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Biomarkers for ideal protein: rabbit diet
metabolomics varying key amino acids
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With the main aim of identifying biomarkers that contribute to defining the concept of ideal protein in
growing rabbits under the most diverse conditions possible this work describes two different
experiments. Experiment 1: 24 growing rabbits are included at 56 days of age. The rabbits are fed ad
libitum one of the two experimental diets only differing in lysine levels. Experiment 2: 53 growing
rabbits are includedat 46daysof age, under a fastingandeatingoneof the fiveexperimental diets,with
identical chemical composition except for the three typically limiting amino acids (being fed
commercial diets ad libitum in both experiments). Bloodsamples are taken for targetedanduntargeted
metabolomics analysis. Here we show that the metabolic phenotype undergoes alterations when
animals experience a rapid dietary shift in the amino acid levels. While some of the differential
metabolites can be attributed directly to changes in specific amino acids, creatinine, urea,
hydroxypropionic acid and hydroxyoctadecadienoic acid are suggested as a biomarker of amino acid
imbalances in growing rabbits’ diets, since its changes are not attributable to a single amino acid. The
fluctuations in their levels suggest intricate amino acid interactions. Consequently, we propose these
metabolites as promising biomarkers for further research into the concept of the ideal protein using
rabbit as a model.

The concept of the “ideal protein” encompasses a specific combination of
amino acids that optimises protein utilisation1, leading to maximal
retention2 andminimal excretion3. Achieving this ideal protein formulation
requires a comprehensive understanding of the precise nutritional
requirements tailored to each specific animal, aligning with the dynamic
nature of precision nutrition4. In a context where dietary protein recom-
mendation for rabbits has been reduced5, while fibre content has been
increased6, understanding the precise proportion of amino acids required
for animals is particularly interesting.

A diet with an amino acid imbalance leads animals to catabolise the
remaining amino acids, incurring an energetic cost for the animal and
resulting in the expenditure of ATP molecules proportionally with the
nitrogen excreted7. In essence, precise adjustment of amino acid content not
only enhances productivity and improved animal health, thereby enhancing
overall animal welfare, but also contributes to reduced environmental
pollution.

As previously described, the ideal protein concept alignswith precision
nutrition. In this framework, untargeted metabolomics emerges as a pow-
erful tool to investigate the metabolome of individuals and is proving

valuable in livestock production8,9, including effects on amino acid
nutrition10. One of the most interesting application of untargeted metabo-
lomics is to find biomarkers11. Searching for biomarkers, defined as objec-
tively measurable characteristics12, has already been used to study dietary
patterns13 or dietary composition14. In this study, we aimed to obtain bio-
markers that could refine the understanding of the ideal protein concept.

A deficiency in essential amino acids can render them limiting factors,
resulting in an unbalanced diet. In the case of rabbits, lysine, sulfur amino
acids and threonine are the most typical limiting amino acids15–17. The
requirements are well established and the dietary levels are determined as
8.1, 5.8 and 6.9 g/kg DM for lysine, sulfur amino acids and threonine,
respectively18, appointed as the baseline levels in this work.

Growing rabbits are characterised by having many small daily meals,
unlike other species eating only in 1 or 2 daily meals19–21. The broad range of
possible diets combinations, with explained above, causes great potential
variability in results. Hence, this study concentrates on two distinct experi-
ments to derive extrapolated conclusions, utilising the rabbit as a model.

This work hypothesises that short-term changes in the dietary levels of
three frequently limiting amino acids – lysine, methionine and threonine -
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in growing rabbits will influence the animals’ metabolic phenotype. These
changes of metabolic phenotypes have already been used to improve the
existing methods for estimating amino acid requirements in other species22

and could be used as a tool for the conservation of this species in thewild23,24.
The objective is to confirm these alterations and pinpoint possible specific
biomarkers signalling an excess or deficiency in a particular amino acid.
Moreover, the study aims to uncover biomarkers to evaluate protein in diets
(imbalances), moving toward a better understanding of the concept of an
ideal protein.

Results
Experiment 1
Daily Feed intake (on av. 181 g/d) and daily weight gain (on av. 53 g/d) was
recorded to ensure the health of the animals. Figure 1 represents the effects
of the experimental diet on the targeted metabolomics analysis. Targeted
metabolomics showed that animals fed with the unbalanced diet (Diet U)
showed higher NEFA (+36%; p = 0.0458), albumin (+52%; p = 0.0351),
creatinine (+88%; p = 0.0351), urea (+59%; p = 0.0112) and a trend in total
protein (+26%; p = 0.00688) levels than animals fed with the balanced diet
(Diet B). Nevertheless, experimental diet did not affect glucose, triglyceride,
cholesterol or inorganic P.

Figure 2 represents the results obtained by untargeted metabolomics.
Figure 2a, c represent the first two principal components obtained by PLS-
DA of untargeted metabolomics data in positive and negative mode,
respectively. As shown, the variability associated with these principal
components obtained from the metabolic profile (45% and 41%, respec-
tively of the total) can be used to differentiate the experimental diets, as there
is no overlap between groups. In the volcano graphs (Fig. 2b, d for positive
and negative mode, respectively), the metabolites responsible for the dis-
crimination between the experimental diets could be observed. After the
identification, Fig. 2e summarises the tentatively identified metabolites that
explain the differences between groups. Animals fed Diet B showed higher
plasmatic levels of 5-aminopentanamide (+38%; p < 0.001), lysine phos-
phoester (+18%; p = 0.0020) and enterolactone 3″-glucuronide (+46%;
p = 0.0010) than animals fed Diet U.

Experiment 2
A summary of the results obtained by untargetedmetabolomics is shown in
Fig. 3. Figure 3a–k represent the first two principal components obtained by
PLS-DAof untargetedmetabolomicsdata in positive (left side) andnegative

(right side) mode, respectively. As shown, the variability associated with
these principal components obtained from themetabolic profile (55%, 40%,
47%, 34%, 38%, 27%, 30% and 23%, respectively of the total) can be used to
differentiate experimental diets, as there is no overlap between diets. In the
volcano plots (Fig. 3c, f, i, l), the metabolites responsible for the dis-
crimination between the experimental diets could be observed. In Table 1,
the tentatively identified metabolites discriminating between experimental
diets are listed. In summary, dietswith different levels of lysine, sulfur amino
acids and threonine showed distinct levels of 3-methyl sulfolene (p < 0.001),
methionine (p < 0.001), linoleamide (p = 0.0005), hydroxypropionic acid
(p < 0.001), hydroxyoctadecadienoic acid (p = 0.0024), dodecyl sulfate
(p = 0.0026), citric acid (p = 0.0093), isocitric acid (p < 0.0233), bile acid
(p = 0.0973) and 3,4-dihydroxyphenylvaleric acid (p = 0.0129).

Figure 4 summarises the violin plots illustrating the intensity of iden-
tifiedmetabolites that elucidate the distinctions between experimental diets.
Comparing with a diet formulated according to current recommendations
(Diet MMM), Diet HHH showed higher levels of 3-methyl sulfolene
(+45%, p = 0.0002), methionine (+44%, p < 0.001), hydroxypropionic acid
(+39%, p = 0.0044), hydroxyoctadecadienoic acid (+91%, p = 0.0300) and
citric acid (+34%, p = 0.0173). Diet LLL showed higher levels of hydro-
xypropionic acid (+53%, p < 0.001), hydroxyoctadecadienoic acid (+130%,
p = 0.0035) and lower levels of 3-methyl sulfolene (−48%, p < 0.001) and
methionine (−50%, p < 0.001) than Diet MMM. Diet LMM showed higher
levels of dodecyl sulfate (+33%, p = 0.0040) than Diet MMM. Finally, Diet
MHL showed higher levels of 3-methyl sulfolene (+36%, p = 0.0046) and
methionine (+34%, p = 0.0041) thanDietMMM. In terms of validation, the
average R2 and Q2 obtained from the two experiments were 0.96 and 0.57,
respectively.

Discussion
Experiment 1
Application of untargeted metabolomics to rabbit studies has increased
recently and it has been used for various purposes25–27. However, to our
knowledge, no works exploring the plasma metabolome of growing rabbits
fed on a diet with the presence of some limiting amino acid have been
published (lysine in this case). Thus, the aimof thisworkwas tofindpossible
biomarkers (measured by targeted and untargeted metabolomics) of lysine
as limiting amino acid.

Regarding the targeted metabolomics analyses, animals fed on Diet U
exhibited elevated levels of NEFA, albumin, creatinine and urea. Each of

Fig. 1 | Summary of the results obtained by the targeted metabolomics test of the
Experiment 1. Effects of the experimental diet (B: Balanced diet; U: Unbalanced
diet) on the results obtained by targeted metabolomics. a Comparison between
experimental diets of all metabolites analysed by targeted metabolomics. Effects of

the physiological status on non-esterified fatty acid b, albumin c, creatinine d and
urea e measured in growing rabbit plasma (n = 24). LS means and standard error
(error bars).

https://doi.org/10.1038/s42003-024-06322-2 Article

Communications Biology |           (2024) 7:712 2



these components is expounded upon below. NEFA undergo metabolism
through beta-oxidation at the mitochondrial level to generate energy. The
NEFA levels, averaging 575 µ eqv./L in this study, align closely with values
reported for productive rabbits28,29, and are lower than those noted in the
same wild species30–32. In this work, we have obtained 36% more of this
metabolite in animals fed on Diet U. While NEFA is typically associated
with energy metabolism, in this trial both diets are isoenergetic at the
digestible level. Consequently, the observed differences are likely attribu-
table to protein quality. A plausible explanation is that the unbalanced
amino acid profile of Diet U could induce a shift away from protein as the
primary energy source, accounting for the elevated NEFA levels, in this
context we have a diet with moderate levels of crude protein but, in Diet U,
an amino acid profile formulated to produce an imbalance, which should
cause a protein limitation. This hypothesis gains support from similar
findings in other productive animals, such as dairy cows, where increased
NEFA levels resulted from amino acid deficiencies in protein-restricted
diets33, and growing pigs, where the levels of amino acids in protein-
restricted diets modulated the energy metabolism34.

Albumin, the main protein in plasma, plays a key role in modulating
plasma oncotic pressure35. Previous analyses of albumin levels in productive
andwild rabbits alignwith thedataobtained in this study36.Thepotential role
of amino acid nutrition in serum albumin has been studied37. In fact it has
beendemonstrated that albumin levels couldbe associatedwith thequality of
dietary protein38. In this work, albumin levels were 52% higher in Diet U.

In thiswork, creatinine levelswere88%higher inDietU.Creatinine is an
amino acid derivative. Creatinine is derived from glycine, L-arginine and S-
adenosyl-L-methionine39. It has different functions in the protein and energy
metabolism40, and it is found in arginine and proline metabolism41. Despite
limited studies on creatinine measurements in rabbits, the levels obtained in
thisworkwerenotably higher than those reported byOnifade et al.42, possibly
due to differences inmeasurement (plasma vs. serum)42. Creatinine is crucial
for energy transfer in vertebrate cells43 and a relationship between this
metabolite and the quality of the diet has been demonstrated.

After feedingDietU a higher urea level was observed. Urea is the result
from ammonia produced by the deamination of amino acids. Urea nitrogen

level is themain result of urine excretion and has beenwidely used to detect
amino acid imbalances in animal diets44. Urea levels have previously been
analysed in growing rabbits, and the levels found in this work are similar to
those obtained previously2,45,46. It has been demonstrated that urea levels
could be associated with the presence of some limiting amino acid38.

The three metabolites (albumin, creatinine and urea) exhibit inter-
related patterns47,48. The higher levels of these three metabolites could be
attributed to the lysine deficit of Diet U. This imbalance leads to a greater
number of amino acids remaining unused by the animal, increasing their
excretion.On the contrary, animals fed onDietB show lowurea levels in the
blood, indicating a decrease in protein catabolism andmore efficient total N
utilisation49,50. Amino acids absorbed but not used (in this trial, we have the
same quantity absorbed in each of the diets, but with a clear limiting amino
acid in Diet U), together with the ones coming from cell renewal, are cat-
abolised in the urea cycle, increasing theurea levels. Theurea cycle also plays
a role in creatinine synthesis51. Furthermore, albumin synthesis is stimulated
by those amino acidswhich increase urea synthesis52. In summary, inDietU
there would bemore substrate to generate thesemetabolites, proportionally
increasing their levels in the animals fed the unbalanced feed. Any of them
canbe used as a possible biomarker. These are themetabolites that exhibited
variations in our targeted metabolomics analyses. However, it’s essential to
note that our quantification efforts were focused solely on ninemetabolites.

Concerning untargeted metabolomics, higher levels of 5-amino-
pentanamide, lysine phosphoester and enterolactone 3′- glucoronide were
identified in animals fed on Diet B. Each of them is described in more
detail below.

5-aminopentanamide is involved in the lysine degradation IV pathway
and can be produced through the enzymatic reduction of
5-aminopentanoate or enzymatic oxidation of L-lysine53. In this work, we
obtained 38% more of this metabolite in animals fed on Diet B. Lysine
phosphoester belongs to the class of organic compounds known as alpha
amino acids andderivatives. Lysine phosphoester arises as a result of protein
phosphorylation (which involves the addition of a phosphoryl group)54.
This protein phosphorylation has recently been described in lysine55 as a
result of lysine degradation. In this work, we obtained 18% more of this

PC # 1 (25.1%)

P
C

#
2

(1
5

.5
8

%
)

PC # 1 (21.75%)

P
C

#
2

(2
2

.8
1

%
)

-l
o

g
1

0
(p

)

Log2(FC)

-l
o

g
1

0
(p

)

Log2(FC)

p_valueFold3MetaboliteIONm/z-RT

<0.0011.382
5-aminopentanamide

sulfate[M-H]-195.0502/RT0.699

0.00201.177lysine phosphoester[M-H]-225.061:RT0.705

0.0010
1.456

Enterolactone 3''-

glucuronide
[M-H]-473.146:RT5.254

a

b

c

d e

Fig. 2 | Summary of the results obtained by the untargeted metabolomics test of
the Experiment 1. PLS-DA score plot of the plasma metabolome in positive (R2 =
0.9600 Q2 = 0.6290) (a) and negative mode (R2 = 0.9420 Q2 = 0.6800) (c), respec-
tively. The colours correspond to the two experimental diets: Animals fed Diet B
and : Animals fed Diet U. b, d Volcano plot showing differentially significant
metabolites between two experimental diets (Two-sided Wilcoxon rank tests with
the value adjusted by false discovery rate, FDR < 0.05) are shown; (Fold

change > 1.234) (fold change < 0.95) in the volcano plot. Volcano plots are in
positive and negative mode, respectively (r = 0.5765 and r = 0.6808, respectively).
eList of plasmaticmetabolites discriminating between experimental diets (Diet B vs.
Diet U).Metabolites were tentatively identified usingMS/MS andMETLIN/HMDB
databases. m/z-RT corresponds to query masses and retention time.
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metabolite in animals fed on Diet B than in animals fed Diet U. Both
metabolites, linked to lysine degradation, suggest a higher lysine degrada-
tion in Diet B. This increased degradation could imply the utilisation of
lysine for meeting the animal’s energy requirements through post-
absorptive oxidation to generate energy56, or that there is more lysine
than needed and hence the surplus is degraded/oxidised.

This greater degradation of lysine could be explained with different
hypotheses: (i) proportional issue; the higher availability of lysine in Diet B
may lead to a proportional increase in its degradation. This is supported by
the fact that dietary lysine levels in Diet B were 84% higher than in Diet U.
(ii) Oversized levels: Another hypothesis suggests that the levels of this
amino acid are oversized, causing an excess that must be catabolised. This
hypothesis seems to be less plausible, as there are recent works in growing
rabbits of this same age and selected for similar traits that showed that the
lysine levels used in this experiment match their requirements57,58. (iii)
Higherdigestibility of synthetic lysine:The increaseddegradationmightbe a
consequenceof thehigherdigestibility of the synthetic lysine added toDietB
by adding L-lysine HCl (4.7 g per kg). This greater digestibility and char-
acteristics of synthetic amino acids may mean that absorption is not
simultaneous, generating a greater initial amount of lysine to be
degraded16,17,59. Based on literature search, this is the first time that 5-ami-
nopentanamide, lysine phosphoester and enterolactone 3′ sulfate have been
reported in growing rabbits.

In general terms, we have observed 56% more enterolactone 3′- glu-
coronide in animals fed with an unbalanced diet -with lower lysine levels.
Enterolactone is related todifferent aspects of animal physiology: (i) changes
in gut microbiome, quite unlikely in this experiment due to the short
exposure to the experimental diets. This is the casewere it has been sown low
levels of enterolactone are related to changes in gut bacteria60 and associated
with protective effect on liver function61. (ii) The conversion of lignin into
mammalian lignans (e.g. enterolactone) has previously been demonstrated

in rats62. Enterolactone is formedby the action of intestinal bacteria on plant
ligninprecursors present in thediet63. Thediet of rabbit is rich in lignin anda
reduction in the plasma level of the enterolactone could be amarker of a low
lignin intake. In this trial, lignin dietary concentration is not affected, but
there is a tendency to greater intake of Diet B.

Experiment 2
This Experiment demonstrates that short-termdiet changes have an impact
on the metabolome due to different amino acids dietary content. These
rapid changes have already been observed in other species as humans64,
pigs65,66 andbirds67, but this is thefirst time that it has been shown ingrowing
rabbits. The effort in this work is dedicated to enhancing the assessment of
dietary amino acid intake with the main aim of identifying one or more
meaningful biomarkers68.

3-Methyl sulfolene belongs to fragment of methionine amino acids.
Experimental diets with elevatedmethionine levels (DietsMHL andHHH)
showed the highest intensities for both metabolites. Conversely, diets with
average methionine levels (Diets LMM andMMM) displayed intermediate
levels. Finally, diet with the lowest methionine level (Diet LLL) showed the
lowest levels of these plasmatic metabolites. This suggests a catabolism of
methionine which indicates that it is not being fully used by the animals.
This methionine degradation could be explained through different
hypotheses: (i) Proportional Issue: It is possible that the higher availability of
methionine leads to a proportional increase in its degradation. This is
supported by different methionine content levels in experimental diets (H:
4.23 g/kg DM; M: 3.43 g/kg DM; L: 2.53 g/kg DM). (ii) Oversized Levels:
Another hypothesis suggests that the levels of this amino acid are oversized,
resulting in an excess that must be catabolised. However, this hypothesis
seems less plausible, as the nutritional requirements formethionine are well
established and closer to the higher levels58. (iii) Higher Digestibility of
Synthetic Methionine: The increased degradation might be a consequence
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Fig. 3 | Summary of the results obtained by the untargeted metabolomics test of
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discovery rate (FDR < 0.05) are shown. Each icon refers to the highest or lowest
levels in the reflected experimental diet.
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of the higher digestibility of the synthetic methionine added at each level.
The improved digestibility and characteristics of synthetic amino acidsmay
lead to non-simultaneous absorption, generating a greater initial amount of
methionine to be degraded16,17,59,69,70.

Citric acid has been used as biomarker of physiological response to
diet71. Thismetabolite is crucial in differentmetabolic pathways relatedwith
amino acids72 and it has been demonstrated to involve the final pathway for
protein degradation73. In fact, it has been observed that citric acid could be
related to protein metabolism74 and urea cycle75. In this work, Diet HHH
showed higher citric acid levels than Diet MMM, which could be explained
by the increase in unnecessary amino acids that would increase the degra-
dation and amino acid elimination. In a previous trial, it was found that
animals with high growth potential did not choose Diet HHH when it was
offeredwith theDietMMMthroughout the growing period, which suggests
that they do not have higher amino acid requirements57. In the cases where
aminoacid catabolismoccurs (in this case due to anoversupply), an increase
in acetyl-CoA also occurs (acetyl-CoA is an anaplerotic molecule of the
citric acid cycle)76. Because of these factors, an amino acid oversupply is
expected to result in elevated acetyl-CoA production, consequently
increasing the concentrations of intermediate metabolites in the citric acid
cycle, including citric acid itself. This phenomenon would account for its
heightened presence in blood samples77.

Changes in the concentration of a specific metabolite within diets
sharing identical levels of a particular amino acid cannot be attributed to
variations in the concentration of the cited amino acid. This holds true for
metabolites such as hydroxypropionic acid and hydroxyoctadecadienoic
acid. The fluctuations in these metabolites cannot be elucidated by direct
individual assessments of lysine levels, as evidenced by the dissimilar levels
of this metabolite in Diet LLL and Diet LMM. Similarly, the levels of sulfur
amino acids do not provide a singular explanation, given the disparate
concentrations in Diet HHH andDiet MHL. Finally, threonine levels alone
cannot account for the observed differences, exemplified by the varying
concentrations in Diet LLL and Diet MHL. The only plausible explanation
for different levels of hydroxypropionic acid and hydroxyoctadecadienoic
acid lies in the complex interactions among the amino acids comprising the
diet. In this case, it is observed that the trends between the diets are the same
for bothmetabolites, being higher inDietsHHHandLLL, and lower in diets
LMM, MHL and MMM.

Hydroxyoctadecadienoic is a stable oxidationproduct of linoleic acid78.
The influence of linoleic acid onflux ofmetabolites in growing pigs has been
shown79, which is interesting in relation to this work where only the amino
acids levels differ. On the other hand, hydroxypropionic acid is a carboxylic
acid and serves as an intermediate in the breakdown of branched-chain
amino acids (BCAAs). BCAAs include leucine, isoleucine and valine80.
Other hydroxy acids in urine have been shown to be related with products

from BCAAs degradation from ketogenesis81 and excretion pattern of
BCAAs82. The levels in our experimental diets of leucine, isoleucine and
valine are identical (9.70, 5.07 and 7.03 respectively) so, in this case, an
increase in hydroxypropionic acid metabolites that are indicating the
degradation of these amino acids might be attributed to two potential fac-
tors: (i) question of quantity: higher dietary intake (ii) question of quality:
lower use due to the presence of some limiting amino acid, which causes the
rest of the amino acids to be catabolised, which means amino acid imbal-
ances.Asmentionedabove, thedifferent levels observed in thesemetabolites
between diets can only be explained by the interactions between them, thus
amino acids imbalances.

Now, when it is considered that hydroxypropionic acid and hydro-
xyoctadecadienoic acid may be indicators of amino acid imbalance, we
proceed to discuss the results obtained on the levels of these metabolites in
the different diets. Diets HHH and LLL showed higher levels of both
metabolites thanDietsMHLandMMM, and this could be explained asDiet
MMM is formulated according current recommendations18 and Diet MHL
presented the lowest urea levels46 (another indication of amino acid defi-
ciency) and the best productive traits in a previous experiment45. This is why
we can suggest that MMM and MHL diets fitted better to nutritional
requirements, with better protein utilisation and a decrease in hydro-
xypropionic acid and hydroxyoctadecadienoic acid levels. However, Diet
LMM (diet with one limiting amino acid) showed similar levels to Diets
MMMandMHL. In this case, we provide twopossible hypotheses aiming to
explain the same levels of thesemetabolites in “ideal”diets than in adietwith
a clearly limiting amino acid. (i) Thefirst aspect addresses variations of these
amino acids in the reference diet (DietMMM). In this case, while Diets LLL
andHHH showed differences in the three levels, Diet LMMonly differed in
the lysine levels. (ii) An alternative explanation could be linked to different
dietary intake. In a study where similar diets were used, a reduction in feed
intake in the first hour after feed re-administration (-16%) was observed for
thedietwith lower lysine levels (in this case 4.4 g/kgDMlysine)compared to
a diet formulated according to current recommendations46. This lower
ingestion could be repeated in this experiment and is a possible explanation
for the similar levels of thesemetabolites83, whichwill be proportional to the
intake. Regarding validation of the metabolomics analysis, R2 assesses how
well themodelfits the observed data, whileQ2 evaluates its predictive power.
As outlined in the SIMCA users’ guide, aQ2 value exceeding 0.5 is admitted
for goodpredictability84. Based on our obtained average results forR2 andQ2

(0.96 and0.57, respectively),we can conclude that themodels utilisedfitwell
and can be considered as good predictors.

Both experiments
The experimental design and analysis conducted in this study facilitated the
acquisition of plasma metabolic profile after ingestion of diets where the
content of the one of three most typically limiting amino acids varied. In
view of these results, it can be concluded: (i) The metabolic phenotype
undergoes modifications when animals experience a dietary shift in the
levels of three amino acids over a short-term period. These alterations in the
metabolome allow us to distinctly differentiate the experimental diets,
detectable through both targeted and untargeted metabolomics. (ii) The
metabolites that were altered by feeding a diet with a limiting lysine level
were NEFA, albumin, creatinine, 5-aminopentanamide, lysine phosphoe-
ster and enterolactone 3′-glucoronide. These discriminating metabolites
seems to be involved in important biological functions linked with protein
degradation and microorganism alteration. (iii) Urea, creatinine, albumin,
enterolactone 3’-glucoronide, hydroxypropionic acid and hydro-
xyoctadecadienoic acid are suggested as promising biomarkers for further
research into the ideal protein concept.

Material and methods
Animal ethics statement
The experimental protocols were approved by the Animal Welfare Ethics
Committee of the Universitat Politècnica de València and carried out fol-
lowing the Spanish Royal Decree 53/2013 on the protection of animals used

Table 1 | Identification of discriminating metabolites between
experimental diets (n = 53)

m/z-RTa Ion Metabolite p - value

133.0314RT1.147 [M+H]+ 3-Methyl sulfolene <0.001

150.0583RT1.147 [M+H]+ Methionine <0.001

280.26309RT11.601 [M+H]+ Linoleamide 0.0005

89.024RT1.087 [M-H]- Hydroxypropionic acid <0.001

295.22791RT9.995 [M-H]- Hydroxyoctadecadienoic acid 0.0024

265.1474RT8.979 [M-H]- Dodecyl sulfate 0.0026

191.019RT1.263 [M-H]- Citric acid 0.0093

191.0195RT0.889 [M-H]- Isocitric acid 0.0233

448.306RT7.289 [M-H]- Bile acid (Formula) 0.0973

209.079RT5.074 [M-H]- 3,4-Dihydrox-
yphenylvaleric acid

0.0129

aIdentification was done tentatively identified using MS/MS and METLIN/HMDB databases.
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for scientific purposes85. We have complied with all relevant ethical reg-
ulations for animal use.

Diets, animals and experimental design
The primary goal of this study was to identify biomarkers that contribute to
the implementation of the ideal protein concept in various conditions
during the fattening of rabbits. To accomplish this objective, two distinct
experiments were implemented:

Experiment 1
A summary of the experimental design is described in Fig. 5a. A total of 24
three-way crossbred growing rabbits (H × LP does inseminatedwith pooled
semen from R bucks; lines H, LP and R from Universitat Politècnica de
València, Spain, weaned at 28 day) were used. After weaning, the animals
were housed in individual cages (26 × 50 × 31 cm)up to day 49, kept at 10°C
to 22°C throughout the experimental period and under a photoperiod of
12 h of light (06:00 to 18:00 h) and 12 h of darkness and fed with a com-
mercial diet (no antibiotics in feed or water were used during the experi-
ment). One day before the first control (56 day of age), the animals were
randomly divided into two groups and each group received one of the two
experimental diets.Dietwithproperty levels of all aminoacids (DietB) anda
diet with a clear deficit of an essential amino acid (DietU). Group 1: starting
with Diet B and Group 2 with Diet U. The following day (57 d of age), feed
intake was monitored over 24 h and blood samples were taken from the
central ear artery (1mL inEDTAvials) at 08:00 h.The followingday (58dof
age) at 08:00 h, the animals were switched to the other experimental diet
and, after a day of adaptation to the new diet, the protocol described for day
57 for feed intake monitoring and blood sampling was repeated on day 59.
Blood samples were immediately centrifuged for five min at 700 g, and the
plasma was frozen at –20°C until further analysis. The experimental diets
were formulated and pelleted from the same basal mixture and introduced
just one day before blood sample controls to avoid adaptationmechanisms.
Diet B was a balanced diet formulated following the current

recommendations for growing rabbits18 including 8.1 g of lysine per kg of
dry matter (DM) by adding L-lysine HCl (4.7 g per kg). Diet U was an
unbalanced diet, which had no L-lysine HCl added, so its lysine content was
far from the current recommendations (4.4 g of lysine per kg of DM),
ensuring a dietary amino acid imbalance due to a lysine deficit. The
ingredients of the basal mixture and the chemical composition of the
experimental diets are summarised in Supplementary Table 1.

Experiment 2
The experimental design of Experiment 2 is shown in Fig. 5b. A total of 53
three-way crossbred growing rabbits (H × LP does inseminatedwith pooled
semen from R bucks; lines H, LP and R from Universitat Politècnica de
València, Spain, weaned at 28 days) were used. After weaning, the animals
were randomly housed in collective cages (26 × 50 × 31 cm) kept at
10–22 °C throughout the experimental period and under a photoperiod of
12 hof light (06:00 to 18:00 h) and12 hof darkness and fedad libitumwith a
commercial diet (with 35 ppm valnemulin and 250 ppm neomycin added).
On day 46 of life, the animals were assigned to one of the experimental diets
(11, 10, 11, 10, 11, fordietHHH,LLL, LMM,MHLandMMM,respectively).
After one day of acclimation (at 08:00 h on day 47), the animals were
subjected to 10 h of fasting and refed at 18:00 h, and then, a blood sample
was extracted at 21:00 h (3 h after refeeding). This nutritional techniquewas
performed since fasting during the day could optimise, standardise and
coordinate feed intake in growing rabbits immediately following refeeding45.
After the blood extraction, the diet was changed again, providing the same
commercial diet until the end of the fattening period (day 60). Blood
samples were immediately centrifuged for five min at 700×g, and the
supernatant plasmawas frozen at–20°Cuntil further analysis. Experimental
diets were formulated and pelleted from the same basal mixture and were
introduced just one day before sampling to avoid adaptation mechanisms
(short-term changes). The experimental diets were formulated according to
recommendations for crude protein (155 g/kg DM) and digestible energy
(9.86 MJ/kg DM) and had the same chemical composition, except for the
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Fig. 4 | Violin plots showing the intensity of discriminating metabolites of the
Experiment 2. a 3-Methyl sulfolene, b Methionine, c Linoleamide,
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differ significantly at p < 0.05.
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typically limiting amino acids in growing rabbits; lysine, sulfur amino acids
and threonine, whose quantity varied.Medium (M) values were formulated
using the current recommendations18 and low (L) and high (H) levels were
formulatedbydecreasing or increasing themby15% in relationwith current
recommendations, respectively. Experimental diets were obtained by add-
ing synthetic amino acids (L-lysineHCL, DL-methionine and L-threonine) to
the same basal mixture, keeping the other ingredients constant. Each diet
was named with three letters: first, second and third letters indicate lysine,
sulfur amino acids and threonine levels, respectively. The ingredients of the
basal mixture and the chemical composition of the experimental diets are
summarised in Supplementary Tables 2 and 3.

The selected diets included Diet MMM, aligned with current recom-
mendations (with 8.1, 5.8 and 6.9 g/kgDMof total lysine, sulfur amino acids
and threonine, respectively). Diets HHH and LLL maintained the same
profile as the recommended diet, but with proportional increases or
decreases in amino acid amounts. Diet MHL was chosen for its demon-
strated improvement in productive performance in the same animals, sig-
nifying a diet correctly tailored to their requirements46. Lastly, Diet LMM,
known for its lysine deficiency and its impact on plasma urea levels in prior
experiments, was also included45,46,58.

Chemical analysis
Chemical analyses of diets (Supplementary Tables 1 and 2) were performed
following the Association of Official Agricultural Chemists’ methods86 :
934.01 for DM, 942.05 for ash, 976.06 for crude protein and 920.39 with
previous acid hydrolysis of samples for ether extract. Starch content was
determined by a two-step enzymatic procedure with solubilisation and
hydrolysis to maltodextrins with thermostable α-amylase, followed by
complete hydrolysis with amyloglucosidase (both enzymes from Sigma-
Aldrich, Steinheim, Germany)87, and the resulting glucose wasmeasured by
the hexokinase/glucose-6 phosphate dehydrogenase/NADP system (R-
Biopharm, Darmstadt, Germany). Neutral detergent fibre, acid detergent

fibre and acid detergent lignin were analysed sequentially88 by method
973.1886 and89, respectively, with a thermostable α-amylase pre-treatment
and expressed exclusive of residual ash, using a nylon filter bag system
(Ankom, Macedon, NY, USA). The amino acid content in diets was
determined after acid hydrolysis with HCl 6N at 110°C for 23 h as pre-
viously described90, using a Waters high-performance liquid chromato-
graphy system (Milford, MA, USA). Aminobutyric acid was added as an
internal standard after hydrolysis. Amino acids were derivatised with 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate and separated with a
C-18 reverse-phase column Waters Acc. Tag (150 × 3.9mm). Methionine
and cystine were determined separately as methionine sulfone and cysteic
acid, respectively, afterperformic acid oxidation followedby acidhydrolysis.

Targetedmetabolites analysed were non-esterified fatty acids (NEFA),
albumin, glucose, creatinine, total protein, urea, triglyceride, cholesterol and
inorganic P. Some of them had been studied previously in wild and pro-
ductive rabbits30–32, and are interesting from a nutritional point of view.
Blood plasma glucose, albumin, total protein, urea, creatinine, triglyceride,
uric acid, cholesterol and inorganic P were determined according to stan-
dard procedures (Siemens Diagnostics® Clinical Methods for ADVIA
1800). Finally, NEFAs were determined using the Wako, NEFA C ACS-
ACOD assay method. Analyses were performed using an ADVIA 1800
®Chemistry System Autoanalyzer (Siemens Medical Solutions, Tarrytown,
NY 10591, USA).

LC-MS metabolomics analysis of plasma
Chemical solvents and standards for metabolomics analysis. High-
performance liquid chromatography (HPLC)-grade solvents and eluents
were used for the untargeted metabolomics analysis as follows: HPLC-
grade acetonitrile (VWR, West Chester, PA, USA), formic acid (FA,
Fluka, Merck KGaA, Darmstadt, Germany) and MilliQ grade water
(MilliporeSigma, Burlington, MA, USA). Internal standards included
during the sample preparation were glycocholic acid (Glycine-1-13C)

Fig. 5 | Summary of the experimental design. aRepresentation of the experimental
design of the Experiment 1. Twenty-four animals in a replicated latin squares trial
trial were used and assigned to one of the two experimental groups (group 1: animals
that were first fed with Diet B and then with Diet U and Group 2: opposite order).
Blood sampling of selected animals (n = 12) was performed at 08:00 h of day 57 and
59, respectively. b Experimental design of the Experiment 2. Fifty-three weaned

rabbits were used in the study. Animals were initially fed a commercial diet until day
46, when they were assigned to one of the five experimental diets. On day 47,
following a 10-h-fasting, blood sampling was conducted at 21:00 h. Subsequently,
the animals were once again fed the commercial diet. cRepresentation of the analysis
performed with the blood samples (Targeted and Untargeted metabolomics).
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and 4-chloro-DL-phenylalanine (Sigma, Merck KGaA, Darmstadt, Ger-
many) and all other standards used for compound identification were
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany)
and Cayman Chemical (Ann Arbor, MI, USA).

Sample preparation and LC-MS analysis. Plasma from each animal
was analysed individually. Plasma was prepared by deproteinisation of
150 µL sample with 450 µL ice-cold acetonitrile (100% acetonitrile
[ACN]) containing an internal standardmix of glycocholic acid (glycine-
1-13C) and p-chlorophenylalanine to a final concentration of 0.01 mg/
mL. Samples were prepared in 96-well plates with 1 mLwells. Plates were
mixed for 1 min, incubated at 4 °C for 10 min and centrifuged for 25 min
at 2250×g at 4 °C. Approximately 400 µL of supernatant was transferred
to Phenomenex 96-square well filter plates. Vacuum was applied to the
plates and the solvent containing plasma metabolites was collected in a
collection plate. The filtered supernatant was transferred to two 200 µL
96-well plates (65 µL per well) and plates were vacuum centrifuged to
dryness (ca. 2.5 h, 805×g at 30 °C). Resuspension of the samples was done
in a mix of H2O:ACN:FA (95:5:0.1) using the same volume as before
evaporation. A protective film was welded onto the plate using a heat
sealer, and the plates were centrifuged at 3700 rpm, 4 °C for 25 min before
the LC-MS analysis.

The samples were analysed by Ultra High-Performance Liquid
Chromatography (UHPLC) using a Nexera X2 LC coupled to an LCMS-
9030Q-TOFMS system (Shimadzu Corporation, Kyoto, Japan) using both
positive and negative electrospray ionisation (ESI). Chromatographic
separations were performed using an Acquity HSS T3 column (1.7 µm
100 × 2.1mm,Waters Ltd., Elstree, U.K.). The column temperature was set
to 40 °C, the samples were maintained at 10 °C and 3 µl aliquots were
injected onto the column. The chromatographic system used a binary
gradient of Solvent A (water with 0.1% formic acid) and Solvent B (acet-
onitrile with 0.1% formic acid) with a flow rate of 0.4mL/min. A linear
gradient was used from 5% B to 100% B over 12min, and 1min hold at
100%before returning to the initial conditions of 5%B for 3min for column
re-equilibration. This resulted in a total analysis time per sample of 16min.
MS detection was performed using a data-independent acquisition (DIA)
method forMSandMS/MSanalyses. Themethodacquired a single time-of-
flight (TOF)MS scan (m/z 50–900) followed by 33MS/MSmass scans over
a mass range of m/z 40-900; each MS/MS mass scan had a precursor iso-
lationwidth of 25.2 Da and a collision energy spreadof 10–30 V, resulting in
a cycle time of 0.9 s. This allowed collection of fragmentation data of all
masses in the spectra across the entire LC gradient. The following MS
parameters were used: ion-source temperature, 300 °C; heated capillary
temperature, 250 °C; heat block temperature, 400 °C; electrospray voltage
4.5 kV (ESI+ ) or −3.5 kV (ESI-); electrospray nebulisation gas flow, 3 L/
min; drying gas flow, 10 L/min; detector voltage, 2.02 kV. Mass calibration
was performed externally using a sodium iodide solution (400 ppm in
methanol) from m/z 50–1000. Data acquisition was performed using Lab-
Solutions software version 5.114 (Shimadzu Corporation, Kyoto, Japan).

Sample quality control andmetabolomics data pre-processing. The
quality of the chromatographic runs, the UPLC system stability and the
accuracy of sample preparation were monitored using quality control
samples (QCs). Plasma QCs were prepared by pooling an aliquot of all
samples and subjecting this pooled sample to the same sample pre-
paration protocol as the samples. The QCs were injected multiple times
throughout the analysis as well as at the beginning and end of the analysis
and used in the data pre-processing for signal drift correction. Blanks
were injected during the chromatographic analysis to monitor any
external contaminants from solvents, eluents and carry-over effects. The
sample order was randomised for the chromatographic analysis to
eliminate biases in the results and to ensure that each sample group was
affected equally.

MS-DIAL software91 was used to perform peak detection, alignment
and gap filling for the data files. The MS-DIAL generated data matrix was

exported to Excel and filtered to eliminate peaks present in blanks, and
retention time was truncated to contain only portions containing chro-
matographic peaks, while masses higher than 700m/z were discarded.

Initial principal component analysis (PCA) was performed using
LatentiX 2.12 (LATENTIXAps., Gilleleje, Denmark) to check the quality of
the data set and eliminate potential outliers. Partial least-squares dis-
criminant analysis (PLS-DA) models were built to determine the metabo-
lites responsible for the differences between experimental diets. Validation
of the models was performed using repeated random subsampling valida-
tion.Models were assessed using the explained variation inY, plots depicted
actual and predicted values, and the proportion of variation explained (R2).
Variables for identification were selected using variable importance in
projection (VIP) scores. To validate the obtained PLS-DA models, a cross-
validation was performed using 5 as the maximum number of components
to search, along with the 5-fold CVmethod. For each generated PLSmodel,
both R2 and Q2 were calculated.

Metabolite identification. Metabolites were identified based on queries
in the Human Metabolome Database (http://www.hmdb.ca) online
database to obtain possible chemical structures using accurate mass and
mass spectrometric fragmentation patterns.

Metabolites statistical analysis
The identified metabolites were statistically analysed with the GLM pro-
cedure of SAS (2002). Themodel for Experiment 1, included as fixed effects
the animal (each of the selected animals becomes a block), the control day
(57 and 59 days of age) and the experimental diet (Diet B and Diet U). The
model for Experiment 2 included as fixed effects the animal (each of the
selected animals becomes a block) and the experimental diet (Diet HHH,
Diet LLL, Diet LMM,DietMHL andDietMMM). Least squaremeans were
obtained with their standard errors and compared using t-test, defining
significance level at p < 0.05. Orthogonal contrasts between experimental
diets were also performed (t-test).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this pub-
lished article (and its Supplementary Information files).

Received: 9 February 2024; Accepted: 13 May 2024;

References
1. Van Milgen, J. & Dourmad, J. Y. Concept and application of ideal

protein for pigs. J. Anim. Sci. Biotechnol. 6, 15 (2015).
2. Marín-García, P. J. et al. A moderate protein diet does not cover the

requirements of growing rabbits with high growth rate. Anim. Feed
Sci. Technol. 264, 114495 (2020).

3. Hou, Y. et al. Feed use and nitrogen excretion of livestock in EU-27.
Agric. Ecosyst. Environ. 218, 232–244 (2016).

4. Emmert, J. L. & Baker, D. H. Use of the ideal protein concept for
precision formulation of amino acid levels in broiler diets. J. Appl.
Poult. Res. 6, 462–470 (1997).

5. Carabaño, R. et al. New concepts and objectives for protein-amino
acid nutrition in rabbits: a review.World Rabbit Sci. 17, 01–14 (2010).

6. Trocino, A., García Alonso, J., Carabaño, R. & Xiccato, G. A meta-
analysis on the role of soluble fibre in diets for growing rabbits.World
Rabbit Sci. 21, 1–15 (2013).

7. Matsumoto, S. et al. Urea cycle disorders—update. J. Hum. Genet.
64, 833–847 (2019).

8. Goldansaz, S. A. et al. Livestock metabolomics and the livestock
metabolome: a systematic review. PLoS ONE 12, e0177675 (2017).

https://doi.org/10.1038/s42003-024-06322-2 Article

Communications Biology |           (2024) 7:712 8

http://www.hmdb.ca


9. Zubiri-Gaitán, A., Blasco, A. & Hernández, P. Plasma metabolomic
profiling in two rabbit lines divergently selected for intramuscular fat
content. Commun. Biol. 6, 893 (2023).

10. He, Q. et al. Metabolomic analysis of the response of growing pigs to
dietary l-arginine supplementation. Amino Acids 37, 199–208
(2009).

11. Mastrangelo, A., Ferrarini, A., Rey-Stolle, F., García, A. & Barbas, C.
From sample treatment to biomarker discovery: a tutorial for
untargeted metabolomics based on GC-(EI)-Q-MS. Anal. Chim. Acta
900, 21–35 (2015).

12. Puntmann, V. O. How-to guide on biomarkers: biomarker definitions,
validation and applications with examples from cardiovascular
disease. Postgrad. Med. J. 85, 538–545 (2009).

13. Playdon, M. C. et al. Identifying biomarkers of dietary patterns by
using metabolomics. Am. J. Clin. Nutr. 105, 450–465 (2017).

14. Esko, T. et al. Metabolomic profiles as reliable biomarkers of dietary
composition. Am. J. Clin. Nutr. 105, 547–554 (2017).

15. Taboada, E., Mendez, J. & De Blas, J. The response of highly
productive rabbits to dietary sulphur amino acid content for
reproduction and growth. Reprod. Nutr. Dev. 36, 191–203 (1996).

16. Taboada, E., Mendez, J., Mateos, G. G. & De Blas, J. C. The response
of highly productive rabbits to dietary lysine content. Livest. Prod. Sci.
40, 329–337 (1994).

17. De Blas, J. C. et al. Performance response of lactating and growing
rabbits to dietary threonine content. Anim. Feed Sci. Technol. 70,
151–160 (1998).

18. Blas, C. D. &Mateos, G. G. Feed formulation. in Nutrition of the rabbit
(eds. Blas, C. D. & Wiseman, J.) 222–232 (CABI, 2010).

19. Prud’Hon, M., Chérubin, M., Goussopoulos, J. & Carles, Y. Évolution,
au cours de la croissance, des caractéristiques de la consommation
d’aliments solide et liquidedu lapin domestique nourri ad libitum.Ann.
Zootech. 24, 289–298 (1975).

20. Bellier,R.,Gidenne,T., Vernay,M.&Colin,M. In vivostudyof circadian
variations of the cecal fermentation pattern in postweaned and adult
rabbits. J. Anim. Sci. 73, 128 (1995).

21. Gidenne, T., Lebas, F. & Fortun-Lamothe, L. Feeding behaviour of
rabbits. in Nutrition of the rabbit (eds. Blas, C. D. & Wiseman, J.)
233–252 (CABI, 2010)

22. Soumeh, E. A. et al. Nontargeted LC–MSMetabolomics approach for
metabolic profiling of plasma and urine from pigs fed branched chain
amino acids for maximum growth performance. J. Proteome Res. 15,
4195–4207 (2016).

23. Marín-García, P. J. & Llobat, L. What are the keys to the adaptive
success of europeanwild rabbit (Oryctolagus cuniculus) in the iberian
peninsula? Animals 11, 2453 (2021).

24. Llobat, L. & Marín-García, P. J. Application of protein nutrition in
natural ecosystem management for European rabbit (Oryctolagus
cuniculus) conservation. Biodivers. Conserv. 31, 1435–1444
(2022).

25. Fan, H. et al. Untargeted metabolomic characteristics of skeletal
muscle dysfunction in rabbits induced by a high fat diet. Animals 11,
1722 (2021).

26. Tang, T. et al. Untargeted metabolomics reveals intestinal
pathogenesis and self-repair in rabbits fed an antibiotic-free diet.
Animals 11, 1560 (2021).

27. Xia, S. et al. Untargeted metabolomics analysis revealed
lipometabolic disorders in perirenal adipose tissue of rabbits subject
to a high-fat diet. Animals 11, 2289 (2021).

28. Rebollar, P. G. et al. Effect of feed restriction or feeding high-fibre diet
during the rearingperiodonbodycomposition, serumparameters and
productive performance of rabbit does.Anim. FeedSci. Technol. 163,
67–76 (2011).

29. Peiró, R., Argente, M. J. & García, M. L. Changes in body reserves,
non-esterified fatty acids, and leptin during the reproductive lifespan
of the rabbit female. Animals 13, 3213 (2023).

30. Marín-García, P. J. et al. Unravelling the role of metabolites for
detecting physiological state of wild animals: european rabbit’s
(Oryctolagus cuniculus) case. Animals 12, 3225 (2022).

31. Marín-García, P. J. et al. Nutritional metabolites as biomarkers of
previous feed intake in european rabbit (oryctolagus cuniculus):
applications on conservation. Animals 12, 2608 (2022).

32. Marín‐García, P. et al. The nutritional strategy of European rabbits is
affected by age and sex: females eat more and have better nutrient
optimisation. J. Anim. Physiol. Anim. Nutr. https://doi.org/10.1111/
jpn.13826 (2023).

33. Weekes, T. L., Luimes, P. H. & Cant, J. P. Responses to amino acid
imbalances and deficiencies in lactating dairy cows. J. Dairy Sci. 89,
2177–2187 (2006).

34. Li, Y. et al. Supplementation of branched-chain amino acids in
protein-restricteddietsmodulates the expression levels of amino acid
transporters and energy metabolism associated regulators in the
adipose tissue of growing pigs. Anim. Nutr. 2, 24–32 (2016).

35. Garcia-Martinez, R. et al. Albumin: pathophysiologic basis of its role in
the treatment of cirrhosis and its complications. Hepatology 58,
1836–1846 (2013).

36. Reeve, E. B. & Roberts, J. E. The catabolism of plasma albumin in the
rabbit. J. Gen. Physiol. 43, 445–453 (1959).

37. Wada, Y., Takeda, Y. & Kuwahata, M. Potential role of amino acid/
protein nutrition and exercise in serum albumin redox state.Nutrients
10, 17 (2017).

38. Wada, Y. et al. Plasma albumin redox state is responsive to the amino
acid balance of dietary proteins in rats fed a low protein diet. Front.
Nutr. 6, 12 (2019).

39. Taegtmeyer, H. & Ingwall, J. S. Creatine—adispensable metabolite?
Circ. Res. 112, 878–880 (2013).

40. Brosnan,M.E., Edison, E. E., DaSilva,R.&Brosnan, J. T.New insights
into creatine function and synthesis. Adv. Enzym. Regul. 47,
252–260 (2007).

41. Curtasu, M. V. et al. Obesity development in a miniature yucatan pig
model: a multi-compartmental metabolomics study on cloned and
normal pigs fed restrictedor ad libitumhigh-energy diets. J. Proteome
Res. https://doi.org/10.1021/acs.jproteome.8b00264 (2018).

42. Onifade, A. A. et al. Assessment of the effects of supplementing rabbit
diets with a culture of Saccharomyces cerevisiae using growth
performance, blood composition and clinical enzyme activities.Anim.
Feed Sci. Technol. 77, 25–32 (1999).

43. Zhang, S. et al. Effects of dietary guanidinoacetic acid on growth
performance, guanidinoacetic acid absorption and creatine
metabolism of lambs. PLoS ONE 17, e0264864 (2022).

44. Marín García, P. et al. Urea nitrogen metabolite can contribute to
implementing the ideal protein concept in monogastric animals.
Animals 12, 2344 (2022).

45. Marín-García, P. J. et al. Plasmaureanitrogen as an indicator of amino
acid imbalance in rabbit diets.World Rabbit Sci. 28, 63 (2020).

46. Marín-García, P. J. et al. Plasmatic urea nitrogen in growing rabbits
with different combinations of dietary levels of lysine, sulphur amino
acids and threonine. Animals 10, 946 (2020).

47. Weidel, S. E., Smith, G. & Fleck, A. The effects of experimental
malnutrition on albumin metabolism and distribution in rabbits. Br. J.
Nutr. 72, 369–384 (1994).

48. Janssen, G., Degenaar, C., Menheere, P. P., Habets, H. & Geurten, P.
Plasma urea, creatinine, uric acid, albumin, and total protein
concentrations before and after 15-, 25-, and 42-km contests. Int. J.
Sports Med. 10, S132–S138 (1989).

49. Waguespack, A.M., Bidner, T. D., Payne, R. L. & Southern, L. L. Valine
and isoleucine requirement of 20- to45-kilogrampigs1,2.J.Anim.Sci.
90, 2276–2284 (2012).

50. Toledo, J. B. et al. Effect of the reduction of the crude protein content
of diets supplementedwith essential amino acids on the performance
of piglets weighing 6–15kg. Livest. Sci. 168, 94–101 (2014).

https://doi.org/10.1038/s42003-024-06322-2 Article

Communications Biology |           (2024) 7:712 9

https://doi.org/10.1111/jpn.13826
https://doi.org/10.1111/jpn.13826
https://doi.org/10.1111/jpn.13826
https://doi.org/10.1021/acs.jproteome.8b00264
https://doi.org/10.1021/acs.jproteome.8b00264


51. Brosnan, J. T. & Brosnan, M. E. Creatine metabolism and the urea
cycle.Mol. Genet. Metab. 100, S49–S52 (2010).

52. Oratz, M. et al. The role of the urea cycle and polyamines in albumin
synthesis. Hepatology 3, 567–571 (2007).

53. Trisrivirat, D. et al. Mechanistic insights into the dual activities of the
single active site of l-lysine oxidase/monooxygenase from
Pseudomonas sp. AIU 813. J. Biol. Chem. 295, 11246–11261 (2020).

54. Azevedo, C. & Saiardi, A. Why always lysine? The ongoing tale of one
of the most modified amino acids. Adv. Biol. Regul. 60,
144–150 (2016).

55. Besant, P., Attwood, P. & Piggott, M. Focus on phosphoarginine and
phospholysine. Curr. Protein Pept. Sci. 10, 536–550 (2009).

56. Liao, S. F., Wang, T. & Regmi, N. Lysine nutrition in swine and the
related monogastric animals: muscle protein biosynthesis and
beyond. SpringerPlus 4, 147 (2015).

57. Marín-García, P. J. et al. Do growing rabbits with a high growth rate
require diets with high levels of essential amino acids? a choice-
feeding trial. Animals 11, 824 (2021).

58. Marín-García, P. J. et al. Effect of increasing the methionine level and
reducing the threonine level in the diet of fast-growing rabbits.
Animals 13, 1471 (2023).

59. Delgado, R. et al. Effect of arginine andglutamine supplementation on
performance, health and nitrogen and energy balance in growing
rabbits. Anim. Feed Sci. Technol. 247, 63–73 (2019).

60. Adgent, M. A. & Rogan, W. J. Triclosan and prescription antibiotic
exposures and enterolactone production in adults. Environ. Res. 142,
66–71 (2015).

61. Xu, C., Liu, Q., Zhang, Q., Jiang, Z.-Y. & Gu, A. Urinary enterolactone
associated with liver enzyme levels in US adults: National Health and
Nutrition Examination Survey (NHANES). Br. J. Nutr. 114,
91–97 (2015).

62. Begum, A. N. et al. Dietary lignins are precursors of mammalian
lignans in rats. J. Nutr. 134, 120–127 (2004).

63. Jacobs, D. R., Pereira, M. A., Stumpf, K., Pins, J. J. & Adlercreutz, H.
Whole grain food intake elevates serum enterolactone.Br. J. Nutr. 88,
111–116 (2002).

64. Guan, F. et al. Amino acids and lipids associated with long-term and
short-term red meat consumption in the chinese population: an
untargeted metabolomics study. Nutrients 13, 4567 (2021).

65. Zhou, L., Fang, L., Sun, Y., Su, Y. & Zhu, W. Effects of the dietary
protein level on the microbial composition andmetabolomic profile in
the hindgut of the pig. Anaerobe 38, 61–69 (2016).

66. Qiu, S. et al. Smallmoleculemetabolites: discovery of biomarkers and
therapeutic targets. Sig. Transduct. Target. Ther. 8, 132 (2023).

67. Shi, K. et al. Untargeted metabolomics reveals the effect of selective
breeding on the quality of chicken meat. Metabolites 12, 367 (2022).

68. Guasch-Ferré, M., Bhupathiraju, S. N. & Hu, F. B. Use of
metabolomics in improving assessment of dietary intake.Clin. Chem.
64, 82–98 (2018).

69. Edmonds, M. S. & Baker, D. H. Amino acid excesses for young pigs:
effects of excess methionine, tryptophan, threonine or leucine. J.
Anim. Sci. 64, 1664–1671 (1987).

70. Castellano, R. et al. A methionine deficient diet enhances adipose
tissue lipid metabolism and alters anti-oxidant pathways in young
growing pigs. PLoS ONE 10, e0130514 (2015).

71. Castilla, P. et al. Concentrated red grape juice exerts antioxidant,
hypolipidemic, and antiinflammatory effects in both hemodialysis
patients and healthy subjects. Am. J. Clin. Nutr. 84, 252–262 (2006).

72. Khalid, Q., Alam, K. & Muzaffar, M. A. K. K. Biological significance of
ascorbic acid (vitamin c) in human health - a review. Pak. J. Nutr. 3,
5–13 (2003).

73. Akram,M.Citric acid cycle and role of its intermediates inmetabolism.
Cell. Biochem. Biophys. 68, 475–478 (2014).

74. Smith, A. H. & Meyer, C. E. The influence of diet on the endogenous
production of citric acid. J. Biol. Chem. 131, 45–55 (1939).

75. Shambaugh, G. Urea biosynthesis I. The urea cycle and relationships
to the citric acid cycle. Am. J. Clin. Nutr. 30, 2083–2087 (1977).

76. Rasmussen, L. G. et al. Assessment of the effect of high or lowprotein
diet on thehumanurinemetabolomeasmeasuredbynmr.Nutrients4,
112–131 (2012).

77. Lillefosse, H. H. et al. Urinary loss of tricarboxylic acid cycle
intermediates as revealed by metabolomics studies: an underlying
mechanism to reduce lipid accretion by whey protein ingestion? J.
Proteome Res. 13, 2560–2570 (2014).

78. Vangaveti, V. N., Jansen, H., Kennedy, R. L. & Malabu, U. H.
Hydroxyoctadecadienoic acids: oxidised derivatives of linoleic acid
and their role in inflammation associated with metabolic syndrome
and cancer. Eur. J. Pharmacol. 785, 70–76 (2016).

79. Rojas-Cano, M., Fernández-Fígares, I., Lara, L. & Lachica, M.
Influence of betaine and conjugated linoleic acid on portal-drained
viscera flux of metabolites in growing Iberian pigs1. J. Anim. Sci. 94,
207–210 (2016).

80. Nie, C., He, T., Zhang, W., Zhang, G. & Ma, X. Branched chain amino
acids: beyond nutrition metabolism. Int. J. Mol. Sci. 19, 954 (2018).

81. Liebich, H. M. & Först, C. Hydroxycarboxylic and oxocarboxylic acids
in urine:products from branched-chain amino acid degradation and
from ketogenesis. J. Chromatogr. B 309, 225–242 (1984).

82. KØlvraa, S., Gregersen, N., Christensen, E. & Rasmussen, K.
Excretion pattern of branched‐chain amino acid metabolites during
the course of acute infections in a patient with methylmalonic
acidaemia. J. Inherit. Metab. Dis. 3, 63–66 (1980).

83. Forbes, J. M. Voluntary Food Intake And Diet Selection In Farm
Animals (CABI, 2007).

84. Triba, M. N. et al. PLS/OPLS models in metabolomics: the impact of
permutation of dataset rows on the K-fold cross-validation quality
parameters.Mol. BioSyst. 11, 13–19 (2015).

85. Boletín Oficial del Estado. Real Decreto 53/2013, por el que se
establecen las normas básicas aplicables para la protección de los
animales utilizados en experimentación y otros fines científicos.
incluyendo la docencia BOE 34, 11370–11421 https://www.boe.es/
eli/es/rd/2013/02/01/53/con (2013).

86. Association of Official Analytical Chemists & Association of Official
Agricultural Chemists (US). Official Methods of Analysis of the
Association of Official Analytical Chemists (The Association, 1925).

87. Batey, I. L. Starch analysis using thermostable alpha-amylases.
Starch/Stärke 34, 125–128 (1982).

88. Mertens, D. R. Gravimetric determination of amylase-treated neutral
detergent fibre in feed with refluxing beakers or crucibles:
collaborative study. J. AOAC Int. 85, 1217–1240 (2002).

89. Van Soest, P. J., Robertson, J. B. & Lewis, B. A. Methods for dietary
fiber, neutral detergent fiber, and nonstarch polysaccharides in
relation to animal nutrition. J. Dairy Sci. 74, 3583–3597 (1991).

90. Bosch, L., Alegría, A. & Farré,R. Applicationof the 6-aminoquinolyl-N-
hydroxysccinimidyl carbamate (AQC) reagent to the RP-HPLC
determination of amino acids in infant foods. J. Chromatogr. B Anal.
Technol. Biomed. Life Sci. 831, 176–183 (2006).

91. Tsugawa, H. et al. MS-DIAL: data-independent MS/MS
deconvolution for comprehensive metabolome analysis. Nat.
Methods 12, 523–526 (2015).

Acknowledgements
This study was supported by the Regional Ministry of Innovation,
Universities, Science and Digital Society of the Generalitat Valenciana (GV/
2021/115 and CIBEST/2021/157) and Universidad Cardenal Herrera-CEU
(GIR23/37 and INDI23/38).

Author contributions
Theconceptualisationandexperimental designwereperformedbyP.J.M.G,
L.L, M.C.L, E.B, J.J.P. and M.S.H. The data was collected by P.J.M.G., E.B.
and J.J.P. and analysed by P.J.M.G, T.L. and M.S.H. The manuscript was

https://doi.org/10.1038/s42003-024-06322-2 Article

Communications Biology |           (2024) 7:712 10

https://www.boe.es/eli/es/rd/2013/02/01/53/con
https://www.boe.es/eli/es/rd/2013/02/01/53/con
https://www.boe.es/eli/es/rd/2013/02/01/53/con


written by P.J.M.G. and reviewed by all authors approving the final
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06322-2.

Correspondence and requests for materials should be addressed to
Pablo Jesús. Marín-García or Juan José. Pascual.

Peer review information Communications Biology thanks Rashed A
Alhotan and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. Primary Handling Editors: Joao Valente.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s42003-024-06322-2 Article

Communications Biology |           (2024) 7:712 11

https://doi.org/10.1038/s42003-024-06322-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Biomarkers for ideal protein: rabbit diet metabolomics varying key amino�acids
	Results
	Experiment�1
	Experiment�2

	Discussion
	Experiment�1
	Experiment�2
	Both experiments

	Material and methods
	Animal ethics statement
	Diets, animals and experimental�design
	Experiment�1
	Experiment�2
	Chemical analysis
	LC-MS metabolomics analysis of�plasma
	Chemical solvents and standards for metabolomics analysis
	Sample preparation and LC-MS analysis
	Sample quality control and metabolomics data pre-processing
	Metabolite identification
	Metabolites statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




