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A B S T R A C T   

Ecometabolomics could be implemented as a powerful tool in molecular ecology studies, but it is necessary to 
know the baseline of certain metabolites and understand how different traits could affect the metabolome of the 
animals. Therefore, the main objective of this study was to provide values for the nutritional metabolome profile 
of different diet groups and animal species, as well as to study the differences in the metabolomic profile due to 
the effect of diet type and species. To achieve this goal, blood samples were taken from healthy animals (n = 43) 
of different species: lion (Panthera leo), jaguar (Panthera onca), chimpanzee (Pan troglodytes), bison (Bison bison), 
gazelle (Gazella cuvieri) and fallow deer (Dama dama), and with different types of diet (carnivore, herbivore and 
omnivore). Each blood sample was analysed to determine nutritional metabolites. The main results this study 
provides are the nutritional metabolic profile of these animals based on the type of diet and the animal species. A 
significant effect of the dietary type was found on nutritional metabolite levels, with those metabolites related to 
protein metabolism (total protein and creatine) being higher in carnivores. There is also an effect of the species 
on nutritional metabolites, observing a metabolome differentiation between lion and jaguar. In the case of 
herbivores, bison showed higher levels of uric acid and cholesterol, and lower urea levels than gazelle and fallow 
deer. More molecular ecology studies are needed to further the knowledge of the metabolism of these animals.   

1. Introduction 

The possibility of using progressively improved metabolomic tech
niques in ecophysiological studies has opened a new way to advance 
knowledge of the structure and function of organisms and ecosystems 
(Sardans et al., 2011). Ecometabolomics is the methodological approach 
that uses the metabolomic techniques applied to ecological studies 
(Fiehn, 2002; Schripsema, 2010). This methodology is in constant 
development, and although it began with plant studies, it has recently 
also been implemented in animal studies (Mirnezhad et al., 2010; Marín- 
García et al., 2022b, 2022c; Marín-García et al., 2023). In this sense, 
ecometabolomics could be used as a powerful tool in molecular ecology 
studies. Molecular ecology, understood as the application of molecular 

genetic methods to address ‘ecological’ questions (Enkerli and Widmer, 
2010), represents a successful example of interdisciplinary science, in 
which the tools and methods of molecular biology have been merged 
with concepts of evolution and conservation (Andrew et al., 2013). 

Ecological nutrition can use molecular analytical tools to address the 
management of threatened wildlife (Whilde et al., 2017; Chaousis et al., 
2018) and determine the relationship between changes in metabolic 
phenotype and feed availability, which could help understand how 
nutrient availability affects populations of different species (Rezzi et al., 
2007). In this case, energy and protein metabolites could be key to 
gaining in-depth biological knowledge (Marín-García et al., 2020, 
2022a; Marín-García and Llobat, 2021; Llobat and Marín-García, 2022). 
Thus, it is especially interesting to have reference values for the animal 
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species that have not yet been subjected to metabolomic analyses. 
A relationship between metabolomics and phylogeny has been 

described by Gawenda-Kempczyńska et al. (2022) by finding com
pounds that may serve as chemotaxonomic markers, indicating that 
particular biosynthetic pathways have been conserved within a taxon, 
although this study has been limited to a reduced number of species. In 
this sense, determining whether the metabolome levels recapitulate the 
phylogenetic relationship of terrestrial animals will help understand the 
molecular ecology of these animals and, although there are some studies 
on the effect of dietary type on the metabolome that quantify the effects 
of adding a protein of animal or plant origin to carnivorous animals 
(Roques et al., 2020; Cao et al., 2022), no works have been found that 
compare the metabolomic profile of carnivorous, omnivorous or her
bivorous animals. 

Certainly, exploring the biochemical and metabolic dimensions 
across diverse species promises to deepen our insights into the nuanced 
ways each species navigates its nutritional landscape. However, the in
tricacies escalate substantially when venturing into the realm of wild 
animals (Ryser-Degiorgis, 2013). Accessing samples from these elusive 
creatures presents a multifaceted challenge, compounded by factors 
such as habitat remoteness, elusive behavior, and ethical considerations. 
Despite these hurdles, overcoming them holds the key to unlocking 
invaluable knowledge about the intricate interplay between wild or
ganisms and their nutritional environments: As understanding 

adaptations, increasing ecological understanding or with biotechno
logical applications (Treberg et al., 2020). 

In this study, it was hypothesised that metabolome profile is affected 
by diet type (carnivore, herbivore and omnivore) and animal species; 
lion (Panthera leo), jaguar (Panthera onca), chimpanzee (Pan troglodytes), 
bison (Bison bison), gazelle (Gazella cuvieri) and fallow deer (Dama dama) 
in terrestrial animals. Thus, the main objective of this work was (i) to 
provide values of the nutritional metabolite profile in these diet type 
groups and animal species, as well as (ii) to study the differences in the 
metabolic profile due to these effects. These findings will provide in
sights into the comparative biochemistry across various species and 
dietary groups. 

2. Material and methods 

2.1. Animal ethics statement 

The authors confirm that the ethical policies of the journal indicated 
on the author guidelines page have been followed. The samples were 
taken in Riosafari Elche, Alicante, Spain. The collection of samples was 
performed by personnel of the zoos. All samples were collected from the 
serum bank of the institution to health programs, medical checks-ups, 
preventive programme, surgical interventions or health monitoring in 
rehabilitation programmes. Under Spanish law, no animal ethics 

Fig. 1. Experimental design. A total of 43 animals from different species were studied Classification: Animals were divided according to their diet: carnivores ; 
herbivores and omnivores . They were also classified according to their species (Panthera leo , Panthera onca , Pan troglodytes , Bison , Gazella cuvier 
and Dama ). Sampling: For each animal that underwent a health check, a biometric measurement and a blood sample was obtained. Blood samples were analysed 
by targeted metabolomics. NEFA: Non-esterified fatty acid. Only healthy animals were used. 
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approval was necessary. 

2.2. Animals and sampling 

A total of 43 terrestrial animals were used in this experiment (Fig. 1). 
To understand how animal species modulate the nutritional metabolite 
levels of terrestrial species, the following species were used: lion (n = 3), 
jaguar (n = 4), chimpanzee (n = 5), bison (n = 5), Cuvier’s gazelle (n =
7) and fallow deer (n = 5). In addition, to determine the effect of dietary 
type, samples of African leopard (Panthera pardus n = 1), tiger (Panthera 
tigris, n = 1), Bornean orangutan (Pongo pygmaeus, n = 1), sitatunga 
(Tragelaphus spekii, n = 3), dromedary (Camus dromedarius, n = 3), white 
oryx (Oryx dammah, n = 3), Père David’s deer (Elaphurus davidianus, n =
1) and bull (Bos taurus, n = 1) were collected. Due to the small sample 
size of this second group of animals, the data were only used to char
acterise the effect of diet on nutritional metabolite levels (and not for 
analysis of the species effect) and were divided into carnivores (n = 9), 
herbivores (n = 28) and omnivores (n = 6). Blood samples were 
extracted by venipuncture in jugular, cephalic or femoral vein depend
ing on the species, with a 5 mL syringe and 21G hypodermic needle 
(Henry Schein®), and transferred to tubes without anticoagulant 
(Everest Tecnovet®). Serum samples were obtained after 3000 rpm × 5 
min centrifugation and stored at − 20 ◦C until further analysis. 

2.3. Chemical analysis 

A total of 11 metabolites were selected to study the targeted 
metabolomic profile of the chosen animals: non-esterified fatty acid 
(NEFA), albumin, creatinine, total protein, glucose, urea, triglyceride, 
uric acid, cholesterol, inorganic phosphorous (iP) and calcium. These 
metabolites were selected because all of them are important in nutrition, 
have not been previously studied together in these species, and are 
mainly related to energy and protein metabolism. 

NEFA was determined using the Wako, NEFA C ACS-ACOD assay 
method. The rest of the metabolites were determined by standard pro
cedures (Siemens Diagnostics® Clinical Methods for ADVIA 1800). An
alyses were performed using an ADVIA 1800 ®Chemistry System 
Autoanalyzer (Siemens Medical Solutions, Tarrytown, NY 10591, USA). 
For non-esterified fatty acid (NEFA), triglyceride and uric acid, intra- 
and inter CV% variation was respectively below 2.5 and 3.1%. Corre
spondingly, for albumin, creatinine, total protein, glucose, urea, 
cholesterol, inorganic phosphorous (iP) and calcium, CV% variation was 
below 2.2 and 2.8% in all instances. 

2.4. Statistical analysis 

Two different statistical analyses were performed to determine the 
effect of animal species and the effect of dietary type on the nutritional 
metabolites evaluated. Nutritional metabolites were fitted to a normal 
distribution and analysed as dependent variables using a GLM model 
from the Statistical Analysis System (SAS, 2009), including the effect of 
the animal species (6 levels) or type of diet (3 levels) as a fixed effect. 
Significance was declared at p < 0.05, whereas p < 0.10 values were 
considered as a trend. Least square mean comparisons were performed 
by t-test. 

Partial least squares discriminant analysis (PLSR) models were built 
to determine the metabolites responsible for the differences between 
experimental groups (6 species or 3 types of diet). PLSR was performed 
using LatentiX 2.12 (LATENTIX Aps., Gilleleje, Denmark). Model vali
dation was performed using full cross-validation (leave-one-out). Out
liers were detected based on the residual variance and the Hotelling’s T2 

plot. Models were assessed using the explained variation in Y, plots 
depicted actual and predicted values, and the proportion of variation 
explained (R2). The dendrograms were made with Metaboanalyst using 
Euclidean distance measure and Ward as a clustering algorithm. 

3. Results 

The summary of the effect of the diet type on the analysed metabo
lites is shown in Table 1 and Fig. 2. A clear effect of the diet type is 
observed, as all the metabolites showed a significant effect (p < 0.01; 
Table 1), except for the albumin. Most metabolites related with protein 
metabolism such as total protein (+20%), creatinine (+28%), urea 
(+76%) and calcium (+62%) were higher in carnivores than the average 
for the other two groups (p < 0.01). Herbivores showed higher levels of 
plasmatic metabolites such as glucose (+39%) and iP (+95%) than 
omnivores (p < 0.05). And omnivores showed higher levels of NEFA, 
triglycerides, and uric acid than carnivores and herbivores (p < 0.01). In 
addition, cholesterol serum levels were higher in omnivores and carni
vores than in herbivores (p < 0.01). Fig. 2.a represents the first two 
principal components of targeted metabolomics by type of diet. The 
variability associated with these principal components obtained from 
the metabolic profile (48.6% of the total) can be used to differentiate 
diet types as there is no overlap between the populations (95% of the 
probability) of the different types of diet on the nutritional metabolite 
profiles (R2 = 0.897), causing a clear differentiation between the sample 
groups, as shown in the dendrogram (Fig. 2.b). It is essential to note that 
in this instance, we are witnessing an outlier represented by the number 
1. This outlier pertains to a female bison whose attributes deviate 
significantly from the average values of others within its species. 
Notably, parameters such as NEFA, urea, triglycerides, uric acid and 
calcium exhibit differences of up to 50% from the average value. 

Table 2 and Fig. 3 show the summary of the effect of the species on 
the analysed metabolites. Although the distribution follows the pattern 
observed by the type of diet, significant differences were observed in all 
metabolites studied between the animal species (Table 2). Regarding 
herbivores, bison showed higher levels of uric acid and cholesterol but 
lower urea levels than gazelle and fallow deer (+1100% and + 739%; 
+159% and + 272%; − 319% and − 332%, respectively). Within the 
group of carnivores, NEFA, albumin, creatinine and cholesterol serum 
levels showed the most relevant differences, where jaguars presented 
higher levels than lions, which are similar to omnivore levels. In 
contrast, serum levels of iP were higher in lions than jaguars, which 
present similar levels to those of omnivores. In addition, serum levels of 
total protein were higher in jaguars than lions. Fig. 3.a represents the 
first two principal components of targeted metabolomics by animal 
species. As shown, the variability associated with these principal com
ponents obtained from the nutritional metabolites profile (54,2% of the 
total) can be used to differentiate species (R2 = 0.973), except for lions 
and jaguars, where no overlap was observed, whereas there was an 
overlap on the nutritional metabolite profiles of the herbivores (Fig. 3. 
b). 

4. Discussion 

The main aim of this study was to provide values of nutritional 
metabolites from animals with different diets (carnivores, herbivores 
and omnivores) and different species (lion, jaguar, chimpanzee, bison, 
gazelle, and fallow deer), and to determine how these two effects (diet 
type and species) affect their nutritional metabolite profile. 

Our study provides information on serum levels of nutritional me
tabolites in different wild herbivore, carnivore and omnivore species, 
with high value from an ecological and nutritional point of view. Next, 
we proceed to explain the main effects of diet type and species on the 
nutritional metabolite profile. It is important to recognise that various 
factors including sex, age, reproductive status, diet, husbandry condi
tions, time elapsed since feeding or the technique employed for blood 
sampling, among others, may influence the outcomes achieved (Reilly 
et al., 2014). Although some of these parameters have been previously 
studied in the species under investigation, such as lions, (Behera et al., 
2013; Larsson et al., 2017), chimpanzees (Reamer et al., 2014), bison 
(Hawley and Peden, 1982), gazelles (Mohammed et al., 2011) and deer 
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(Tajchman et al., 2023), in this work the comparisons between the 
experimental groups are carried out. 

In the literature, there is a large number of works in which 

comparisons of the serum biochemical values conducted in this study 
were drawn (Umminger, 1975; Kjeld and Ólafsson, 2008; Scanes, 2016). 
Regarding the type of diet effect, all the carnivores studied (lion and 

Table 1 
Effect of the diet type on targeted nutritional metabolomic profile (LS means ± Standard Error) of the main analysed metabolites.  

Metabolites Analyzed1 Carnivores (n = 9) Hervibores (n = 28) Omnivores (n = 6) p_value 

NEFA (μ eqv./L) 612b ± 71.9 295a ± 40.8 1029c ± 88.1 <0.001 
Albumin (g/L) 35.0 ± 1.31 36.1 ± 0.74 39.0 ± 1.61 0.1645 
Total Protein (g/L) 76.49c ± 2.27 61.3a ± 1.29 66.3b ± 2.78 0.0166 
Creatinine (μM) 208b ± 27.9 121a ± 15.8 95.3a ± 34.1 <0.001 
Glucose (mM) 7.24ab ± 0.96 8.46b ± 0.54 4.93a ± 1.18 0.0295 
Urea (mM) 10.1b ± 1.32 8.28b ± 0.75 3.22a ± 1.62 0.0069 
Triglyceride (mM) 0.36a ± 0.06 0.20a ± 0.04 1.07b ± 0.08 <0.001 
Uric acid (μM) 12.2a ± 8.0 17.7a ± 4.53 90.8b ± 9.80 <0.001 
Cholesterol (mM) 3.55b ± 0.43 1.40a ± 0.24 3.19b ± 0.53 <0.001 
Inorganic P (mM) 1.64b ± 0.20 1.93b ± 0.11 0.99a ± 0.25 0.0045 
Calcium (mM) 2.44b ± 0.19 1.78a ± 0.11 1.24a ± 0.25 0.0013 

1 NEFA: Non-esterified fatty acid. a,b,c Means within a row with different letter were significantly different at P < 0.05. 

Fig. 2. Effect of diet type (carnivores ; herbivores and omnivores ) on targeted nutritional metabolomic profile 2.a) PLS mode of plasma, the colours 
correspond to the 95% probability distribution of diet type. 2.b) Dendrogram of the different samples. 

Table 2 
Effect of species on targeted nutritional metabolomic profile (LS means ± Standard Error) of the main analysed metabolites.  

Metabolites 
Analyzed1 

Panthera leo (n = 3) Panthera onca (n =
4) 

Pan troglodytes (n =
5) 

Bison bison (n = 5) Gazella cuvieri (n =
7) 

Dama dama (n = 5) p - value 

NEFA (μ eqv./L) 434a ± 114 620ab ± 99.0 1001b ± 99.6 242a ± 99.0 333a ± 74.9 208a ± 88.6 <0.001 
Albumin (g/L) 30.6a ± 1.87 37.8ab ± 1.61 39.0b ± 1.45 38ab ± 1.61 36.3ab ± 1.22 35.9ab ± 1.44 0.0216 
Total Protein (g/L) 75.4bc ± 3.04 78.9c ± 2.63 67.3ab ± 2.35 60.2a ± 2.63 60.9a ± 1.99 60.5a ± 2.35 <0.001 
Creatinine (μM) 268b ± 49.4 180ab ± 42.3 86.2a ± 38.3 90.8ab ± 42.8 101ab ± 32.3 99.2ab ± 38.2 0.0318 
Glucose (mM) 6.89ab ± 1.33 9.42ab ± 1.15 5.02a ± 1.03 6.36a ± 1.15 7.79ab ± 0.87 10.33b ± 1.03 0.0064 
Urea (mM) 11.3b ± 1.86 9.20b ± 1.61 2.44a ± 1.44 2.41a ± 1.61 10.1b ± 1.21 10.43b ± 1.44 0.0002 
Triglyceride (mM) 0.42a ± 0.11 0.27a ± 0.09 1.10b ± 0.08 0.36a ± 0.09 0.24a ± 0.06 0.09a ± 0.08 <0.001 
Uric acid (μM) 18.7a ± 6.98 10.3a ± 6.04 108b ± 5.40 54.0b ± 6.04 6.43a ± 4.57 4.40a ± 5.40 <0.001 
Cholesterol (mM) 2.48ab ± 0.59 4.32bc ± 0.51 3.61bc ± 0.46 3.43bc ± 0.52 0.92a ± 0.39 1.32ab ± 0.46 <0.001 
Inorganic P (mM) 1.74ab ± 0.25 1.51a ± 0.22 1.02a ± 0.19 2.17d ± 0.21 1.96c ± 0.16 1.94bc ± 0.19 <0.001 
Calcium (mM) 2.27b ± 0.30 2.62 b ± 0.26 1.34a ± 0.26 1.02a ± 0.26 2.10ab ± 0.20 2.10ab ± 0.26 0.0025  

1 NEFA: Non-esterified fatty acid. 
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jaguar, belonging to the Felidae family) are obligate carnivores, so the 
dietary protein requirements in these animals are higher than those of 
omnivores and herbivores (Russell et al., 2002), and they do not have 
the ability to adapt to different levels of protein intake, unlike omnivores 
and herbivores (Verbrugghe and Bakovic, 2013). For this reason, obli
gate carnivores present high activity of the amino acid catabolic en
zymes in the liver and kidney (Rogers et al., 1977), which could explain 
their higher levels of total protein and creatinine in serum. Moreover, 
nitrogen metabolism exhibits variations among animals with diverse 
dietary patterns (Marín-García et al., 2022a). Serum levels of urea and 
uric acid are notably elevated in omnivores compared to herbivores and 
carnivores, with the latter two displaying comparable values. These 
results agree with the different urea permeability of erythrocytes found 
in mammals with different diets. Thus, the erythrocytes of herbivores 
have lower urea permeability than other animals, which is related to 
different urine osmolarity (Liu et al., 2011). While the erythrocytes of 
omnivores have an intermediate permeability, the high levels of protein 
in the diet of carnivores could explain the specific mechanisms that fe
lids possess to metabolise the high levels of nitrogen consumed (Kerr 
et al., 2011). 

In relation to lipid metabolism, omnivores showed higher levels of 
NEFA and triglycerides than herbivores and carnivores. These results 
could be explained by the higher efficiency in the use and metabo
lisation of dietary fats, likely due to a different expression of key genes 
for lipid metabolism, such as fatty acid degradation (Yizhen et al., 
2023). The high levels of protein and fat in omnivore and carnivore diets 
could explain their higher serum levels of cholesterol. In fact, these 
different levels of nutrients in the diet are accompanied by metabolic 
and physiological adaptation, which is also reflected in genomic 
changes. Thus, herbivores show the absence of triglyceride lipase in
hibitor PNLIPRP1, and therefore a consequent improvement in the tri
glyceride digestion efficiency, whereas carnivores do not present the 
hormone-receptor pair INSL5-RXFP4, a regulator of glucose 

homeostasis, related to constant gluconeogenesis (Hecker et al., 2019). 
A meta-analysis carried out by Böswald et al. (2008) showed that 

mechanisms involved in calcium and phosphorous homeostasis are more 
varied in omnivores, with calcium absorption in the intestine being 
more efficient. This fact, together with the different intestinal micro
biota between the groups studied (omnivores, carnivores and herbi
vores) and the different levels of mineral intakes in the diet, could 
explain the results observed in calcium and iP serum levels. Besides, 
levels of glucose are different between groups, being highest in herbi
vores, medium in carnivores and lowest in omnivores. This effect could 
be explained by the higher levels of carbohydrates in herbivores’ diets, 
compared to those of omnivores and carnivores, where the protein and 
fat are higher. 

Regarding the species effect, within the herbivorous animals studied, 
differences in the serum levels of some metabolites were found. Spe
cifically, bison showed higher levels of cholesterol and uric acid, 
whereas their levels of urea were lower than those of gazelle and fallow 
deer. Levels of cholesterol depend on the fat ingested in the diet, and 
although all the herbivores analysed were ruminants, there are several 
differences in their diet. Bison are mostly strict grazers (Meagher, 1986), 
while large cervids such as gazelle and fallow deer include browsing in 
their natural diet (Gebert and Verheyden-Tixier, 2001). These differ
ences in feeding type may potentially cause changes in rumen charac
teristics (Clauss et al., 2009) and in the composition of the digestive tract 
microbiota (Bergmann, 2017), which could explain the different nitro
gen metabolism and serum levels of urea and uric acid. Differences 
attributable to taxonomy have also been determined in other verte
brates, such as glucose metabolism and the disparities observed between 
camelids and other ruminants (Chandrasena et al., 1979). 

Among the carnivorous animals included in this study, information 
on serum levels of these and other nutritional metabolites is very scarce 
or non-existent. However, previous studies with some felids reported 
that, within the same genus, species present differences between the 

Fig. 3. Effect of species (Panthera leo , Panthera onca , Pan troglodytes , Bison , Gazella cuvier and Dama ) on targeted nutritional metabolomic profile 3. 
a) PLS mode of plasma, the colours correspond to the 95% probability distribution of diet type. 3.b) Dendrogram of the different samples. Missing data are the result 
of removal outlying samples. 
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levels of some metabolites, including those related to lipid and protein 
metabolism (Crissey et al., 2003). They also observed that different 
levels of serum metabolites associated with lipid metabolism are not 
related to a difference in their diets, which provides valuable informa
tion about a different metabolism in each of the carnivores belonging to 
the same genus. As has been observed, there is a distinct biochemical 
profile when comparing different species and types of diet. These 
observed differences will allow a deeper understanding of the biological 
knowledge of these animals and help to determine the complex re
lationships between metabolism and other biological aspects. 

5. Conclusions 

The results of this work indicated that there is an effect of the diet 
type on nutritional metabolome, with the majority of the metabolites 
related to protein metabolism (total protein and creatine) being higher 
in carnivores, while omnivores showed the highest levels of NEFA and 
triglycerides. Furthermore, there is a significant effect of the species on 
the nutritional metabolome, although this effect was smaller than type 
of diet effect. More molecular ecology studies are needed to further our 
knowledge of the effect of environmental factors on the metabolism of 
these animals and incorporate them into specific programmes for their 
conservation and biological study. 
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