing 2-aminoadipic acid. 2-

422

Methylbuturylglycine is a product of 2-methylbutyryl-CoA which is directly produced from

423

oxidative decarboxylation of 3-methyl-2-oxovaleric acid by BCKDH [37]. Its urinary

424

concentration decreased following the decline in plasma and urinary Ile levels in response

425

to increasing SID Leu:Lys as explained above.

426

Ascorbic acid was also identified in the urine being up-regulated by increasing SID Leu:Lys

427

and could be linked to animal growth performance. Ascorbic acid is reported to have

428

crucial functions in catecholamine biosynthesis, antioxidant activity, electron donor for

429

enzymes involved in collagen hydroxylation, biosynthesis of carnitine, and Tyr metabolism

430

[38]. The results of a recent study demonstrated that vitamin C is strongly correlated to the

431

highest endogenous growth hormone secretion [39]. Vitamin C is also found to be reduced

432

in obesity [40], and finally, there is an association between circulating the vitamin C

433

concentration and cardiovascular disease risk [41]. It is also reported that Leu stimulated

434

significant increases in the plasma growth hormone level [42], it has functions in obesity

435

[43] and in cardiovascular disease [44]. These functions of vitamin C and Leu may be

436

interrelated.

437

Urinary Tyr was down-regulated by increasing SID Leu:Lys in the diet and had the lowest

438

excretion in the urine, when the Leu level was optimum for growth performance. Ascorbic

439

acid is involved in Tyr metabolism, as mentioned above. Optimum level of Leu in the diet

440

probably elevated ascorbic acid biosynthesis which could have increased Tyr metabolism

441

[45].
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442

The markers identified in this explorative study are all involved in important biological

443

functions of the body; however, the mechanism in which these metabolites are acting

444

should be investigated further by other techniques and methods such as e.g. isotope tracer

445

approaches in multi-catheterized pigs. The other metabolites listed in Tables 3 and 4, but

446

not described in details here, were discriminating among dietary treatments, but their

447

response to a dietary BCAA increments were either a linear increase or decrease which

448

could not be linked to animal performance. Thus, these metabolites are believed to

449

originate directly from increasing BCAA in the diet and therefore could not be introduced

450

as BCAA biomarkers in growth performance.

451

Conclusion

452

The BCAA have vital biological functions, and many clinical conditions have been

453

introduced that may benefit from a higher intake of BCAA. In the current work, we have

454

screened the blood plasma and urine of pigs receiving increasing levels of SID Ile, Val, and

455

Leu in order to identify potential biomarkers that may be linked to growth performance.

456

The results showed that among the BCAA, the effect of Leu on the metabolic profile of

457

plasma and urine was more pronounced when fed in deficient or sufficient levels. The

458

results also confirmed the regulatory role of Leu on Val and Ile degradations which was

459

reflected in Ile, Val, and their corresponding α-keto acid concentrations in both plasma

460

and urine. The data of our study suggest that among the identified metabolites, plasma

461

glycocholic acid and taurocholic acid were most affected by increasing SID Ile:Lys and

462

could be linked to the animal growth performance. The biomarkers of optimum SID

463

Leu:Lys which could be linked to growth performance were plasma creatine and urinary 2-

464

aminoadipic acid, ascorbic acid, and choline. The increasing dietary Val intervention on

465

the metabolic profiles of plasma and urine was less evident. The identified biomarkers

466

seem to be involved in important biological functions and may potentially be novel

467

biomarkers of BCAA intake in healthy pigs.

468
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Table 1. Composition of experimental diets (g/kg as-fed)
Item

Ile1

Val2

Leu3

Wheat

705.6

672.0

726.1

Barley

100.0

100.0

100.0

Soy protein concentrate4

106.5

151.0

78.9

Animal fat

20.0

20.0

20.0

Calcium carbonate

16.6

17.0

16.3

Monocalcium phosphate

13.3

11.3

14.8

NaCl

4.4

4.3

4.4

Vitamin-mineral premix5

4.0

4.0

4.0

DL-Met (99 %)

2.5

2.0

2.9

L-His (98 %)

1.0

0.5

1.4

L-Ile (98 %)

-

0.7

2.4

L-Leu (98 %)

3.8

2.1

-

L-Lys HCl (78 %)

7.9

5.6

8.5

L-Thr (98 %)

3.5

2.6

4.0

L-Trp (98 %)

1.1

0.8

1.3

L-Phe (98 %)

1.7

0.6

3.3

L-Tyr (98 %)

1.4

0.6

1.0

L-Val (99 %)

3.2

-

3.8

Phytase6

0.2

0.2

0.2

Microgrits7

0.7

0.7

0.7
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477

1

L-Ile (98 %) added to the basal diet at graded levels of 0.0, 0.5, 0.9, 1.4, 1.9, and 2.3 g/kg

478

to provide 0.42, 0.46, 0.50, 054, 0.58, and 0.62 SID Ile:Lys levels. L-Glu (98 %) included

479

at graded levels of 2.5, 2.0, 1.6, 1.1, 0.6, and 0.2 g/kg to compose isonitrogenic diets.

480

2

481

to provide 0.58, 0.62, 0.66, 0.70, and 0.78 SID Val:Lys levels. L-Glu (98 %) included at

482

graded levels of 4.0, 3.6, 3.8, 3.1, 2.7, and 1.8 g/kg to compose isonitrogenic diets.

483

3

484

to provide 0.70, 0.80, 0.90, 1.00, 1.10, and 1.20 SID Leu:Lys levels. L-Glu (98 %) included

485

at graded levels of 6.0, 4.9, 3.8, 2.7, 1.5, and 0.4 g/kg to compose isonitrogenic diets.

486

4

HP300 (Hamlet Protein, Horsens, Denmark).

487

5

Provided the following per kg of diet: 10,000 IU vitamin A, 2,000 IU vitamin D3, 94 IU

488

vitamin E, 2.4 mg vitamin K3, 2.4 mg vitamin B1, 4.8 mg vitamin B2, 2.4 mg vitamin B6,

489

0.02 mg vitamin B12, 12 mg D-panthotenic acid, 26 mg niacin, 0.2 mg biotin, 200 mg Fe

490

(Fe(II) sulphate), 165 mg Cu (Cu(II) sulphate), 200 mg Zn (Zn(II) oxide), 56 mg Mn

491

(Mn(II) oxide), 0.3 mg KI, 0.3 mg Se (Se-selenite).

492

6

Natuphos 5000, 5641 FTU/g (BASF, Ludwigshafen, Germany).

493

7

Corn bran in various colors to identify diets.

L-Val (99 %) added to the basal diet at graded levels of 0.0, 0.4, 0.9, 1.3, 1.8, and 2.2 g/kg

L-Leu (98 %) added to the basal diet at graded levels of 0.0, 1.1, 2.2, 3.3, 4.5, and 5.6 g/kg
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494

Table 2. Chemical composition of the experimental diets (g/kg, as-fed)
Item

Ile1

Val2

Leu3

Net energy MJ/kg

10.5

10.4

10.4

Crude protein

163.0

177.0

154.0

Lys

12.2

11.8

11.8

Met

4.5

4.0

4.7

Met + Cys

7.2

6.6

7.3

Thr

8.2

7.4

8.2

Ile

-

6.4

7.1

Leu

13.7

12.4

-

Val

9.5

-

9.5

Phe

7.6

6.9

8.5

His

4.4

3.9

4.3

495

1

Ile content was 5.4, 5.9, 6.3, 6.8, 7.2, and 7.8 g/kg in 0.42, 0.46, 0.50, 0.54, 0.58, and

496

0.62 SID Ile:Lys diets.

497

2

498

0.78 SID Val:Lys diets.

499

3

500

and 1.20 SID Leu:Lys diets.

Val content was 7.4, 7.8, 8.2, 8.7, 9.1, and 9.5 g/kg in 0.58, 0.62, 0.66, 0.70, 0.74, and

Leu content was 9.0, 10.1, 11.2, 12.2, 13.3, and 14.4 g/kg in 0.70, 0.80, 0.90, 1.00, 1.10,
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Table 3. List of plasma metabolites discriminating among experimental diets with increasing levels of SID Ile:Lys, Val:Lys, and
Leu:Lys1
ANOVA
P-

Mass
m/z − RT

Ion

accurac

value
Metabolites

Pathways

Fold
q

change,

Value2

deficient
vs.

y (PPM)

optimum
3

Isoleucine study
129.0555−4.7844

[M-H]-

1

3-Methyl-2-

Ile degradation

1

oxovaleric acid
136.0707−2.4574

Fragmen

Fragment of Tyr

t

<0.00

Tyr, Trp, Phe metabolism; 0.06

<0.00

+2.61

1
0.31

+2.89

0.47

+3.31

0.22

−1.05

Biosynthesis of AA; Thiamine
biosynthesis

137.0477−0.7744

[M+H]+

13

Hypoxanthine

Purine metabolism

0.1

203.0819_3.4324

[M-H]-

3

Trp

Trp, Gly, Ser, Thr, Phe, and 0.04
Tyr metabolism

75

212.0022−5.8054

[M-H]-

0

Indoxylsulfuric acid

Trp and protein metabolism

466.3162−6.6884

[M+H]+

0

Glycocholic Acid

Primary and secondary bile 0.05
acid

biosynthesis;

0.1

0.47

+1.31

0.27

−2.22

0.43

−2.81

<0.00

−4.34

Bile

secretion
498.289−8.3215

[M-H]-

0

Tauroursodeoxycholi

Fat

metabolism,

c acid (bile acid)

chaperones

Chemical 0.09

(enhance

the

folding and/or stability of
proteins), Cell signaling
514.2833−7.6134

[M-H]-

2

Taurocholic acid

Primary/secondary/conjugate
d

bile

acid

biosynthesis,

Taurine

and

hypotaurine

<0.00
1

1

metabolism, Bile secretion
540.3294−10.201

[M+Cl]-

12

LysoPC(P-18:1(9Z))

5

Inflammatory

mediator 0.03

0.12

−1.16

0.22

−2.09

regulation of TRP channels

Valine study
105.0332−4.384

Fragmen

Fragment of hippuric Phe metabolism

t

acid

0.04

76

132.0837−3.4284

Fragmen

Fragment of Trp

Trp, Gly, Ser, Thr, Phe, and 0.1

t
144.08−3.4884

Fragmen

Fragment of Trp

Trp, Gly, Ser, Thr, Phe, and 0.08

[M+H]+

[M+H]+

0.39

−1.55

<0.00

+1.86

Tyr metabolism
Unidentified

Unidentified

<0.00
1

205.0963−3.5944

−1.73

Tyr metabolism

t
162.0498−1.61

0.47

4

Trp

Trp, Gly, Ser, Thr, Phe, and 0.1

1
0.47

−1.51

0.1

0.47

−1.88

0.006

0.04

−1.54

0.27

−1.32

0.01

−2.70

Tyr metabolism
355.2623−7.7865

[M+Na]

4

+
357.2781−9.8265

[M+H]+

Arachidonic

acid Fat metabolism

ethyl ester
1

Docosahexaenoic

Fat metabolism

Acid ethyl ester
Leucine study
103.0538−2.3034

Fragmen

Fragment of Phe

t

Phe, Tyr and Trp biosynthesis, 0.05
protein

digestion

and

absorption
115.0401−4.2454

[M-H]-

0

α-ketoisovaleric acid

Val, Leu, and Ile degradation

0.002

77

132.0754−1.0714

[M+H]+

10

Creatine

Gly, Ser, Thr, Arg, and Pro <0.00
1

metabolism
132.0998−1.5134

[M+H]+

15

Ile

Val, Leu, and Ile degradation <0.00
and

biosynthesis.

Protein

1

<0.00

−12.79

1
<0.00

−2.14

1

digestion and absorption
129.0554−5.064

[M-H]-

2

3-Methyl-2-

Ile degradation

1

oxovaleric acid
191.0433−1.003

[M+H]+

203.0822−4.094

[M-H]-

1

<0.00

<0.00

−2.61

1

Unidentified

Unidentified

0.03

0.17

−1.49

Trp

Trp, Gly, Ser, Thr, Phe, and 0.08

0.39

+1.71

Tyr metabolism
1

The increasing levels were 0.42, 0.46, 0.50, 0.54, 0.58, and 0.62 SID Ile:Lys, 0.58, 0.62, 0.66, 0.70, 0.74, and 0.78 SID

Val:Lys, and 0.70, 0.80, 0.90, 1.00, 1.10, and 1.20 of SID Leu:Lys in Ile, Val, and Leu dose-response studies, respectively.
2

False discovery rate q value was calculated for correction of false-positives.

3

Fold change was calculated by dividing the mean intensity of plasma metabolites at the optimum level of BCAA (the fourth

BCAA:Lys level in all experiment considered as optimum) by the mean intensity of the corresponding metabolite in deficient
BCAA in the diet (first level of each BCAA in each study considered as deficient).
4

Identified using commercial standards.

5

Tentatively identified using MS/MS and METLIN/HMDB databases.
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Table 4. List of urine metabolites discriminating among experimental diets with increasing levels of SID Ile:Lys, Val:Lys, and
Leu:Lys1
Mass

ANOVA

accurac
m/z − RT

Ion

y

Metabolites

P-

Pathways

value

Fold
q
value2

(PPM)

change,
deficient vs.
optimum3

Isoleucine Study
74.0258−5.2174

77.0374−4.7354

129.0199−2.32

Fragme

Fragment

nt

phenylacetylglycine

Fragme

Fragment

nt

hippuric acid

[M-H]-

4

Itaconic acid

44
132.1006−4.53

of Phe metabolism

of Phe metabolism

C5-Branched

dibasic

0.04

0.22

+1.32

0.10

0.47

+1.82

0.059

+1.32

<0.001

+1.86

0.47

+1.62

acid 0.01

metabolism
[M+H]+

9

Ile

24

Val, Leu, and Ile degradation <0.00
and

biosynthesis,

Protein 1

digestion and absorption
161.0453−2.84

[M-H]-

1

3-hydroxy-3-

Leu degradation and ketone 0.10

79

methyl-glutaric

body formation

acid
172.0978_6.975

[M-H]-

0

2-

Ile metabolism

<0.00

<0.001

+1.84

0.05

0.27

−1.38

of Ala, Asp, Arg, Pro, His, and Glu 0.08

0.39

+1.52

0.27

−1.66

methylbutyrylglyci

1

ne
Valine study
86.0627−2.7714 [M+H]+

102.058−2.203
4

0

2-pyrrolidinone

Fragme

Fragment

nt

glutamate

GABA degradation

metabolism
Taurine

and

hypotaurine

metabolism
Protein

digestion

and

absorption
114.0629−1.705 [M+H]+

Creatinine

Arginine

and

proline 0.05

metabolism

4

130.0909−7.06

28

Fragme

Fragment of acetyl- Unidentified

0.004

+1.05

80

54

nt

DL-leucine

86.0947−2.083

Fragme

Fragment of Ile

4

nt

Leucine study
Val, Leu, and Ile degradation 0.02
and

biosynthesis,

0.11

−3.18

<0.001

−3.46

0.03

+3.00

Protein

digestion and absorption
102.0558−1.454

Fragme

Fragment

nt

glutamate

of Ala, Asp, Arg, Pro, His, and Glu <0.00
metabolism
Taurine

1
and

hypotaurine

metabolism
Protein

digestion

and

absorption
104.1059−1.194

[M+H]+

10

Choline

Gly, Ser and Thr metabolism, 0.005
Glycerophospholipid

4

metabolism
112.054−1.7394

[M+H]+

117.0557−4.628 [M-H]-

30

Cytosine

Pyrimidine metabolism

0.009

0.05

+1.91

0

3-hydroxy-2-

Ile catabolism

<0.00

<0.001

−2.15
81

methyl-[S-(R,R)]-

5

1

butanoic acid
132.1002−4.60

[M+H]+

12

Ile

64

Val, Leu, and Ile degradation <0.00
and

biosynthesis,

<0.001

−4.02

<0.001

−2.02

<0.001

−6.77

<0.001

−3.73

0.04

−2.53

0.11

+1.28

Protein 1

digestion and absorption
158.0811−5.569 [M-H]-

7

Acetyl-DL-valine

Val metabolism

<0.00
1

4

162.0766−1.49

[M+H]+

3

34
172.0979−7.265

[M-H]-

0

L-2-aminoadipic

Lysine

biosynthesis

and <0.00

acid

degradation

1

2-

Ile metabolism

<0.00

methylbutyrylglyci

1

ne
182.0791−2.23

[M+H]+

11

Tyr

94

Tyr,

Trp,

Phe

metabolism, 0.006

Biosynthesis of AA, Thiamine
biosynthesis

255.0063−1.87

[M-H + 0

84

Sulfate]-

L-ascorbic acid

Ascorbate
metabolism,

and

aldarate 0.02
Glutathione

82

(175.0248)6
1

metabolism

The increasing levels were 0.42, 0.46, 0.50, 0.54, 0.58, and 0.62 SID Ile:Lys, 0.58, 0.62, 0.66, 0.70, 0.74, and 0.78 SID

Val:Lys, and 0.70, 0.80, 0.90, 1.00, 1.10, and 1.20 of SID Leu:Lys in Ile, Val, and Leu dose-response studies, respectively.
2

False discovery rate q values were calculated for correction of falls-positives.

3

Fold change was calculated by dividing the mean intensity of plasma metabolites at the optimum level of BCAA (the fourth

BCAA:Lys level in all experiment considered as optimum) by the mean intensity of the corresponding metabolite in deficient
BCAA in the diet (first level of each BCAA in each study considered as deficient).
4

Identified using commercial standards.

5

Tentatively identified using MS/MS and METLIN/HMDB databases.

6

The exact mass of metabolite without sulfate conjugate.
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Figure captions
Figure 1. The response of plasma and urine biomarkers to increasing SID Ile:Lys in pigs c
a

Positively linked metabolites to increasing SID Ile:Lys.

b

Negatively linked metabolites to increasing SID Ile:Lys.

c

Normalized intensities of metabolites in Y axis are presented to show the metabolites

response to increasing levels of SID Ile:Lys in the diet. 1, 2, 3, 4, 5, and 6 in x axis
correspond to 0.42, 0.46, 0.50, 0.54, 0.58, and 0.62 SID Ile:Lys.
Figure 2. The response of plasma and urine biomarkers to increasing SID Val:Lys c
a

Positively linked metabolites to increasing SID Val:Lys.

b

Negatively linked metabolites to increasing SID Val:Lys.

c

Normalized intensities of metabolites in Y axis are presented to show the response to

increasing levels of SID Val:Lys in the diet. 1, 2, 3, 4, 5, and 6 correspond to 0.58, 0.62,
0.66, 0.70, 0.74, and 0.78 SID Val:Lys.
Figure 3. The response of plasma and urine biomarkers to increasing SID Leu:Lys c
a

Positively linked metabolites to increasing SID Leu:Lys.

b

Negatively linked metabolites to increasing SID Leu:Lys.

c

Normalized intensities of metabolites in Y axis are presented to show the response to

increasing levels of SID Leu:Lys in the diet. 1, 2, 3, 4, 5, and 6 correspond to 0.70, 0.80,
0.90, 1.00, 1.10, and 1.20 SID Leu:Lys.
Figure 4. PLS models of plasma for Ile (a), Val (c), and Leu (e) studies and their
corresponding regression coefficients plots (b, d, and f). The 6 color codes for dietary levels
(TRT) of each BCAA in the Ile, Val, and Leu study are presented at the bottom. The 6 TRT
were 0.42, 0.46, 0.50, 0.54, 0.58, and 0.62 SID Ile:Lys, 0.58, 0.62, 0.66, 0.70, 0.74, and
0.78 SID Val:Lys, and 0.70, 0.80, 0.90, 1.00, 1.10, and 1.20 of SID Leu:Lys in Ile, Val, and
Leu dose-response studies, respectively.

84

Figure 5. PLS models of urine for Ile (a), Val (c), and Leu (e) studies and their
corresponding regression coefficients plots (b, d, and f). The 6 color codes for dietary levels
(TRT) of each BCAA in the Ile, Val, and Leu study are presented at the bottom. The 6 TRT
were 0.42, 0.46, 0.50, 0.54, 0.58, and 0.62 SID Ile:Lys, 0.58, 0.62, 0.66, 0.70, 0.74, and
0.78 SID Val:Lys, and 0.70, 0.80, 0.90, 1.00, 1.10, and 1.20 of SID Leu:Lys in Ile, Val, and
Leu dose-response studies, respectively.
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6.

General discussion

The aim of the project was to identify the physiologic biomarkers in plasma and urine of
the pigs when fed optimum level of BCAA in the diet. In order to test the main hypothesis
of the project, 4 studies carried out consisting of 3 dose-response studies to estimate the
requirements of Ile, Val, and Leu using pig’s growth performance traits and collect blood
plasma and urine (paper I, II, and III); and an explorative nontargeted metabolomics to
study the metabolic profile of the plasma and urine in order to identify biomarkers of
optimum BCAA in the diet and to link them to pig’s growth performance (paper IV).
The main objectives of the project therefore, could be summarized in 6 research questions:
1. What was the Ile requirement for newly weaned piglets?
2. What was the Val requirement for newly weaned piglets?
3. What was the Leu requirement for newly weaned piglets?
4. What are the metabolic profiles of the pigs receiving optimum SID Ile:Lys, Val:Lys,
and Leu:Lys in the diet?
5. Could the identified discriminating metabolites of plasma and urine of the pigs be
linked to the animal growth performance?
6. Could the linked biomarkers of BCAA to animal growth performance be used to
estimate BCAA requirements?
6.1.

Isoleucine requirement

The results of the current project revealed that 0.52 SID Ile:Lys is required to obtain
optimum growth performance for pigs weighing 8 kg. Isoleucine requirement in the diet
for growing pigs is being affected by the Leu level in the diet. Blood products which are low
in Ile and have been used in Ile dose-response studies as protein source to produce low Ile
diets, contain high level of Leu, Val, His, and Phe (Van Milgen et al., 2012). This AA
imbalance causes interactions among Leu and Ile originating from shared enzymes in
BCAA degradation (Harper et al., 1984) as well as a competition with LNAA for transport
from blood-brain barrier. The activity of BCKDH which catabolizes the second step in all
three BCAA degradation is being upregulated by increased Leu level in the diet and Ile
requirement is therefore higher if the diet includes blood products (Wiltafsky et al., 2010;
Morales et al., 2015). Van Milgen et. al., (2012) performed a meta-analysis over available
data on Ile requirements for pigs and concluded the minimum Ile requirement to be 0.50
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and 0.54 SID Ile:Lys for pigs fed diet without or with blood products, respectively, which is
slightly lower than our results (Van Milgen et al., 2012). Our conclusion of 0.52 SID Ile:Lys
is also consistent with a previous work in our lab reporting 0.52 SID Ile:Lys as the Ile
requirement for growing pigs in cereal based diet without blood product (Nørgaard et al.,
2013). Current recommendation are 0.52 (NRC, 2012) and 0.53 SID Ile:Lys (Tybirk et al.,
2012). Some of recent reports on Ile requirements are summarized in Figure 7. In the
current study, Ile increments resulted in a quadratic response in animal growth
performance traits and excess Ile similar to Ile deficiency impaired animal growth
performance. It has been reported that among BCAA Leu excess could cause the
interaction and therefore Leu excess impairs animal growth performance but Ile and Val
excess have less or no effect on performance (Cynober and Harris, 2006). However, this is
the second study from our lab showing a decline in animal growth performance when Ile is
≈30% above the requirements (paper I, and Nørgaard et al., 2013) while moderate Leu
excess (≈20% above requirements) showed no detrimental effect on growth performance
(paper III). The decline in animal growth performance by excess Ile might be originated
from BCAA interactions if the Ile upregulates the activity of BCKDH similar to that of Leu.
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Figure 7. Recent estimates of minimum Ile requirement in ratio to Lys adapted from
(S.A.S., 2010).
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6.2.

Valine requirement

Based on our results, 0.70 SID Val:Lys is suggested as minimum requirement of Val to
support optimum growth of 8-kg pigs. Recent investigations recommend that the optimum
SID Val:Lys ratio for piglets is ranging from 0.63 to 0.70 (Gaines et al., 2011; Gloaguen et
al., 2011; Waguespack et al., 2012). The results of a meta-analysis on available data on Val
requirements for growing pigs concluded 0.69 SID Val:Lys as the minimum requirement
(Van Milgen et al., 2013). Our result of 0.70 SID Val:Lys as the minimum requirement for
8-kg pigs is in agreement with these reported values (Figure 8). Dietary excess Leu also
increases Val degradation by increasing the BCKDH activity. Valine however has less/no
regulatory effect on BCKDH activity. This antagonism could aggravate the animal growth
performance if Leu is oversupplied while Val in the diet is marginal (Gloaguen et al., 2011).
Valine is involved in appetite regulation and feed intake and its deficiency reduces feed
intake and consequently weight gain. The anorexia could be observed already 1 hour after
ingesting a Val deficient diet. The impaired feed intake and weight gain were restored
when enough Val was added (Gaines et al., 2011). In that study when the diet was devoid
from all three BCAA, the impaired animal feed intake to a Val deficient diet was alleviated
indicating that animal feed intake was impaired due to the BCAA imbalance rather than
Val deficiency per se. In the current study, 10% Val deficiency decreased ADFI and
consequently ADG by 10 and 14%, but excess Val above the requirement did not affect
animal growth performance traits.
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Figure 8. Recent estimates of minimum Val requirement in ratio to Lys adapted from
(S.A.S., 2010).
6.3.

Leucine requirement

A minimum of 0.93 SID Leu:Lys is required for optimum growth performance of pigs
weighing 8 kg. Practical pig diets contain abundant amounts of Leu, and Leu deficiency
therefore, is not a concern. Leucine minimum requirement is important particularly when
the CP level of the diet is reduced to as low as 135 g/kg where Leu might become
potentially limiting (Gloaguen et al., 2014). Among the BCAA, Leu has been given more
attention as it carries important roles in regulating the BCKDH enzyme complex activity,
muscle protein biosynthesis, inhibiting muscle protein degradation, insulin secretion and
glucose homeostasis (Harper et al., 1984; Zhang et al., 2007; Murgas Torrazza et al., 2010).
Some of the estimates for minimum SID Leu:Lys requirement are presented in Figure 9.
The estimate of 0.93 SID Leu:Lys by our data is slightly less than the conclusion by
Gloaguen et. al., (2013a) who reported a minimum of 1.02 SID Leu:Lys is required to
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support pigs optimum growth performance (Gloaguen et al., 2013). Leucine supply 10%
below the requirements reduced average daily gain by 4%.
It has been reported that Leu excess could impair animal growth due to the BCAA
antagonism (Gatnau et al., 1995; Wiltafsky et al., 2010; Gloaguen et al., 2011). The activity
of BCKDH enzyme which catalyzes the irreversible step of BCAA degradation is being
regulated by α-ketoisocaproic acid, the product of Leu transamination. Leucine excess
therefore induces Val and Ile catabolism. On the other hand Leu competes for transporter
from blood-brain barrier with other BCAA and LNAA. Due to the higher affinity of the
transporter to Leu (7-fold higher) and Phe (2.5-fold higher), excess Leu hampers the
transport of other BCAA and LNAA through blood-brain barrier (Smith, 2000; Barea et al.,
2009; Wiltafsky et al., 2010). However, even though it is emphasized in most of the Leu
studies, but practically it is demonstrated in one study where Leu oversupply above the
requirement did declined the growth performance of piglets (Wessels et al., 2013). It
appears that Leu excess can exert growth-depressing effects if Ile or Val is deficient
(Gloaguen et al., 2011) or Leu content is such high that the SID Leu:Ile ratio exceeds 2.33
or the SID Leu:Val ratio exceeds 1.79 (Wiltafsky et al., 2010). In our study however, Leu
highest level did not exceed these ratios as well as neither Ile nor Val was in marginal level,
so there was no decline in animal growth performance with Leu oversupply. Plasma AA
and urea nitrogen concentrations were decreased along with increasing SID Leu:lys and
had the lowest AA and urea nitrogen concentration when SID Leu:Lys was 0.90 to 1.00
indicating the highest protein synthesis. Plasma concentrations of Val and Ile decreased
further by Leu supply above the requirement reflecting the BCAA antagonism. But the
reduced plasma AA content with higher Leu supply above the requirement could not
necessarily be interpreted as better protein synthesis as greater incorporation of AA to
protein should be associated with lower plasma urea content. The data of paper III does
not support this fact as urea nitrogen and some of other AA content in plasma increased at
the greatest Leu level in the diet. This results show the higher transamination of Ile, Val
and some other AA resulted in higher plasma urea nitrogen and the carbon skeletons of
these AA have been used as energy source which is reflected in slightly higher growth
performance at greatest Leu level.
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Figure 9. Recent estimates of minimum Leu requirement in ratio to Lys adapted from
(S.A.S., 2010).

6.4.

Metabolic phenotyping by non-targeted metabolomics

The metabolic profile of biofluids in pigs when receiving different levels of each BCAA is
unknown. Non-targeted metabolomics is an explorative screening of biofluids for global
analysis of the metabolic response to a specific status e.g. health environment or nutrition.
The approach which is being used for hypothesis generation, tries to analyze as many
metabolites as possible in one single run. However, lack of the information in the
databases for fragmentation traits of the known metabolites is the bottleneck of the
method which limits the identification process and consequently the outcomes. An UHPLC
connected to micrOTOF-Q II MS was used to perform non-targeted metabolomics study.
The outcomes of the instrumental analyses contain thousands of masses (each mass
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represents one metabolite) which need to be processed and filtered for meaningful data
mining. On average 1000 and 7000 masses were exported to Excel after LC-MS run of
plasma and urine samples, respectively. The supervised multivariate analysis by PCA and
PLS used for pattern recognition and to reduce the dimensionality of the complex data sets
for easy visualization of metabolic clustering. Metabolites which were responsible for most
of the variation among the pigs were used to make the PLS regression model and the
coefficients of these regression models were used to select the discriminating masses for
further identification. The identification of the exact masses were done by fragmentation
traits of the questioned masses produced by collision cell through double MS, compared to
the fragmentation feature of the respective metabolites in databases. The tentatively
identified metabolites through databases were confirmed using commercial standards if
available. The results showed that most of the metabolites discriminating the pigs fed
increasing level of each BCAA in the diet were AA and intermediate metabolites in their
catabolic pathways as well as some bile acids. The identified metabolites are clearly
involved in the regulation of various metabolic functions or synthesis of hormones and
neurotransmitters which will be explained more in details in the coming sections.
6.4.1.

Plasma metabolites

6.4.1.1. Plasma metabolites of isoleucine study
Plasma 3-methyl-2-oxovaleric acid identified as the most discriminating metabolite which
was upregulated by increasing SID Ile:Lys level in the diet. 3-methyl-2-oxovaleric acid is
the α-keto acid of Ile after transamination. As BCAA are not metabolized in the liver, their
plasma concentrations as well as their corresponding α-keto acid concentrations depend
on their dietary intake (Harper et al., 1984). Increasing Ile level in the diet, therefore
results in elevated Ile or 3-methyl-2-oxovaleric acid in the plasma. Plasma Tyr,
hypoxanthine, indoxylsulfuric acid were also upregulated along with increasing SID Ile:Lys
level in the diet. Tyrosine could be synthesized from Phe or provided by the diet. Tyrosine
is a precursor of neurotransmitters like dopamine, norepinephrine, and epinephrine after
being transferred through blood-brain barrier. The BCAA and LNAA, Tyr and Trp, are
being transported through the blood-brain barrier with the same transporter and higher
BCAA concentration reduces the LNAA or Tyr uptake by the brain. The rates of the
neurotransmitter synthesis in the brain depend on the concentration of Tyr and Phe in the
brain pool and any nutritional factor that could alter the brain Tyr and Phe pool, could
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affect the rate of neurotransmitter synthesis (Fernstrom and Fernstrom, 2007; Fernstrom,
2013). Hypoxanthine is an intermediate metabolite in purine metabolism. Increasing SID
Ile:Lys resulted in a quadratic response in plasma hypoxanthine. Hypoxanthine originates
from adenosine and inosine metabolism and is being oxidized first to xanthine and finally
to uric acid by xanthine oxidase. The elevated plasma hypoxanthine might be due to the
increased plasma oxipurinol which could originate from the effect of norepinephrine on
reduced excretion of oxypurinol in the urine (Yamamoto et al., 2001). Plasma
indoxylsulfuric acid also tended to increase as dietary SID Ile:Lys was increasing.
Indoxylsulfuric acid is involved in Trp and protein metabolism. Plasma Trp, on the other
hand, decreased by increasing SID Ile:Lys in the diet which might be the reason for
increased indoxylsulfuric acid in the plasma.
Increasing SID Ile:Lys resulted in a quadratic decrease in the plasma concentration of bile
acids consist of glycocholic acid, tauroursodeoxycholic acid, and taurocholic acid.
Glycocholic acid and taurocholic acid are the product of conjugation of cholic acid with
glycine and taurine, respectively. Tauroursodeoxycholic acid is the product of conjugation
of deoxycholate with taurine, usually as the sodium salt. Bile acids besides being involved
in fat metabolism and regulate bile acid homeostasis, recently have been introduced as
signaling molecules having endocrine functions and important roles in triglyceride,
cholesterol, and glucose homeostasis (Thomas et al., 2008; Burrin et al., 2013). The BCAA
reduce cholesterol biosynthesis and metabolism by up-regulating glucagon-like peptide-1
and down-regulating the expression of intestinal-type fatty acid binding protein, fatty acid
transport protein 4, Niemann-Pick C-1-like-1 protein, acetyl-CoA carboxylase, fatty acid
synthase, sterol regulatory element-binding protein-2, and 3-hydroxy-3-methylglutarylCoA reductase (Chen and Reimer, 2009).
6.4.1.2. Plasma metabolites of valine study
Plasma hippuric acid, Trp, arachidonic acid, docosahexaenoic acid ethyl ester, and an
unidentified metabolite were discriminating metabolites when pigs received increasing
SID Val:Lys in the diet. Plasma hippuric acid showed a quadratic decrease in response to
increasing SID Val:Lys in the diet. Hippuric acid is an acyl glycine which is produced from
conjugated benzoic acid with glycine in the liver as a detoxification mechanism to remove
excess acyl-CoA esters. Acyl-CoA esters might function as intercellular messengers
(Knights et al., 2007). The response of plasma Trp to increasing SID Val:Lys was not clear
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but it was decreased while Val content in the diet increased from being deficient to
sufficient. Tryptophan is a precursor of serotonin synthesized via Trp hydroxylase
(Fernstrom, 1983) and niacin synthesized from Trp via kynurenine and quinolinic acids
(Ikeda et al., 1965). The lowest plasma Trp concentration at optimum level of Val in the
diet reflects first, the maximum use of Trp for protein synthesis as well as increased Trp
uptake by brain for serotonin synthesis, as it was discussed before that optimum Val level
in the diet supports best animal feed intake (Gloaguen et al., 2012). Plasma arachidonic
acid and docosahexaenoic acid ethyl ester decreased quadratically with increasing SID
Val:Lys in the diet. Arachidonic acid which is formed from linoleic acid is a
polyunsaturated fatty acid (PUFA) involved in inflammation and mediator of some
processes like platelet aggregation, blood clotting, smooth muscle contraction, leukocyte
chemotaxis, inflammatory cytokine production, and immune function. It is also the
substrate for the synthesis of a range of biologically active compounds (eicosanoids)
including

prostaglandins,

thromboxanes,

and

leukotrienes

(Calder,

2003).

Docosahexaenoic acid ethyl ester (DHA-EE) is ω-3 PUFA localized in brain phospholipids
and the photoreceptor cells of the retina. The DHA-EE produces lipid mediators by
lipoxygenase which have anti-inflammatory and pro-resolving activity (Serhan et al.,
2000). In the current study, the optimum level of the Val in the diet resulted in the lowest
plasma concentration of PUFA, indicating higher metabolism of PUFA at optimum level of
Val in the diet. Unfortunately, due to the lack of spectrometric information in database, the
metabolite corresponding to the exact mass of 162.0489 remained unidentified. However,
3,4-dihydroxybenzylamine, which is an alternative substrate for dopamine synthesis in the
brain, corresponds for the same exact mass.
6.4.1.3. Plasma metabolites of leucine study
Leucine has received more attention due to the important biological roles and functions in
regulation the activity of BCKDH enzyme complex, muscle protein synthesis, insulin
secretion, glucose and lipid metabolism (Harper et al., 1984; Zhang et al., 2007; Murgas
Torrazza et al., 2010; Morales et al., 2015). Plasma Ile and its corresponding α-keto acid, 3methyl-2-oxovaleric acid, α-ketoisovaleric acid (corresponding α-keto acid after Val
deamination), Phe, Trp, creatine, and an unidentified metabolite were the most
discriminating metabolites among the pigs fed with increasing SID Leu:Lys in the diet.
Plasma Ile, and 3-methyl-2-oxovaleric acid as well as α-ketoisovaleric acid, Val
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transamination product, were down-regulated by increasing SID Leu:Lys in the diet
indicating Leu role in up-regulating the BCKDH activity and thus higher catabolism of Ile
and Val. Higher plasma concentration of Val and Ile accompanied by lower Leu
concentration also might be a mechanism to pull down the BCKDH activity and save the
Leu from being catabolized.
Plasma concentration of Phe also reduced by increasing SID Leu:Lys in the diet, and was
the lowest when the Leu was highest in the diet. Leucine increases muscle protein
synthesis, and the optimum level of Leu is therefore associated with lowest plasma free AA
indicating the more efficient usage of AA for protein synthesis (Paper III).
6.4.2.

Urine metabolites

6.4.2.1. Urine metabolites in isoleucine study
The metabolites identified from urine of pigs when fed increasing level of SID Ile:Lys were
phenylacetylglycine, hippuric acid, Ile, itaconic acid, 2-methylbutyrylglycine, and 3hydroxy-3-methylglutaric acid. The responses of phenylacetylglycine and hippuric acid to
the increasing Ile level in the diet were not clear. Urinary Ile and 2-methylbutyrylglycine
which is a metabolite of Ile catabolism increased by increasing SID Ile:Lys in the diet.
Itaconic acid concentration in the urine was up-regulated by increasing Ile level in the diet.
Itaconic acid is involved in C5-branched dibasic acid metabolism where intermediates
from citrate cycle being converted to pyruvate and BCA (map 00660, KEGG pathways).
Urinary 3-hydroxy-3-methylglutaric acid was up-regulated by increasing Ile level in the
diet. 3-hydroxy-3-methylglutaric acid is an end product of Leu catabolism and its elevated
concentration in urine might come from elevated Leu degradation by increasing Ile in the
diet. Plasma Leu concentration reduced quadratically in response to increasing Ile in the
diet (paper I) which might be an indication of increased activity of BCKDH by Ile in a
similar way as Leu. 3-hydroxy-3-methylglutaric acid has also demonstrated to reduce
hepatic cholesterol biosynthesis (Witherup et al., 1995) which might be another reason to
reduced plasma bile acid levels along with increasing SID Ile:Lys in the diet.
6.4.2.2. Urine metabolites of valine study
Urinary 2-pyrrolidinone, Glu, acetyl-DL-leucine, and creatinine were the identified
discriminating metabolites when pigs fed increasing SID Val:Lys in the diet. Urinary 2pyrrolidinone and creatinine were decreased quadratically by increasing SID Val:Lys in the
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diet. 2-pyrrolidinone is an end product of γ-aminobutyric acid (GABA) degradation. GABA
is the major inhibitory neurotransmitter in mammalian cortex meaning that it blocks
nerve impulses. Decreased excretion of 2-pyrrolidinone in the urine might indicate
decreased GABA degradation by increased Val level in the diet. Creatinine is a breakdown
product of creatine which is an energy source in the muscle. Creatine kinase activity is
reported to be suppressed by BCAA (Pilla et al., 2003) as optimum Val in the diet supports
higher feed intake and the use or mobilization of muscle protein is therefore less. This
might be the reason of reduced urinary creatinine by increasing SID Val:Lys in the diet.
The responses of urinary Glu and acetyl-DL-leucine to increasing Val content in the diet
were not clear.
6.4.2.3. Urine metabolites of leucine study
Increasing Leu content in the diet was along with decreased urinary excretion of Ile, Glu,
3-hydroxy-2-methyl-[S-(R,R)]-butanoic acid, acetyl-DL-valine, 2-aminoadipic acid, 2methylbutyrylglycine, and Tyr. Decreased urinary excretion of Ile, and two intermediate
metabolite in Ile catabolic pathways including 3-hydroxy-2-methyl-[S-(R,R)]-butanoic
acid and 2-methylbutyrylglycine followed the decreased plasma Ile as it was more
catabolized by increasing SID Leu:Lys in the diet. 2-methylbutyrylglycine is formed from
oxidative decarboxylation of 3-methyl-2-oxovaleric acid (α-keto acid of Ile) (Korman et al.,
2005). Lower Tyr content in urine also was along with reduced plasma Phe which was
resulted by increasing Leu content in the diet. Phenylalanine is the precursor of Tyr and
elevated Leu content increased Phe metabolism. Acetyl-DL-valine in urine, an acetylated
metabolite of Val also could be originated from more catabolism of Val caused by increased
BCKDH activity which is a clear function of increased Leu intake. Glutamate excretion in
urine followed its dietary intake as it was used to formulate isonitrogenous diets.
Glutamate reduced linearly by increasing SID Leu:Lys in the diet, which is reflected in
urinary Glu content. The urinary level of 2-aminoadipic acid was down-regulated by
increasing SID Leu:Lys. It is an intermediate metabolite in Lys metabolism, 2oxocarboxylic acid metabolism, and biosynthesis of AA (map01210 and 01230, KEGG
pathways). 2-aminoadipic acid is involved in glucose homeostasis and is identified as a
biomarker of diabetes risk in human (Wang et al., 2013). Elevated fasting concentrations of
BCAA are also along with diabetes, showing the correlation between BCAA and 2aminoadipic acid. Leucine enhances insulin secretion and sensitivity while 2-aminoadipic
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acid increases insulin secretion in animal models (Wang et al., 2013). The results of the
current project suggest that 2-aminoadipic acid might be regulated by Leu metabolism and
is involved in glucose homeostasis and insulin secretion as Leu is reported to improve
cholesterol and glucose metabolism and reduce obesity in mice (Zhang et al., 2007).
Choline and ascorbic acid were the identified discriminating metabolites which were upregulated by increasing SID Leu:Lys in the diet. Choline is involved in glycine (Gly), serine
(Ser), Thr, as well as lipid metabolism. Choline could be oxidized to produce betaine. The
mechanism of increased choline in response to elevated Leu content in the diet remains
unclear. Ascorbic acid, known better as vitamin C, has important roles in catecholamine
biosynthesis, antioxidant activity, electron donor for enzymes involved in collagen
hydroxylation, carnitine biosynthesis, and Tyr metabolism (Padayatty and Levine, 2000).
Vitamin C has been identified to be correlated with peak endogenous growth hormone
secretion (Denny-Brown et al., 2012), as well as reduced vitamin C reported in obesity
(Moor de Burgos et al., 1992), and also the association of vitamin C with cardiovascular
disease has been shown before (Simon et al., 1998). These functions seem related with
what is suggested for Leu and the elevated urinary vitamin C excretion by increasing Leu
content in the diet in the current study might be interrelated.
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6.5.

Biomarkers of BCAA linked to pig’s growth performance

Among the identified metabolites discriminating the increasing Ile, Val, and Leu in the
diet, the metabolites which could be linked to animal growth performance were of interest
and are summarized in Figure 10, 11, and 12, respectively. The animal ADG increased
quadratically in response to increasing SID Ile:Lys in the diet, and curvilinear plateau
models described ADG in pigs fed increasing SID Val:Lys and Leu:Lys levels in the diet.
The identified biomarkers are involved in important functions.
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Figure 10. Biomarkers of optimum SID Ile:Lys level in the diet linked to the animal growth
performance

100
50
0
50
0
1

2

3

4

5

6

1

2

3

4

5

6

1

2

3

4

5

6

1

2

3

4

5

6

1

2

3

4

5

6

Figure 11. Biomarkers of optimum SID Val:Lys level in the diet linked to the growth
performance of pigs
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Figure 12. Biomarkers of optimum SID Leu:Lys level in the diet linked to the animal
growth performance

6.6.

Using biomarkers to estimate BCAA requirements

The identified biomarkers of optimum SID Ile:Lys, SID Val:Lys, and SID Leu:Lys showed a
similar response to animal growth performance traits in a way that the same statistical
models could be fitted to the data and estimates of requirements could be drawn from the
fitted models.
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Figure 13, a and b: Fitted models to identified biomarkers of optimum SID Ile:Lys in the
diet.
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c. Urine ascorbic acid
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Figure 14. a, b, c, and d. Fitted models to identified biomarkers of optimum SID Leu:Lys in
the diet
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6.7.

Limitations of the methodology
6.7.1.

Dose-response studies to estimate AA requirements; pros
and cons

The empirical approach to estimate AA requirements is to study a response criterion (e.g.
ADFI, ADG, FCR/G:F, and etc.) to increasing AA doses in the diet. The requirement is
defined at the breakpoint where no further response can be observed by increasing AA
levels (Boisen, 2003). The method is commonly used and is easy to conduct but besides
being time-consuming and costly it has been criticized for some inherent problems. The
first step in successfully defining the AA requirement by dose-response methodology is to
formulate a basal diet which is deficient in the tested AA as well as in lysine. The increasing
doses of the tested AA are produced by adding the increments of crystalline AA to the basal
(deficient) diet until the tested AA is in excess. Lysine should be limiting in the diets with
higher test AA; otherwise the requirement of the tested AA will be underestimated. By this
set up, the tested AA will be limiting up to the break point and Lys will be limiting after the
break point, and both tested AA and Lys are limiting at the break point. All other AA as
well as other nutrients should be provided in adequate amounts or even in excess to be
sure that the response originates from the tested AA. Some of the most important
disadvantages of the method are:


By this design, the animal is fed an AA imbalanced diet, which is most possibly
affecting feed intake and weight gain per se (Harper et al., 1970). For the BCAA,
specifically Val imbalance is affecting appetite and feed intake.



The increasing doses are made by adding increments of crystalline AA to the basal
diet which are assumed to be 100% digestible. The estimates would be different if
the utilization of crystalline AA is less than 100%.



The estimated requirement will vary depending on the measured response criterion,
as there is not a standard response criterion defined for common use. This
contributes to the variation in the literature for reported AA requirements.



There is no agreement to choose the requirement as “the tested AA level
corresponds to the maximum (or minimum) response criterion” vs “the minimum
level of tested AA where the animal response is not statistically different than
maximum (or minimum) response”.
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The estimated requirement is sensitive to the models selected to interpret the data.
The choice of the statistical model depends on the shape of the data obtained from
the experiment. If there is a decline in animal response after the break point, the
plateau-ending models will not be appropriate. The broken-line plateau and
curvilinear plateau models would fit better if the response criterion is measured on
individual and group of animals, respectively. All these models estimate the
requirement differentially.



The basal diet which is deficient in the test AA, has a very low CP content which
causes an efficient utilization by animal, but in practical and commercial diets, the
CP level is much higher and the efficiency therefore is lower. It is also shown that
AA absorption mechanisms changes with increased dietary crystalline AA (Morales
et al., 2015).
6.7.2.

Blood and urine sampling

The blood and urine samples were collected from 8 pigs, but the data of two consecutive
weeks were pooled as there were no week differences. The advantage of this approach was
also to present the data more concise. However, pooling weeks might contribute to a
higher variation in outcomes. The feed intake controlled before blood sampling by an
overnight fast and providing a small body weight adjusted portion of feed 3 hours before
blood sampling and a limited time to complete the feed portion. Providing the pigs with ad
libitum feed intake instead of a small portion, 3 hours before blood sampling might result
in a different metabolic response as BCAA are involved in appetite regulation and feed
intake.
Urine samples had great variation in times after feeding and were obtained from 15 min to
6 hours after mounting the tampons (which was 3 hours after feeding), as urination of pigs
could not be controlled the same way as blood sampling. The longer time between feed
intake and urination, might have changed the metabolic profile of the urine.
6.7.3.

Average values as nutrient requirements

The factors affecting nutrient requirements in pigs are the animal (e.g. genetic, health
status, weight, composition of the growth at a given body weight), environmental
conditions and feeding factors. Even though some of these factors may be controlled in the
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experimental condition, the nutrient requirement varies between individual pigs. On the
other hand, the body weight was strictly controlled in each dose-response study which is
not compatible with practical condition. Defining the optimum level of each AA including
BCAA for growing pigs is essential for reducing CP level of the diet without impaired
animal growth but reduced environmental load from intensive pig farms. Feeding
management estimates farm profitability, and conversely if it is inappropriately applied,
both loss of revenue and environmental pollution can occur. In general as well as in our
studies, pig growth performance traits are reported as an average value and assumed to be
a good representation of the population. In most practical cases this assumption may hold
true. However, it has been shown that the overall mean responses can differ significantly
from the average individual response due to the variation in growth potential between
individual animals within the herd (Brossard et al., 2009). Optimizing diets considering
the mean requirement of a population may take the risk that the requirements of some
animals with higher potential performance will not be met and consequently, the mean
performance of the group will be lower than expected. Practically the recommendation for
each AA should include margins to cover variations and possible health problems. Some
AA (e. g. Trp) has higher requirements if there is a health challenge. We used pigs with
origin from a commercial farm. The close relation between the Danish breeding system
and pig producers make the genetic variation of Danish pigs very small compared to other
countries. Thus, it is expected that the issue of an experiment being representative to the
population is of less concern when applying our findings of optimum BCAA requirement in
practical conditions.
6.7.4.

Number of animals in dose-response studies

The variation among the pigs has remarkable effect on the number of animals needed to
detect the actual differences originated from the model effects. Performing power analysis
and sample size estimation are important aspects of experimental design, because without
these calculations, sample size may be inappropriate. If sample size is too low, the
experiment will lack the precision to provide reliable answers to the questions it is
investigating and the risk of Type 1 error will therefore be increased. If sample size is too
large especially in animal studies, time and resources will be wasted, often for minimal
gain. Therefore to ensure that a statistical test will have adequate power, special analyses
prior to running the experiment must be performed to calculate how large a n (number of
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animals per treatment) is required. To calculate the power and required sample size, the
mean and the standard deviation are taken into account to estimate required number of
animals. The larger the variation of the population is the higher number of animals is
needed. For a researcher, the number of animals is one of the method limitations. In
practice, the available facility is sometimes limiting the number of animals could be used.
However, in a dose-response study, the mean differences are not as important as other
designs like e. g. factorial design and the results are drawn after fitting the model to data
and defining the requirements at the break point. Statistical power therefore, may not be
an issue in a dose-response study.
6.7.5.

Group housing vs individual housing

Commercially pigs are housed in groups. The feeding behavior of individually housed
growing pigs differs significantly from that of group housed animals. In a study with
groups of 8 pigs that had access to computerized single-space feed intake recorders, the
pigs housed individually visited the trough more frequently but for a shorter time than
group housed pigs (de Haer et al., 1993). This resulted in less feed intake per visit but
improved production in terms of a higher daily feed intake (Gonyou et al. 1992). However,
de Haer et al., (1993) did not find differences in daily feed intake between individual and
group housed pigs. The individual feed intake of group-housed pigs compared to
individually housed pigs has a large between-animal variation. Although genetic could be a
source of variation but the social environment and the higher pig:trough ratio in the group
housing situation could contribute to the variation. In group housing condition not all pigs
can feed simultaneously and the feeding frequency therefore was lower. The variation in
feeding frequency in group housed pigs is negatively correlated to the amount of food
eaten per feeder visit, and no differences have been found in daily feed intake or growth
rate between animals with different feeding patterns (Nielsen et al., 1995). The pigs in all 3
dose-response studies were housed individually to make it possible to track the individual
feed intake and assign it to respective blood and urine samples. It was assumed in the
current study that if group housing is affecting feed intake, then it will be for all AA levels
and this would not change the minimum requirement. As the changes in feed intake could
change the values vertically not horizontally, therefore could not affect the break point of
the model.
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7.

Conclusions

The present work estimated the BCAA requirements for pigs after weaning by doseresponse studies using animal growth performance traits as response criteria. The
conclusions were based on values estimated by a quadratic model in the Ile study and
curvilinear plateau models in the Val and Leu studies fitted to ADFI and ADG. Using FCR
as the response criterion, lower estimates were made for all BCAA, as the animal uses the
AA more efficiently when it is deficient. Non-targeted metabolomics studies on plasma and
urine provided novel knowledge on the metabolic response of the pigs to increasing BCAA
in the diet. This approach enabled us to identify biomarkers of the BCAA status which
could be linked to animal growth performance.
The overall conclusions are summarized below:


The minimum Ile requirement is 0.52 SID Ile:Lys.



The minimum Val requirement is 0.70 SID Ile:Lys.



The minimum Leu requirement is 0.93 SID Leu:Lys.



The conclusions are sensitive to the models chosen to interpret the data.



Non-targeted metabolomics revealed that the metabolome responded differently to
increasing Ile, Val, and Leu in the diet.



The most important plasma metabolites which were discriminating the pigs fed
increasing SID Ile:Lys in the diet were: 3-Methyl—2-oxovaleric acid, Tyr,
hypoxanthine, Trp, indoxylsulfuric acid, glycocholic acid, tauroursodeoxycholic
acid, taurocholic acid, and LysoPC. Urinary phenylacetylglycine, hippuric acid,
itaconic acid, Ile 3-hydroxy-3-methyl-glutaric acid, and 2-methylbutyrylglycine
differentiated the dietary SID Ile:Lys level. Among these metabolites, those which
were linked well to animal growth performance and therefore are concluded as good
biomarkers of optimum dietary SID Ile:Lys were plasma glycocholic acid and
taurocholic acid.



The most discriminating metabolites among the pigs fed increasing SID Val:Lys in
the diet were: plasma hippuric acid, Trp, arachidonic acid ethyl ester,
docosahexaenoic acid ethyl ester and urinary 2-pyrrolidinone, Glu, creatinine, and
acetyl-DL-leucine. None of these metabolites could be linked perfectly to animal
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growth performance traits, and Val therefore had a less pronounced metabolic
response compared to the other BCAA.


The increasing dietary Leu had a more obvious metabolic response in pigs
compared to the other BCAA. The results confirmed its regulatory effects on the
catabolism of other AA as well the as protein biosynthesis which was reflected in the
AA profile of blood. The most important discriminating metabolites in pigs fed
increasing SID Leu:Lys were: plasma Phe, α-ketoisovaleric acid, creatine, Ile, 3methyl-oxovaleric acid, Trp and urinary Ile, Glu, choline, cytosine, 3-hydroxy-2methyl-[S-(R,R)]-butanoic

acid,

acetyl-DL-valine,

L-2-aminoadipic

acid,

2-

methylbutyrylglycine, Tyr, and L-ascorbic acid. The Biomarkers of optimum dietary
SID Leu:Lys were: plasma creatine, urinary 2-aminoadipic acid, ascorbic acid, and
choline.


The identified biomarkers are intermediate metabolites involved in complex body
metabolism; however, how BCAA are up- or down-regulating these biomarkers as
well as their mode of action should be investigated in more detail.



The statistical models used to describe the animal growth traits could fit the
identified biomarkers and estimate the minimum requirements.
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8.


Perspectives
To reduce the dietary CP level further, the next limiting AA should be identified. In
a very low CP content, some dispensable AA could become limiting and these AA, as
well as the ratio of dispensable to non-dispensable AA, should be investigated for
minimum requirements in very low CP diets.



Our data suggest that the recommendations of BCAA should include the ratio
among them as well as individual minimum and maximum dietary levels, as the
results of the studies showed that excess Ile impaired animal growth performance.
The detrimental effects of excess Leu have been discussed before; however, the
detrimental effects could be observed, if the SID Leu:Ile ratio exceeds 2.33, or the
SID Leu:Val ratio exceeds 1.79. These data indicate that in addition to minimum
requirements, a maximum supplementation level should be recommended for AA in
order to eliminate the possible interaction and decline in growth performance.



The biomarkers introduced in the current study should be investigated further with
multiple blood sampling in different time points to find out the optimum time of
blood collection after feeding that will result in a better response. If the results are
reproducible, the identified biomarkers could be used to complement traditional
methods or develop a new method which is faster and cheaper than traditional
dose-response studies.



The urea content of plasma and urine appears not to be a good enough indicator of
protein biosynthesis or AA imbalance and therefore it cannot be used as a single
ideal biomarker of protein metabolism impairment. In the current study, some
metabolites, e.g. creatine, showed a better response, when the AA profile was
optimum for protein synthesis. These metabolites should be investigated further
using proper methods such as e.g. traceable molecules.



Urinary 2-aminoadipic acid seems an interesting biomarker for the optimum Leu
level in the diet. It is has already been introduced as a biomarker of diabetes risk.
The optimum dietary Leu:Lys was associated with the minimum urinary 2aminoadipic acid. As both 2-aminoadipic acid and Leu are involved in chronic
diseases, they seem to be interrelated, and this correlation should be investigated in
more detail. This may clarify the mode of action for Leu in preventing chronic
diseases.
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