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Abstract
Background: The consumption of poor-quality protein increases the risk of essential amino
acid (EAA) deficiency, particularly for lysine and threonine. Thus, it is necessary to be able to

detect easily EAA deficiency.

Objective: The purpose of this study was to develop metabolomic approaches to identify

specific biomarkers for an EAA deficiency, such as lysine and threonine.

Methods: Three experiments were performed on growing rats. In Experiment 1, rats were fed
for 3 weeks with lysine (L30), or threonine (T53) deficient gluten diets, or non-deficient
gluten diet (LT100) in comparison with the control diet (milk protein, PLT). In Experiments
2a and 2b, rats were fed at different levels of lysine (L) or threonine (T) deficiency: L/T15,
L/T25, L/T40, L/T60, L/T75, P20, L/T100 and L/T170. 24h urines and blood samples from
portal vein and vena cava were analyzed using LC-MS. Data from Experiment 1 were
analyzed by untargeted metabolomic and Independent Component - Discriminant Analysis
(IC-DA) and data from Experiments 2a and 2b by targeted metabolomic and a quantitative
PLS regression model. Each metabolite identified as significant by PLS or ICDA was then
tested by one-way ANOVA to evaluate the diet effect. Two phases linear regression analysis

was used to determine lysine and threonine requirements.

Results: ICDA and PLS found molecules that discriminated between the different diets. A
common metabolite, the pipecolate, was identified in Experiments 1 and 2a, confirming that it
could be specific to lysine deficiency. Another metabolite, taurine, was found in Experiments
1 and 2b, so probably specific to threonine deficiency. Pipecolate or taurine breakpoints

obtained gives a value closed to the values obtained by growth indicators.
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Conclusion: Our results showed that the EAA deficiencies influenced the metabolome.
Specific urinary biomarkers identified could be easily applied to detect EAA deficiency and to

determine which AA is deficient.

Keywords: Metabolomic; Lysine deficiency; Threonine deficiency; Pipecolate; Taurine.
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1. Introduction

The amount of amino acid (AA) requirements and subsequent recommendation of amino
acids intake has remained a controversial issue in nutrition over time and FAO/OMS
recommended to treat dietary amino acids as individual nutrients (1). In humans, twenty AA
are proteinogenic, and are constituents of proteins. Of these twenty AA, nine are considered
as essential AA, which means that there is no de novo synthesis by the organism, or that they
are synthesized at an insufficient rate to cover the requirements and must therefore be
provided in the diet (2-4). Among these EAA, two are considered strictly essential, because

they do not participate in transamination reactions, namely lysine and threonine.

In developing countries, there is a risk of deficiency in some EAA. In these countries, the
protein sources are mainly derived from cereals. In Africa, for example, the diet is mainly
based on the consumption of cereals, vegetables, roots and tubers (5). In India, the majority of
the population is vegetarian. Their main source of protein is found in cereals such as rice,
wheat and millet (6). However, these cereals contain proteins of poor quality, deficient in
some EAA. Lysine is the first limiting AA in humans because it is deficient in cereal (7), with
a content of 270 mg/g nitrogen in wheat versus 619 mg/g nitrogen in milk (8). The risk of
deficiency in some EAA is also worldwide, particularly in sensitive population such as

gestating women (9) and the elderly (10).

A protein can only be synthesized if all its constituent AA are available in sufficient quantity
(11). If one of the EAA is deficient in the diet, the proteosynthesis will be limited to the level
of the limiting EAA. It is important that all EAA be available in sufficient quantities, in order
to maintain an adequate protein synthesis. Thus, it is necessary to know precisely what the

requirements in these EAA are.
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Different methods have been developed to estimate AA requirements. The need for each EAA
was first estimated by studying a nitrogen balance. More recently, methods using the infusion
of stable isotopes have been developed (12). The method of direct AA oxidation of the test
AA, for example **C-lysine, can be used, as can the oxidation of an indicator AA, often **C-
phenylalanine, depending on the supply of the amino acid under study (13). However, these
methods are complicated, require invasive protocols, and the resulting requirement values
show significant differences according to method used. For example, for lysine, the estimated
requirement with nitrogen balance is evaluated at 12 mg*kg™*d™, while it is around 40 mg*kg"
“*d* with the method of indicator AA oxidation (14,15). This is why no dietary
recommendations are published for amino acids. There is therefore an urgent need to develop
more precise and non-invasive approaches (14). The emergence of new technologies and the
"omics" sciences, such as metabolomics, seem promising for developing a new method of
measuring AA needs. Metabolome profiles of biological fluids have already been successfully
used as early biomarkers of individual metabolic sensitivity and metabolic dysfunction (16),

and also to determine nutrient requirement such as choline (17,18).

The aim of this study was to investigate the effect of protein quality and quantity on the
plasma and urinary metabolomes and to determine biomarkers of lysine and threonine
deficiency or sufficiency in urine using a model of growing rats fed with lysine or threonine
deficient diets during a three weeks period. The hypothesis was that AA deficiency could
induce the production of degradation metabolites in biological fluids that would disappear or
appear when the AA intake reaches the requirement, and in this way, these metabolites could

be used as hiomarkers.
2. Materials and Methods

2.1. Animals
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Experiments 1, 2a and 2b were performed on growing Wistar Han rats (HsdHan®: WIST,
Envigo, France), weighing 75-100 g (4 weeks old) in experiment 1, and 50-60 g (3 weeks old)
in Experiment 2a and 2b. The rats were housed in individual clear Plexiglas cages in a
controlled temperature room (22°C) with a 12-hour light/12-hour dark cycle (lights on from
00:00 to 12:00). These studies were approved by the Regional Animal Care and Ethical
Committee and conformed to the European legislation on the use of laboratory animals
(registration number: APAFIS#13436-2017122616504600). For these 3 experiments, rats
were fed with a standard diet for one week before being switched to their experimental diet.
During the experimental period, a calibrated meal of 4 g (58.2kJ) was given between 12:00
and 12:30 every day, and they then had ad libitum access to food between 12:30 and 9:00 the
next day. The calibrated meal was given to accustom the rats to quickly consuming a small
amount of food. Food intake body weight and nasoanal length (NAL) were measured daily
over the three weeks. In the 3" week, each rat was placed during 48h in a metabolic cage (24h

of adaptation and 24h of measurement) to collect urine for the metabolomics analyses.

For the design of diets, we used two protein sources: an animal protein source, which is the
total milk proteins and a plant protein source, gluten protein, naturally deficient in lysine and
threonine. Gluten and milk proteins were analyzed for the determination of crude protein
content and the profile of amino acids of each protein source (supplemental Table 1). Free
amino acids were added to these protein sources in the diets at the level of the EAA
requirements (19) except for the deficient EAA studied. The amount of the lacking EAA was
replaced by alanine, as a neutral amino acid. Thus, the amount of the protein in the diet
determines the level of EAA deficiency. We chose to maintain protein source in diet to avoid
any negative effect of free amino acid, particularly on food intake. However, to control this
effect, we added a second control group (LT2100, L100 and T2100, respectively), containing the

lowest amount of protein and the highest amount of free amino acids at the level of EAA
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requirements (19). Thus, L15 or T15 and L100 or T100 are equivalent, except that L100 and
T100 have the same amount of lysine and threonine as P20. The P20 is the control diet which
contains 193.5g/kg of crude proteins, which correspond to 15% of net proteins, corresponding
to the requirements for growing rats (19). All the diets are isoenergetic and isonitrogenic. Food
pellets were prepared using powder manufactured at the unit Sciences de 1I’Animal et de I’ Aliment de

Jouy (SAAJ), INRAE, Animal Diets Experimental Facility, Jouy-en-Josas, France (

https://doi.org/10.17180/MAQZ-V844).

Experiment 1:

Twenty-four growing rats were divided into 4 groups (n = 6 rats/group). These 4 groups were
assigned for 3 weeks one of the 4 isocaloric experimental diets described in Table 1a. Diets
were composed of two different protein sources: gluten or milk proteins . Gluten is an
unbalanced AA protein, especially for lysine and threonine. Gluten covers only 24.5% of
lysine requirement and we added free lysine to set the deficiency level to 70% (i.e. covering
30% of lysine requirement). For threonine, gluten induced 47% threonine deficiency (i.e.
covering 53% of threonine requirement). Three diets were made with gluten: L30 diet,
deficient in lysine but supplemented in threonine to cover 100% of its requirement; T53 diet,
deficient in threonine but supplemented in lysine to cover 100% of its requirement; and
LT100: supplemented in lysine and threonine to cover 100% of their requirements. The
control diet was the P20, which contains 193.5g/kg of crude proteins, corresponding to 15%
of net proteins, which is required to cover the requirements for growing rats (19). However,
we supplemented the P20 with five amino acids (methionine, cysteine, tryptophan, threonine,

alanine) to reach the same levels of amino acids as in the gluten and milk protein (P20) diets.

Experiment 2a:
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Sixty-four growing rats were divided into 8 groups (n =8 rats/group). They were fed for 3
weeks isocaloric diets containing different levels of lysine, namely 15, 25, 40, 60, 75, 100 or
170% of the theoretical lysine requirement necessary for growing rats (19) (from 85% to 0%
deficiency), comparatively to the control P20 (19), as described in Table 1b. The amount of
lysine deficiency was determined by the protein level in the diet (Table 1b), and all amino
acids except the test lysine were supplemented to the level of the theoretical requirement

necessary for growing rats.

Experiment 2b:

The same procedure as in Experiment 2a was done for different levels of threonine, namely
15, 25, 40, 60, 75, 100 or 170% of the theoretical threonine requirement for growing rats (19)
(from 85% to 0% deficiency), comparatively to the control P20 diet (19), as described in
Table 1c. The amount of threonine deficiency was determined by the protein level in the diet
(Table 1c), and all amino acids except the test threonine were supplemented to the level of the

theoretical requirement for growing rats.

2.2. Urine and plasma sampling

During the 24h of urine collection, rats were housed individually in metabolic cages. Rats

were fed ad libitum with their respective diets.

In Experiments 2a and 2b, at 11:00 on the last day of the study, rats were fed with 4-gram
pellet (58.2 kJ) of their test-diet, to standardize the energy intake, and two hours later, they
were anesthetized with Isoflurane. Blood was taken from the portal vein and from the vena
cava. The blood samples were collected on heparin, centrifuged (4°C, 3000 rpm, 10 min) and

the plasma was stored at -80°C until metabolomics analysis.

2.3. Metabolomics sample preparation and liquid-chromatography mass

spectrometry (LC-MS) analysis of urine
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Untargeted metabolomic: Urine sample preparation: fifteen micro-liters of each thawed 24h-

urine sample were diluted with 985 pl of milliQ water/acetonitrile (90/10, v/v). UPLC-HRMS
analysis was performed on an Acquity H-Class system coupled to a Q-TOF Synapt G2 Si
instrument (Waters Corporation, Milford, MA) in positive electrospray ionization mode
(ESI+) using an Acquity CSH C18 column (2.1 x 100mm; 1.7um bead size; Waters). The
column temperature was 40°C and the eluents A and B were 0.01% formic acid in water and
0.01% formic acid in acetonitrile, respectively. The gradient was run at 0.5mL/min and
consisted of an isocratic elution for 1 min of 2% B, followed by an increase of B at a linear
rate to 88% at 12 min, then a re-equilibration for 1 min with 2% B and maintenance at 2% B

until 17min.

Raw data from Synapt G2 Si were pre-processed using MarkerLynx (MassLynx V4.1,

Waters) to obtain a list of detected molecules characterized by m/z and retention time (Rt).

Targeted metabolomic: Plasma and urine samples were analyzed by LC-HRMS on a Dionex

Ultimate 3000 (Thermo Fisher Scientific, San Jose, CA) ultra-performance liquid
chromatography (UPLC) system coupled with a Thermo Q Exactive Plus mass spectrometer
using two chromatographic conditions: C18 and HILIC columns, both with 2 ionization
modes (positive and negative), in order to broaden the metabolome coverage. Four data
matrices were therefore obtained. Metabolite redundancy was removed by choosing variables
with lower coefficients of variation (CV) and higher intensities in the quality control samples.
The following workflow was applied to all samples: On the C18 column, samples were
analyzed during a 16 minutes gradient with solvents A and B, H,O and 0.1% formic acid; and

acetonitrile and 0.1% formic acid, respectively.

On the HILIC column, samples were analyzed during a 27minutes gradient with solvents A

and B, 16 mM ammonium formate, and acetonitrile and 0.1% formic acid, respectively.
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All samples were analyzed in FullScan mode and some were also analyzed in MS/MS mode
to facilitate the annotation of compounds. A Quality Control (QC) pool of all samples was
injected every 5 samples so as to correct for instrumental variation during the assay sequence.
The mass spectra were collected using resolving power 35 000 Full Width at Half Maximum
(FWHM) for the theoretical mass to charge ratio (m/z) 200. Full scan mass spectra were
acquired in the 250 — 1200 m/z range. The ionization source parameters for positive and
negative ion modes were as follows: capillary temperature 285°C, spray voltage 3.5 kV,
sheath gas 60 (arbitrary units), auxiliary gas 20 (arbitrary units), probe heater temperature

370°C and S-Lens RF level was set at 45 v.

Data extraction from the raw data acquired in FullScan was done using XCMS. Data were
cleaned with visual verification of EIC (Extracted lon Chromatogram) and variables present
in the blanks as well as poorly integrated or very noisy peaks were removed. Data were
normalized to the QC samples with Van Der Kloet normalization (20) using R® scripts, in
order to correct for instrument analytical drift. Variables with coefficients of variation greater
than 30% in the pools were removed. Finally, the selected variables were matched with the
laboratory’s internal database containing over 1000 pure metabolites with their mass spectra

and retention times using the in-house LCMS tool of the W4M platform (21).

2.4. LC-MS data processing and analysis

For experiment 1, the mass spectra measured on urine, plasma from the vena cava and plasma
from the portal vein were first pretreated (normalization with Probability Quotient
Normalization (PQN)) (22) followed by Pareto-scaling (23), and then analyzed by
Independent Component Discriminant Analysis (ICDA) (24,25), which is a supervised

discrimination method (for more details see (26)).
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For Experiments 2a and 2b, in addition to ICDA, a quantitative Partial Least-Squares (PLS)
regression model was used to relate the pretreated mass spectra to the Protein concentration.
Variables corresponding to biomarkers indicating protein deficiency were identified from the

loading weights calculated in each model.

The results showed that similar biomarkers were found using the two chemometric methods.
As the difference between the different groups were related to the level of AA in the diet, we
assumed there should be a correlation between this level and the level of any significant
biomarker. Hence only PLS results for these experiments will be presented. The applied
chemometric procedure has been described in detail in (26). Note that in Experiments 2a and
2b, the models were built with the 6 groups L15, L25, L40, L60, L75 and L100 (or T15, T25,
T40, T60, T75 and T100). The samples in the “extrapolated groups™ L100 and L170 (or T100
and T170) (excess of lysine with respect to protein) were projected onto the PLS model space,
and their predicted value for lysine (respectively threonine) concentration was compared to
the corresponding experimental value, to see whether they follow the same model as the

"regular” groups.

For each discriminant metabolite identified by PLS, the effects of the diets were tested by
one-way ANOVA using R® scripts. Pairwise comparisons were performed with post hoc
Bonferroni tests for multiple comparisons. Differences were considered significant at p <

0.05.

In order to determine the growth requirements, we used a two-phase linear model on the
discriminant biomarkers to identify the breakpoint. The concentrations of the metabolites
were first corrected by the volume collected in the 24h and using a homemade script, based on
the work of M. Kato and co-workers (27). We approximated this two-phase linear model by

the following equation:
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[Biomarker]y ine = b £ log(1 + exp ~™+%intake =a)) “\yhere b is the ordinate at the
breakpoint; m is the slope before the breakpoint and a is the abscissa at the breakpoint. These
parameters were fitted by the least-squares method. On the basis of this model, an estimated

value of growth requirements can be predicted, and is given as mean * 2sd.
3. Results

3.1. Potential biomarkers of lysine and threonine in urines of rats fed a gluten diet

supplemented with lysine or threonine, or both (Experiment 1)

In order to determine biomarkers for gluten and lysine or threonine deficiency, an ICDA
model was applied. The L30 and T53 groups were separated from the controls along 1C2
(Figure 1A), whereas no discrimination was observed between the two controls, P20 and

LT100.

A one-way ANOVA test was applied to the molecules with strong contributions to IC2 and
twelve molecules were considered to have significant intensity differences according to group
membership: 2-(2-Ethyl-4,5-dihydro-1H-imidazol-1-yl)ethanol-1 was greater in groups where
lysine or threonine was deficient in the diet; 2,4-Dimethyl-2-[(piperidine-1-
carbothioyl)sulfanyl] pentanoic acid was smaller in rats with the P20 diet; 6-methylpyridine-
3-carboxamide, imidazolepropionic acid, 4-phenoxybenzene sulfonic acid and L-alanine-L-
alanyl were higher when lysine was deficient in the diet; 3-Methyladenine, Hydroxyprolil-
proline and pipecolate were smaller in the lysine deficient diet; methylhypoxanthine and 6-
methoxy-pyridine-3-carboxylic acid were higher while taurine was smaller in the threonine

deficient diet (Supplemental Figure 1).

Figure 1
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3.2. Urinary and plasma biomarkers for lysine deficiency (Experiment 2a)

For the urine, portal vein and vena cava samples, the data were projected onto the scores plots
of the PLS models. The two groups with the lower lysine content were separated from the
others along LV1 (Figure 2A). The discriminant variables were identified based on their

contributions to LV1 being greater than +/- 1 standard deviations in the QQ-plots.

For urine, the PLS method revealed that forty-five molecules were influenced by the diets.
After using an ANOVA test, thirty-six molecules were confirmed to have significantly
different intensities according to group membership, among which nineteen were amino acids
or derived from amino acids. The details on each molecule are reported in Table 2 and

Supplemental Figure 2.

The intensity of twenty of these molecules was smaller when the percentage of lysine in the
diet increased (which means that these biomarkers are less present when the lysine intake
increases), namely 1-methylnicotinamide, anthranilate, gluconate, 2-
hydroxyphenylpropanoate, L-glutamic acid, hydroxyisocaproic acid, isomaltose, L-alanine, L-
arginine, L-carnitine, L-histidine, L-methionine, L-threo-3-phenylserine, L-tyrosine, L-valine,

phosphoric acid, proline, sucrose and tryptophan and L-phenylalanine.

The intensity of sixteen others compounds was greater when the percentage of lysine
increased (which means that increasing the lysine intake contributes to the synthesis of more
of these biomarkers), namely 2-isopropylmalic acid, 4-pyridoxate, cadaverine,
dehydroascorbate, isocitrate, L-gulonolactone, L-leucine, L-lysine, N-N-N- trimethyllysine,
nicotinic acid, N-methyl-2-pyridone-5carboxamide, norvaline, oxoglutarate, N-alpha-

acetyllysine, pipecolate, and uracil.

Interestingly, the pipecolate is the only metabolite identified in both Experiments 1 and 2a,

which suggests that it is specifically indicative of lysine deficiency (Figure 2B). When L170
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was excluded from statistical analysis (because of its very large variation in this group), we
observed that it is lower under severe lysine deficient diet (L15 and L25) compared to P20

group and increased when the lysine intake increased.

Figure 2

For the portal vein, the PLS method revealed that twenty-seven molecules were associated
with the diets. The ANOVA test confirmed that seventeen molecules had significantly
different intensities according to group membership. Cytosine, iso 16-0 lysoPC, L-lysine, L-
methionine, N-N-N-trimethyllysine, N-methyl-2-pyridone-5-carboxamide and pipecolate
were greater when lysine increased in the diet. On the contrary, 4-Methyl-2-oxovaleric acid,
L-carnitine, L-histidine, L-leucine, L-serine, L-threonine, L-tyrosine, N-acetylserotonin, o-
acetyl-l-carnitine and tryptophan were smaller when lysine increased in the diet. The details

on each molecule are reported in Table 2 and Supplemental Figure 3.

For the vena cava, the PLS method showed that twenty-nine molecules were discriminant for
the groups. The ANOVA test confirmed that twenty molecules had significantly different
intensities according to group membership. The details on each molecule are reported in
Table 2 and Supplemental Figure 4. Some molecules intensities were greater when lysine
increased in the diet: cytosine, betaine, L-lysine, L-methionine, mannose-6-phosphate, N-N-
N-trimethyllysine, nicotinamide, N-methyl-2-pyridone-5-carboxamide and pipecolate. Others
were smaller when lysine increased in the diet: 2-hydroxybutyrate, L-carnitine, L-histidine, L-
serine, L-threonine, o-acetyl-I-carnitine, succinic acid and tryptophan. For three molecules, no

clear variations appeared (18-0 Lyso PC,gluconate and L-leucine).

Interestingly, when the metabolite profile was compared between urine and plasmas from
portal vein and vena cava, only nine molecules were similar for all three compartments (Table

2). Among these metabolites, five were amino acids (L-histidine, L-lysine, L-methionine,
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tryptophan, leucine). Lysine in blood and in urine was higher when the amount of lysine
intake increased, which is not surprising. However, the increase of methionine in blood and
the inverse variation in urine, and the decrease in L-histidine and tryptophan, suggest a
relationship between lysine intake and the metabolic utilization of these amino acids. Among
the other metabolites found in the three compartments, three of them arise from lysine
metabolism: L-carninitine, N-N-N- trimethyllysine and pipecolate. The intensity of
pipecolate, which is the only metabolite also found in experiment 1, was greater in blood and
urine as does N-N-N- trimethyllysine. On the contrary, L-cartinine was smaller when the
amount of lysine increases. N-methyl-2-pyridone-5 carboxamide, which is one of the
metabolic products of nicotinamide adenine dinucleotide (NAD) degradation, was higher in

urine, portal and vena cava blood when the lysine intake increases.

Table 2

3.3. Urinary and plasma biomarkers for threonine deficiency (Experiment 2b)

For the urine, portal vein and vena cava samples, the three lowest threonine diets were
separated from the others along LV1 (Figure 3). QQ-plots were used to select the most

relevant variables for the separation of groups.

For urine, the PLS method showed that twenty-six molecules varied with the diets. The
ANOVA test showed that all molecules had significantly different intensities according to
group membership. The details on each molecule are reported in Table 3 and Supplemental

Figure 5.

Among these molecules, fourteen had a smaller intensity when the percentage of threonine in
the diet increased, namely aspartate, beta-alanine, galactose, L-tyrosine, lactose, L-carnitine,
L-glutamic acid, L-phenylalanine, palatinose, pyridine-2-aldoxime metochloride, sucrose,

taurine, trehalose, and urate; while twelve others were higher when threonine increased,
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namely 2-oxoadipate, 2-oxobutanoic acid, carnosine, cis-aconitate, citrate, dehydroascorbate,
glutarate, isovaleroylglycine, dimethyl oxalate, methylmalonic acid, N-methyl-2-pyridone-5-
carboxamide, oxoglutarate. Interestingly, taurine is the only metabolite identified in
Experiments 1 and 2b, which suggests that it is specifically indicative of threonine deficiency

(Figure 3).

Figure 3

For the portal vein, the PLS method showed that twenty-two molecules varied with the diet.
The ANOVA test confirmed that nine discriminated the diets. When threonine increased,
some molecules intensities were higher: L-serine, L-methionine, cytosine, N-acetylglycine
homoserine and citrate. Other molecules had smaller intensity when threonine increased:
pipecolate and L-arginine. kynurenic acid was also significantly affected by threonine content
of the diet but no clear variation could be seen. The details on each molecule are reported in

Table 3 and Supplemental Figure 6.

For the vena cava, the PLS method showed that twenty-four molecules were found
discriminant but only nine were shown to be significant by the ANOVA test (Table 3,
Supplemental Figure 7). When threonine increased, some molecules had higher intensity:
mevalolactone, aspartate, cytosine, N-acetylglycine, homoserine and L-methionine, whereas

other decreased: pipecolate, L-arginine and methylmalonic acid.

When the different molecules in urine and in plasmas from portal vein and from vena cava
were compared, only one molecule, citrate, was found to be significant in both plasma and
urine, and the metabolites found in portal vein and vena cava followed the same variations:
smaller for arginine and pipecolate and greater for L-methionine, L-serine, N-acetylglycine,

homoserine and cytosine.

Table 3
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3.4 Breakpoint identification of lysine and threonine requirements

In order to investigate whether the urinary biomarkers identified for lysine and threonine
deficiency could be used for the determination of lysine and threonine requirements, a
mathematical model was used to determine the breakpoint in the pattern of variation of
pipecolate and taurine biomarkers comparatively to growth indicators (body weight and
nasoanal length (NAL)) (Figure 4). In brief, the variable tested should have a bimodal pattern:
a progressive increase or decrease until the requirement for the tested amino acid is met, and
then no further change in the concentration of the variable (28). A two-phase linear regression
analysis could be calculated to determine the ‘breakpoint’ which corresponds to the inflection
point. This approach was applied to the identified biomarkers and the results are shown in
Figure 4. When a two-phase linear regression was applied on the relative urinary pipecolate
concentration from Experiment 2a, a breakpoint was obtained on 45.26 + 17.11% of the
theorical lysine requirement (Figure 4) which corresponds to 3.79 + 0.65 g of lysine.kg™ in
the diet. Interestingly, the breakpoint obtained for urinary pipecolate relative concentration is
close to the breakpoint obtained for NAL (43,72+ 4.4% of the theorical requirement) whereas
for body weight, it was 37.38+6.37% of the theorical requirement. The breakpoint obtained
from the relative urinary taurine concentration from Experiment 2b was found to be 47.62 +
10.27% of the theorical threonine requirement (Figure 4) which corresponds to 2.91 + 0.63 g
of threonine.kg™ of the diet. This value is similar to the breakpoint obtained for the NAL
breakpoint (48.16x+ 3.78% of the theorical requirement), whereas for body weight, it was
53.26+4.75% of the theorical requirement.

Figure 4

4. Discussion

This study addressed the consequences of three weeks restriction of two essential amino acids

(EAA), lysine or threonine, on 24-hour urine, and plasma from portal vein and vena cava. To
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this end, three different experiments were performed. Quantitative metabolite analysis of
biological fluids, urine or plasma, identified metabolites associated with the EAA restriction
that may eventually serve as biomarkers of EAA sufficiency/deficiency, and on the other
hand, the profile obtained may provide information on the impact of EAA restriction on the
organism. In the present study, these metabolomics analyses revealed that a single EAA

restriction caused observable perturbation to the urinary and plasma metabolic profiles of rats.

First of all, a pilot study where growing rats were fed either a lysine deficient gluten diet
(L30), or a threonine deficient gluten diet (T53), or a gluten control diet with 100% lysine and
threonine requirement (LT100), as well as a second control group with a diet with milk
proteins (P20) was performed. In this study, using non-targeted metabolomics, biomarkers
specific of EAA deficiency were identified. Pipecolate, 3-methyladenine and hydroxyprolil-
proline decreased for the lysine deficient group compared to threonine deficient group and
control, and taurine had a smaller intensity and 6-methoxy-pyridine-3-carboxylic acid had a
greater intensity for threonine deficient group compared to the other 3 groups. A gluten
specific biomarker was also identified: 2,4-Dimethyl-2-[(piperidine-1-carbothioyl)
sulfanyl]pentanoic acid was higher for the LT100, L30 and T53 groups. In Experiments 2a
and 2b, young growing rats were fed with diets differing in their percentage of lysine or
threonine, including very low lysine/threonine diet (L/T15, L/T25), moderately low (L/T40,
L/T60), adequate (L/T75, P20, L/T100), or above the requirement (L/T170) (19).
Metabolomics analyses on portal vein, vena cava and urine revealed that the majority of
metabolites found are AA or AA metabolites, and the discriminant molecules found in
Experiments 2a and 2b were different, except for N-methyl-2-pyridone-5-carboxamide, which
was greater in urine and blood for the lysine deficiency experiment and only in urine for the
threonine deficiency. Shibata and Matsuo proposed that the ratio between N1-methyl-2-

pyridone-5-carboxamide (2-pyr) and N1-methyl-4-pyridone-3-carboxamide (4-pyr)/N1-
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methylnicotinamide (MNA), might be useful as an index to assess the adequacy of amino acid
intake in rats (29). However, in our study, we did not detect N1-methyl-4-pyridone-3-
carboxamide (4-pyr)/N1-methylnicotinamide (MNA). In lysine deficiency but not in threonine
deficiency, 1-Methylnicotinamide and Nicotinamide was detected in plasma but not in urine.
Thus, the hypothesis of Shibata and Matsuo was not verified in our experiments. Moreover,
we have already detected MNA in urines of protein deficiency which suggests that it not

specific to the deficiency of one amino acid (26).

Severe lysine deficiencies have an impact on protein or other AA metabolisms showing lower
levels of L-histidine, tryptophan, L-valine, tryptophan and proline, and higher level of L-
leucine as compared to the control group. It has been shown that in the case of an AA
deficient diet, the deficient AA is spared and its elimination in urine is reduced (30). These
metabolomic analyses revealed also an impact on the lysine metabolism pathway. Indeed,
trimethyllysine and N-alpha-acetyllysine were smaller when lysine decreased in the diet.
Trimethyllysine is a precursor of carnitine, explaining that carnitine is lower when the lysine
level is decreased in the diet (31). Studies have also shown that rats fed with a high lysine diet
present a higher concentration of trimethyllysine in skeletal muscle and in plasma compared
to control rats (32). Three others metabolites from AA metabolism were found to predict
lysine deficiency, L-threo-3-phenylserine, anthranilate, and pipecolate. L-threo-3-

phenylserine and anthranilate increase in severe lysine deficient diets.

The pipecolate is the only metabolite identified in Experiments 1 and 2a which suggests that it
is specifically indicative of lysine deficiency. The KEGG pathway for lysine degradation in
rats and mammals showed that the major route is the saccharopine pathway (Figure 5). This
mitochondrial pathway includes nine enzymatic reactions leading to the production of two
acetyl CoA. However, the literature review highlights the existence of the pipecolate pathway

in mammals, which is less characterized (Figure 5)(33). This pathway includes 4 enzymatic
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processes: the a-transamination or a-deamination of lysine to 2-0xo-6-aminocaproic acid; the
spontaneous conversion of 2-oxo-6-aminocaproic acid into Al-piperideine-2-carboxylate
(P2C); the conversion of P2C to pipecolic acid; and the further conversion of pipecolate into
Al-piperideine 6-carboxylate (P6C). The pipecolic acid and saccharopine pathways then
converge at the level of L-2-aminoadipic acid 6-semialdehyde (AASA). AASA may undergo

spontaneous conversion into P6C and the latter can be converted into L-pipecolic acid.

Figure 5
The existence of the pipecolate pathway in mammals is supported by a review of the
literature. Using I-[a-'°N] lysine in a-aminoadipic semialdehyde (a-AASA) dehydrogenase-
deficient fibroblast, Struys et al. 2010 have shown the alternative pathway of pipecolate
formation (35). Moreover, this catabolic pathway may be the main route for lysine
degradation in brain (33). Pipecolate is also an indicator of peroxisomal dysfunctions (36).
Whether the intake of dietary lysine modulates the pipecolate synthesis and impact

peroxisomal biogenesis remains to be investigated.

For the effect of threonine deficiency, as in a lysine deficient diet, some monosaccharides
were found in urine for threonine deficient diets, namely sucrose, palatinose, lactose,
galactose and trehalose, which may arise from urine contamination by foods. Some AA and
related metabolites have a modification of their intensities according to threonine level in the
diet: Aspartate, Beta-alanine, L-glutamic acid, L-tyrosine, L-phenylalanine and taurine were
smaller in urine when threonine increases in the diet, while L-methionine, L-serine and
homoserine were higher in both portal and vena cava blood. L-carnitine was higher under T15
and differs significantly from the other groups. An impact of Krebs cycle metabolites is also
observed for threonine deficient diets. In urine, some intermediates, such as oxoglutarate, cis-
aconitate and citrate, increase proportionally to threonine level in the diet. Interestingly,

citrate is the only molecule found to be significant in plasma and urine. Some studies on food
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restriction or protein energy malnutrition have already shown that there is a decrease in Krebs
cycle intermediates (37,38). Urate increased in severe and moderate threonine deficient diets
(T15, T25 and T40) and decreased from T60 to P20. It is a degradation product of purine, a
metabolite present in protein diet, that is regularly detected in urine (39). Some other
metabolites in urines were lower for threonine deficient diets, such as carnosine, glutarate,
isovaleroylglycine, 2-oxoadibate, 2-oxobutanoic acid, which are molecules of the AA
degradation pathways, and N-methyl-2-pyridone-5-carboxamide and dehydroascorbate.
Among these metabolites, taurine is the only one that was also identified in Experiment 1,
which suggests that it is a good candidate to indicate a threonine deficiency. In our previous
work on protein restriction biomarkers (26), taurine in urine was not found to be significant.
However, bile salts such as taurocholic acid that results from the conjugation of cholic acid
with taurine, is found in portal vein under low protein diet. AA promoted taurocholic acid
production (40) would explain the decrease in taurocholic acid under low protein/AA diet. An
important step for bile production is conjugation with the amino acids, taurine or glycine, that
occurs in the liver. In rats and human, there are glycine and taurine bile acid conjugates and
rats excrete mostly taurine conjugates (41). Interestingly, a hypocholesterolemia effect of
wheat gluten was reported in rats, with an increased excretion of bile acids (42). However, the
supplementation of wheat gluten with lysine or threonine did not reverse this effect. Gut
bacteria are also involved in biotransformation of bile salts during their enterohepatic
circulation. The hydrolysis of conjugated bile acids releases free bile acids and glycine or
taurine (43). Indeed, these data suggest that there is a relation between threonine, taurine and
bile synthesis. However, further studies are needed to clarify this metabolic pathway. We
hypothesize that during threonine deficiency, taurine could be more used to synthesized
taurocholic acid and the variation of taurine or taurine salt in urine depends of the microbiota

profile.
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However, unlike threonine, taurine is synthesized from cysteine (and thus methionine too)
(44-46). The sulfur AA metabolic pathways are linked to threonine (Figure 6). Thus, the
production of taurine is dependent on the presence of these AAs. Gluten, a diet deficient in
threonine (T53), which decreases taurine, contains twice as many sulfur AAs as milk protein,
which could explain the inverse variations observed between the two experiments in our
studies, an increase in Experiment 1 and a decrease in Experiment 2b. Interestingly, Faure et
al observed an increase in taurine plasma concentration in rats fed diet meeting 30% of their
threonine requirements for growth, which is in accordance with the variations observed in
Experiment 2b. Moreover, as for us, Faure et al did not find significant differences in plasma
taurine between diets covering 60, 100, and 150% of the rats threonine requirements for

growth (47). This link between threonine and taurine remains to be clarified.

Figure 6

In order to investigate whether the urinary biomarkers identified for lysine and threonine
deficiency could be used for the determination of lysine and threonine requirements, we used
a two phases linear regression analysis to determine the breakpoint. Commonly, this method
has been used to determine amino acid requirements with the indicator amino acid oxidation
method (IAAO), and the 24h-indicator amino acid oxidation and balance method (24h-
IAAO/IAAB) (28). Our results showed that the breakpoint obtained on the basis of pipecolate
or taurine gives a value of 45.26 + 17.11% and 47.62 + 10.27% of the theorical requirement,
respectively. Interestingly, the value of the requirement obtained on the basis of the NAL as
growth indicators was in fact close to the value determined using urinary biomarkers (43,72t
4.4% and 48.16+ 3.78%, for lysine and threonine, respectively). This suggests the official
requirements for these two amino acids (19) were overestimated. The final values for

requirements estimated by urinary biomarkers were 4.58+1.73 and 2.91+0.63 g./kg™ of the
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diet and by NAL 4.43+0.45 and 2.94+0.23 g/kg™ of the diet for lysine and threonine,
respectively. Interestingly, the same value (0,45% of lysine content of the diet for maximum
body weight gain) was obtained by Ishibashi and Kametaka (49) using **C recovery in
respiratory CO, in rats injected by L-Lysine-U-'*C and by body weight gain methods. Thus,
these results highlight that the biomarkers identified by metabolomics could be used to
determine amino acid requirements. However, further studies are required to estimate

interindividual variations to allow dietary recommendation.

In summary, in these three experiments, with non-targeted metabolomics (Experiment 1) and
targeted metabolomics approach (Experiments 2a and 2b), two biomarkers were identified:
pipecolate and taurine. Pipecolate is lower for low lysine diets (Experiment 1 and 2a), but not
for low threonine diets. Moreover, an earlier work of our team on protein restriction
biomarkers (26) also indicated that pipecolate in urine was lower for low protein diets. These
results seem to indicate that pipecolate is specific to lysine deficiency. Pipecolate is a
metabolite of the lysine degradation pathway. The decrease of lysine in the diet induced a
decrease in its degradation explaining its lower concentration for severe lysine deficient diets.
Taurine is the second biomarker found in two experiments on protein/AA deficiency.
Interestingly, taurine does not present the same variation between these two experiments but it
discriminates between the groups and differentiates the threonine deficient diets from the
control diets. Further studies are required to confirmed whether taurine is specific to threonine

deficiency.

5. Conclusion

To conclude, we identified two biomarkers specific to EAA deficiency in rats: pipecolate for
lysine and taurine for threonine. Additional experiments are needed to clarify the effect of
threonine on taurine excretion in urine. These two biomarkers, which can predict the state of

sufficiency in lysine or threonine in rats in experimentally controlled conditions, are



535  promising. Their measurement in the urine could make it possible to know the AA status of an

536 individual, and thus to detect a possible state of deficiency.

537



538

539

540

541

542

543

544

545

546

547

548

549

550

951

552

553

6. Patents

Author’s contributions: Daniel Tomé, Dalila Azzout-Marniche — Designed research;
Joanna Moro, Gaétan Roisne-Hamelin, Nadezda Khodorova, Douglas N. Rutledge, Jean-
Charles Martin, Catherine Tardivel — Conducted research; Joanna Moro, Gaétan Roisné-
Hamelin, Pierre Barbillon, Delphine Jouan-Rimbaud Bouveresse, Dalila Azzout-Marniche —
Analyzed data or performed statistical analysis; Joanna Moro, Gaétan Roisné-Hamelin,
Delphine Jouan-Rimbaud Bouveresse and Dalila Azzout-Marniche — Wrote paper; Delphine
Jouan-Rimbaud Bouveresse and Dalila Azzout-Marniche — Had primary responsibility for

final content.

All authors have read and approved the final manuscript.

Data described in the manuscript, code book, and analytic code will be made available upon

reasonable request.



554

555
556
557

558
559

560
561

562

563
564

565
566

567
568

569
570
571

572
573
574

575
576

577
578

579
580
581

582
583

584
585
586
587

588
589

10.

11.

12.

13.

14.

15.

References

FAO Expert Consultation. Dietary protein quality evaluation in human nutrition
[Internet]. Rome: FAO; 2013 p. 1-79. Report No.: 92. Available from:
http://www.fao.org/3/a-i3124e.pdf

Boutry C, Bos C, Tomé D. Les besoins en acides aminés. Nutrition Clinique et
Métabolisme 2008;

Reeds PJ. Dispensable and indispensable amino acids for humans. J Nutr
2000;130:1835S-1840S.

Rose WC. The amino acid requirements of adult man. Nutr Abstr Rev 1957;27:631-47.

Schonfeldt HC, Gibson Hall N. Dietary protein quality and malnutrition in Africa. Br J
Nutr 2012;108 Suppl 2:S69-76.

Pellett PL. World essential amino acid supply with special attention to south-east Asia.
Food Nutr Bull 1996;17:1-31.

Tomé D, Bos C. Lysine requirement through the human life cycle. J Nutr
2007;137:1642S-1645S.

FAO. Amino-acid content of foods and biological data on proteins [Internet]. Rome:
FAO; 1970. Report No.: 21. Available from:
http://www.fao.org/3/AC854T/AC854T00.htm

Stephens TV, Payne M, Ball RO, Pencharz PB, Elango R. Protein requirements of healthy
pregnant women during early and late gestation are higher than current recommendations.
J Nutr 2015;145:73-8.

Dasgupta M, Sharkey JR, Wu G. Inadequate intakes of indispensable amino acids among
homebound older adults. J Nutr Elder 2005;24:85-99.

Harris HA, Neuberger A, Sanger F. Lysine deficiency in young Rats. Biochem J
1943;37:508-13.

Young VR, Bier DM, Pellett PL. A theoretical basis for increasing current estimates of
the amino acid requirements in adult man, with experimental support. Am J Clin Nutr
1989;50:80-92.

Pencharz PB, Ball RO. Different approaches to define individual amino acid
requirements. Annu Rev Nutr 2003;23:101-16.

FAO/WHO/UNU. Protein and amino acid requirements in human nutrition: Report of a
joint  FAO/WHO/UNU expert consultation [Internet]. Geneva: World Health
Organization: World Health Organization; 2007. Report No.: 935. Available from:
https://apps.who.int/iris/handle/10665/43411

Agence Frangaise de Sécurité Sanitaire des Aliments (AFSAA). Apport en protéines :
consommation, qualité, besoins et recommandations. 2007.



590
591
592

593
594
595

596
597

598
599
600
601

602
603
604

605
606
607

608
609
610

611
612
613

614
615
616
617

618
619
620

621
622
623
624

625
626
627
628
629
630

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Fedry J, Blais A, Even PC, Piedcoq J, Fromentin G, Gaudichon C, Azzout-Marniche D,
Tomé D. Urinary metabolic profile predicts high-fat diet sensitivity in the C57BI6/J
mouse. J Nutr Biochem 2016;31:88-97.

Fischer LM, daCosta KA, Kwock L, Stewart PW, Lu T-S, Stabler SP, Allen RH, Zeisel
SH. Sex and menopausal status influence human dietary requirements for the nutrient
choline. Am J Clin Nutr 2007;85:1275-85.

Fischer LM, da Costa K-A, Kwock L, Galanko J, Zeisel SH. Dietary choline requirements
of women: effects of estrogen and genetic variation. Am J Clin Nutr 2010;92:1113-9.

National Research Council (US) Subcommittee on laboratory animal nutrition. Nutrient
requirements of laboratory animals: Fourth revised edition, 1995 [Internet]. Washington
(DC): National Academies Press (US); 1995 [cited 2020 Aug 25]. Available from:
http://www.ncbi.nlm.nih.gov/books/NBK231927/

van der Kloet FM, Bobeldijk I, Verheij ER, Jellema RH. Analytical error reduction using
single point calibration for accurate and precise metabolomic phenotyping. J Proteome
Res 2009;8:5132-41.

Giacomoni F, Le Corguille G, Monsoor M, Landi M, Pericard P, Petera M, Duperier C,
Tremblay-Franco M, Martin J-F, Jacob D, et al. Workflow4Metabolomics: a collaborative
research infrastructure for computational metabolomics. Bioinformatics 2015;31:1493-5.

Dieterle F, Ross A, Schlotterbeck G, Senn H. Probabilistic quotient normalization as
robust method to account for dilution of complex biological mixtures. Application in 1H
NMR metabonomics. Anal Chem American Chemical Society; 2006;78:4281-90.

van den Berg RA, Hoefsloot HC, Westerhuis JA, Smilde AK, van der Werf MJ.
Centering, scaling, and transformations: improving the biological information content of
metabolomics data. BMC Genomics 2006;7:142.

Habchi B, Alves S, Jouan-Rimbaud Bouveresse D, Moslah B, Paris A, Lécluse Y,
Gauduchon P, Lebailly P, Rutledge DN, Rathahao-Paris E. An innovative chemometric
method for processing direct introduction high resolution mass spectrometry metabolomic
data: independent component—discriminant analysis (IC-DA). Metabolomics 2017;13:45.

Khodorova NV, Rutledge DN, Oberli M, Mathiron D, Marcelo P, Benamouzig R, Tomé
D, Gaudichon C, Pilard S. Urinary metabolomics profiles associated to bovine meat
ingestion in Humans. Mol Nutr Food Res 2019;63:1700834.

Moro J, Khodorova N, Tome D, Gaudichon C, Tardivel C, Berton T, Martin J-C, Azzout-
Marniche D, Jouan-Rimbaud Bouveresse D. Plasma and urinary amino acid-derived
catabolites as potential biomarkers of protein and amino acid deficiency in Rats. Nutrients
Multidisciplinary Digital Publishing Institute; 2021;13:1567.

Kato M, Hattori S, Hayamizu K. Estimation of amino acid requirement adjusting for
carry-over effect based on approximate change-point regression model. Biomedical
Research  [Internet] 2013 [cited 2021 Jun  25];24. Available from:
https://www.alliedacademies.org/abstract/estimation-of-amino-acid-requirement-
adjusting-for-carryover-effectrnbased-on-approximate-changepoint-regression-model-
1094.html



631
632

633
634
635

636
637
638
639

640
641
642

643
644

645
646

647
648

649
650
651

652
653
654

655
656
657

658
659
660
661

662
663
664
665

666
667

668
669

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Elango R, Ball RO, Pencharz PB. Recent advances in determining protein and amino acid
requirements in humans. British Journal of Nutrition 2012;108:522-30.

Shibata K, Matsuo H. Effect of Supplementing Low Protein Diets with the Limiting
Amino Acids on the Excretion of N1-Methylnicotinamide and Its Pyridones in Rats. The
Journal of Nutrition 1989;119:896-901.

Dunstan RH, Sparkes DL, Macdonald MM, De Jonge XJ, Dascombe BJ, Gottfries J,
Gottfries C-G, Roberts TK. Diverse characteristics of the urinary excretion of amino acids
in humans and the use of amino acid supplementation to reduce fatigue and sub-health in
adults. Nutr J 2017;16:19.

LaBadie J, Dunn WA, Aronson NN Jr. Hepatic synthesis of carnitine from protein-bound
trimethyl-lysine.  Lysosomal digestion of methyl-lysine-labelled asialo-fetuin.
Biochemical Journal 1976;160:85-95.

Davis AT, Kruggel EM, Randall S. Excess dietary lysine increases skeletal muscle and
plasma trimethyllysine in rats. J Nutr 1993;123:1109-16.

Leandro J, Houten SM. The |lysine degradation pathway: Subcellular
compartmentalization and enzyme deficiencies. Mol Genet Metab 2020;131:14-22.

KEGG PATHWAY: Lysine degradation - Reference pathway [Internet]. [cited 2022 Dec
5]. Available from: https://www.genome.jp/pathway/map00310

Struys EA, Jakobs C. Metabolism of lysine in alpha-aminoadipic semialdehyde
dehydrogenase-deficient fibroblasts: evidence for an alternative pathway of pipecolic acid
formation. FEBS Lett 2010;584:181-6.

Peduto A, Baumgartner MR, Verhoeven NM, Rabier D, Spada M, Nassogne M-C, Poll-
The B-TT, Bonetti G, Jakobs C, Saudubray J-M. Hyperpipecolic acidaemia: a diagnostic
tool for peroxisomal disorders. Mol Genet Metab 2004;82:224-30.

Bollard ME, Stanley EG, Lindon JC, Nicholson JK, Holmes E. NMR-based metabonomic
approaches for evaluating physiological influences on biofluid composition. NMR
Biomed 2005;18:143-62.

Wu Z, Li M, Zhao C, Zhou J, Chang Y, Li X, Gao P, Lu X, Li Y, Xu G. Urinary
metabonomics study in a rat model in response to protein-energy malnutrition by using
gas chromatography-mass spectrometry and liquid chromatography-mass spectrometry.
Mol Biosyst 2010;6:2157-63.

Kim KM, Henderson GN, Frye RF, Galloway CD, Brown NJ, Segal MS, Imaram W,
Angerhofer A, Johnson RJ. Simultaneous determination of uric acid metabolites allantoin,
6-aminouracil, and triuret in human urine using liquid chromatography-mass
spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci 2009;877:65-70.

Hawkins WB, Hanson PC. Bile salt metabolism as influenced by pure amino acids and
casein digests. J Exp Med 1949;90:461-73.

Vessey DA. The biochemical basis for the conjugation of bile acids with either glycine or
taurine. Biochem J 1978;174:621-6.



670
671

672
673

674
675

676
677

678
679

680
681
682

683
684
685

686
687

688

42.

43.

44,

45.

46.

471.

48.

Bassat M, Mokady S. The effect of amino-acid-supplemented wheat gluten on cholesterol
metabolism in the rat. Br J Nutr 1985;53:25-30.

Ridlon JM, Harris SC, Bhowmik S, Kang D-J, Hylemon PB. Consequences of bile salt
biotransformations by intestinal bacteria. Gut Microbes 2016;7:22—-39.

Rana SK, Sanders TA. Taurine concentrations in the diet, plasma, urine and breast milk of
vegans compared with omnivores. Br J Nutr 1986;56:17-27.

Tappaz ML. Taurine Biosynthetic Enzymes and Taurine Transporter: Molecular
Identification and Regulations. Neurochem Res 2004;29:83-96.

Brosnan JT, Brosnan ME. The sulfur-containing amino acids: An overview. The Journal
of Nutrition 2006;136:1636S-1640S.

Faure M, Moénnoz D, Montigon F, Mettraux C, Breuillé D, Ballévre O. Dietary threonine
restriction specifically reduces intestinal mucin synthesis in Rats. J Nutr 2005;135:486—
91.

KEGG PATHWAY: Glycine, serine and threonine metabolism - Reference pathway
[Internet]. [cited 2023 Apr 25]. Available from:
https://www.kegg.jp/pathway/map=map00260&keyword=threonine

49. Ishibashi T and Kametaka M. Lysine requirements of rats of various body weights. Agric

Biol Chem.1977 ; 41:1727-1732,



689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

FIGURES CAPTIONS

Figure 1. Lysine and threonine potential biomarkers in urines of rats fed a gluten diet
supplemented with threonine or lysine or both. (A) ICDA scores plot for the LC-MS data,
characterizing the discrimination of the predefined groups in urine of rats fed a gluten-based
diet. (B) Urinary pipecolate and taurine relative intensities variations. 24 rats were fed during
3 weeks a gluten diet (L30, T53 or LT100) or a control diet (P20). In the 3" week, each rat
was placed during 48h in a metabolic cage (24h of adaptation and 24h of measurement) to
collect urine for the metabolomics analyses. Data were analyzed by untargeted metabolomic
and IC-DA. The results of Pipecolate and Taurine, the potential biomarkers of lysine and
threonine deficiency, respectively, were represented by box plot (n=6 per group). Data that
do not share the same letter are different at the p<0.05 level. L30: gluten diet deficient in
lysine but supplemented in threonine to cover 100% of its requirement; T53 diet, gluten diet
deficient in threonine but supplemented in lysine to cover 100% of its requirement; LT100:
gluten diet supplemented in lysine and threonine to cover 100% of their requirements; P20:

control diet.

Figure 2: Pipecolate, a potential urinary biomarker for lysine deficiency in rats. PLS
analysis for the LC-MS data, characterizing the discrimination of the predefined groups to
discriminate lysine content diet based on LV1 in urine (A) and urinary pipecolate variation
among the level of lysine intake (B). 64 rats were fed during 3 weeks different levels of lysine
(L) deficiency diets: 15, 25, 40, 60, 75, 100 or 170% of the theoretical lysine requirement
necessary for growing rats (19) or a control diet (P20) (n=8 by group). 24h urines were
collected and analyzed by targeted metabolomic and quantitative PLS analysis. The sample

indexes correspond to the sample number in our analyzed data matrix. The results of
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Pipecolate, a potential urinary biomarker for lysine deficiency, were represented by box plot

(n=8 per group). Data that do not share the same letter are different at the p<0.05 level.

Figure 3: Taurine, a potential urinary biomarker for threonine deficiency in rats. PLS
analysis for the LC-MS data, characterizing the discrimination of the predefined groups to
discriminate threonine content diets, based on LV1 in urine (A) and urinary taurine variations
for the different levels of threonine intake (B).64 rats were fed during 3 weeks different levels
of threonine (T) deficiency diets: 15, 25, 40, 60, 75, 100 or 170% of the theoretical threonine
requirement necessary for growing rats (19) comparatively to the control diet (P20) (n=8 by
group). 24h urines were collected and analyzed by targeted metabolomic and quantitative PLS
analysis. The results of Taurine, a potential urinary biomarker for threonine deficiency, were
represented by box plot (n=8 per group). Data that do not share the same letter are different at

the p<0.05 level.

Figure 4. Breakpoint identification of lysine and threonine requirements. The results of
urinary taurine and pipecolate, body weight and nasoanal length (Experiments 2a and 2b)
were analysed by two-phase liner model using the following equation: [Biomarker], ine =
b+ log(1 + exp —m+%intake —a)) "where b is the ordinate at the breakpoint; m is the slope
before the breakpoint and a is the abscissa at the breakpoint. The estimated value for

requirements corresponds to the mean value and the recommendation is given as mean * 2sd.

Figure 5. Lysine degradation pathway. The KEGG lysine degradation pathway (34), in red,
shows that saccharopine pathway is the only pathway for the degradation of lysine in rats, and
more generally in mammals. An alternative pathway, the pipecolate pathway, in blue, have

been also described also in mammals (33). The pipecolic acid and saccharopine pathways
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then converge at the level of L-2-aminoadipic acid 6-semialdehyde (AASA). AASA may
undergo spontaneous conversion into P6C and the latter can be converted into L-pipecolic

acid.

Figure 6. Threonine degradation pathway. The KEGG threonine degradation pathway (48)
active in rats, and more generally in mammals, is represented in green. Rather than threonine,
taurine is synthesized from cysteine and methionine. The sulfur AA metabolic pathways are
linked to threonine. Thus, the production of taurine is dependent on the presence of these

AAs. The degradation pathway of threonine to taurine is indicated in blue.
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Table 1. (A) Detail of the diet design of experimentl. Two protein sources were used: milk
and gluten proteins. Free amino acids were added to these protein sources in the diets at the
level of the EAA requirements (19) except for the deficient EAA studied. The amount of the
lacking EAA was replaced by alanine, as a neutral amino acid. P20 and LT100 are the
controls. L30: gluten diet supplemented in EAA to cover 100% of their requirements except
for lysine, LT100: gluten diet supplemented in EAA to cover 100% of their requirements,
P20: milk protein diet, T53: gluten diet supplemented in EAA to cover 100% of their
requirements except for threonine.

L30 T53 LT100 P20

Amino acid content (g/kg)

Threonine 2,92 - 2,92 0.52
Lysine 0.47 6.91 6.91 -
Isoleucine 1.42 1.42 1.42 -
Leucine 1.95 1.95 1.95 -
L Cystine 2.30 2.30 2.30 3.96
Histidine 0.18 0.18 0.18 -
Methionine 2.91 2.91 2.91 1.29
Tryptophane 0.80 0.80 0.80 0.21
Valine 2.26 2.26 2.26 -
Alanine? 6.44 2.92 0 6.69
Weight content (g/kg)
Proteins
From Gluten® 194.55 194.55 194.55 -
From Milk protein® - - - 193.5
Added free amino acids 21.66 21.66 21.66 12.67
Starch 555.98 555.98 555,98 564.64
Sucrose 90.51 90.51 90.51 91.92
Soy oil 40 40 40 40
Minerals 35 35 35 35
Vitamin 10 10 10 10
Cellulose 50 50 50 50
Choline 2.3 2.3 2.3 2.3
Total (g/kg) 1000 1000 1000 1000
Energy content (%)
Protein 23 23 23 22
Carbohydrate 66 66 66 65
Fat 11 11 11 11
Energy density (kJ/g) 15 14.95 14.87 14.77

®Free alanine was added to adjust the total of amino acids between diets. All the diets were
isonitrogenous and isoenergetic.

°Gluten protein content was 77.6% (Crude proteins)

‘Milk protein content was 77.1% (Crude proteins)
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763  Table 1. (B) Detail of the diet design of experiment 2a. In experiment 2a, rats were fed
764  isocaloric diets containing different levels of lysine, namely 15, 25, 40, 60, 75, 100 or 170%
765  of the theoretical lysine requirement necessary for growing rats (19), comparatively to the
766  control P20. The amount of lysine deficiency was determined by the protein level in the diet,
767  and all amino acids except the test lysine were supplemented to the level of the theoretical
768  requirement necessary for growing rats. L: Lysine

L15 L25 L40 L60 L75 P20 L100 L170
Free amino acids added (g/kg)
Histidine 2.8 2.5 2 1.3 0.8 - 2.8 -
Isoleucine 5.3 4.7 3.8 25 1.6 - 5.3 -
Leucine 115 10.2 8.2 54 3.4 - 11.5 -
Lysine - - - - - - 8.6 7.2
Threonine 52 4.6 3.7 2.4 15 - 52 -
Tryptophan 2.5 2.2 1.8 1.2 0.7 - 25 -
Valine 6.7 5.9 4.8 3.2 2 - 6.7 -
Arginine 4.4 3.9 31 2.1 1.3 - 4.4 -
Methionine 2.9 2.6 21 14 0.9 - 29 -
Phenylalanine 5.6 4.9 3.9 2.6 1.6 - 5.6 -
Alanine 23.7 22.2 20 17 14.8 - 15.1 -
Total other NEAA 57.6 51 40.8 27.2 17 - 57.6 -
Weight content (g/kg)
Milk proteins® 29 48 77 116 145 193.5 29 193.5
Added free amino acids  128.3 1147 94.1 66.3 457 - 128.3 7.2
Starch 576.4 576.4 5764 5764 576.4 576.4 576.4 576.4
Sucrose 928 928 9238 92.8 92.8 92.8 92.8 92.8
Soy Qil 40 40 40 40 40 40 40 40
Minerals 35 35 35 35 35 35 35 35
Vitamins 10 10 10 10 10 10 10 10
cellulose 50 50 50 50 50 50 50 50
choline 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3
Water 36.2 30.75 224 11.2 2.8 - - -
Total (g/Kg) 1000 1007.2 1000 1000 1000 1000 1000 1000
Energy content (%)
Protein + free AA 19.8 19.8 19.8 19.9 19.9 20 19.8 20.2
Carbohydrate 69.1 69 68.9 68.8 68.8 68.5 69.1 68.2
Fat 10.1 10.2 10.2 10.3 10.3 104 10.1 105
Energy density (kJ/g) 15 1495 1487 1477 1477 1457 15 14.45

769 ®Milk protein content was 77.1% (crude proteins)

770



771 Table 1. (C) Detail of the diet design of experiment 2b. In experiment 2b, rats were fed
772  isocaloric diets containing different levels of thronine, namely 15, 25, 40, 60, 75, 100 or 170%
773 of the theoretical threonine requirement necessary for growing rats (19), comparatively to the
774 control P20. The amount of threonine deficiency was determined by the protein level in the
775  diet, and all amino acids except the test threonine were supplemented to the level of the
776  theoretical requirement necessary for growing rats.T: Threonine.

T15 T25 T40 T60 T75 P20 T100 T170
Free amino acids added (g/kg)
Histidine 2.8 2.5 2 1.3 0.8 - 2.8 -
Isoleucine 5.3 4.7 3.8 2.5 1.6 - 5.3 -
Leucine 115 10.2 8.2 54 34 - 115 -
Lysine 8.6 7.6 6.1 4.1 25 - 8.6 -
Threonine - - - - - - 52 4.3
Tryptophan 2.5 2.2 1.8 1.2 0.7 - 25 -
Valine 6.7 59 4.8 3.2 2 - 6.7 -
Arginine 4.4 3.9 3.1 2.1 1.3 - 4.4 -
Methionine 2.9 2.6 21 14 0.9 - 29 -
Phenylalanine 5.6 4.9 3.9 2.6 1.6 - 5.6 -
Alanine 20.3 19.2 17.6 154 13.8 - - -
Total other NEAA 57.6 51 40.8 27.2 17 - 57.6 -
Weight content (g/kg)
Milk proteins 29 48 77 116 145 193.5 29 193.5
Added free amino acids  128.35 114.77 94.12  66.31 45.66 0 128.34 4.3
Starch 576.4 576.4 5764 5764 576.4 576.4 576.4 576.4
Sucrose 928 928 928 92.8 92.8 92.8 92.8 92.8
Soy Qil 40 40 40 40 40 40 40 40
Minerals 35 35 35 35 35 35 35 35
Vitamins 10 10 10 10 10 10 10 10
cellulose 50 50 50 50 50 50 50 50
choline 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3
water 36.2 30.75 224 11.2 2.8 0 36.2 0
Total (g/Kg) 1000 1000 1000 1000 1000 1000 1000 1004.3
Energy content (%)
Protein + free AA 20.2 20.3 20.5 20.7 20.9 20 20.2 20
Carbohydrate 68.3 682 681 67.9 67.7 68.5 68.3 68.5
Fat 9.3 9.3 9.3 9.3 9.3 9.3 9.3 9.3
Energy density (kJ/g)  14.60 14.62 14.65 1470 1473 1457  14.60 14.57
77
778 *Milk protein content was 77.1% (crude proteins)
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Table 2: Discriminant metabolites in urine, plasma of portal vein and of vena cava for lysine deficiency. Rats were fed at different levels of
lysine (L) deficiency diets: 15, 25, 40, 60, 75, 100 or 170% of the theoretical lysine requirement necessary for growing rats (19) comparatively to
the control diet (P20) (n=8 by group). Plasma from portal and vena cava and 24h urines were collected and analyzed by untargeted metabolomic
and quantitative PLS analysis. Data are presented as changes from L15 to L170: red represents an increase, green a decrease and grey, no clear
variations. White cells indicate that the metabolite was not detected. For more details, see Supplemental Figures 2, 3 and 4.

VP VC Urine VP VC Urine VP VC Urine
AA IAA metabolism Carbohydrate metabolism
L-Alanine L-Carnitine Mannose 6-Phosphate | -
L-Arginine o0-acetyl-I-carnitine other
L-Glutamic_acid 2-Hydroxybutyrate Cytosine
N-methyl-2-pyridone-5-
L-Histidine L-Threo-3-Phenylserine carboxamide
4-Methyl-2-Oxovaleric
L-Leucine acid 1-Methylnicotinamide
L-Lysine N-N-N-Trimethyllysine Dehydroascorbate
L-Methionine N-Alpha-Acetyllysine Isocitrate
L-Phenylalanine N-Acetylserotonine Gulonolactone
L-Serine Pipecolate Nicotinamide
L-Threonine Hydroxyisocaproic acid Nicotinic_acid
L-tyrosine Anthranilate Oxoglutarate
L-Valine Betaine Phosphoric acid
Proline 4-Pyridoxate
Tryptophane Krebs intermediate Uracil
succunic acid | Microbiota
Food Cadaverine
2-Hydroxyphenyl
Propanoate Lipid metabolism 2-isopropylmalic acid
iso-Maltose is0-16-0_LysoPC H Gluconate
Sucrose i50-18-0_LysoPC Norvaline
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Table 3: Discriminant metabolites in urine, plasmas of portal vein and vena cava for threonine deficiency. Rats were fed at different levels
of threonine (T) deficiency diets: 15, 25, 40, 60, 75, 100 or 170% of the theoretical threonine requirement necessary for growing rats (19)
comparatively to the control diet (P20) (n=8 by group). Plasma from portal and vena cava and 24h urines were collected and analyzed by
untargeted metabolomic and quantitative PLS analysis. Data are presented as changes from T15 to T170: red represents an increase, green a
decrease and grey, no clear variations. White cells indicate that the metabolite was not detected. For more details, see Supplemental Figures 5, 6
7.

VP VC Urines VP VC Urines VP VC Urines
AA AA metabolism Food
L-arginine N-Acetylglycine Dimethyl oxalate
Aspartate L-carnitine Glactose
Beta-alanine Carnosine Lactose
L-Glutamic acid Glutarate Palatinose
L-tyrosine Homoserine Pyridine-2-aldoxime
L-Methionine Isovaleroylglycine Sucrose
L-Phenylalanine Kynurenic acid Threalose
L-Serine 2-oxobutanoic acid Other
2-Oxoadipate Cytosine
Pipecolate Dehydroascorbate
Krebs cycle metabolite Taurine N-methyl-2-pyridone-5-carboxamide
Oxoglutarate Methylmalonic acid
Cis-aconitate Fat metabolism Mevalolactone
Citrate Methylmalonic acid i Urate




