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Mapping-out baseline physiological muscle parameters with their metabolic blueprint across multiple archetype equine breeds, will contribute to better understanding their functionality, even across species.
Aims: 1) to map out and compare the baseline fiber type composition, fiber type and mean fiber cross-sectional area (fCSA, mfCSA) and metabolic blueprint of three muscles in 3 different breeds 2) to study possible associations between differences in histomorphological parameters and baseline metabolism.
Methods: Muscle biopsies [m. pectoralis (PM), m. vastus lateralis (VL) and m. semitendinosus (ST)] were harvested of 7 untrained Friesians, 12 Standardbred and 4 Warmblood mares. Untargeted metabolomics was performed on the VL and PM of Friesian and Warmblood horses and the VL of Standardbreds using UHPLC/MS/MS and GC/MS. Breed effect on fiber type percentage and fCSA and mfCSA was tested with Kruskal-Wallis. Breeds were compared with Wilcoxon rank-sum test, with Bonferroni correction. Spearman correlation explored the association between the metabolic blueprint and morphometric parameters.
Results: The ST was least and the VL most discriminative across breeds. In Standardbreds, a significantly higher proportion of type IIA fibers was represented in PM and VL. Friesians showed a significantly higher representation of type IIX fibers in the PM. No significant differences in fCSA were present across breeds. A significantly larger mfCSA was seen in the VL of Standardbreds. Lipid and nucleotide super pathways were significantly more upregulated in Friesians, with increased activity of short and medium-chain acylcarnitines together with increased abundance of long chain and polyunsaturated fatty acids. Standardbreds showed highly active xenobiotic pathways and high activity of long and very long chain acylcarnitines. Amino acid metabolism was similar across breeds, with branched and aromatic amino acid sub-pathways being highly active in Friesians. Carbohydrate, amino acid and nucleotide super pathways and carnitine metabolism showed higher activity in Warmbloods compared to Standardbreds.
Conclusion: Results show important metabolic differences between equine breeds for lipid, amino acid, nucleotide and carbohydrate metabolism and in that order. Mapping the metabolic profile together with morphometric parameters provides trainers, owners and researchers with crucial information to develop future strategies with respect to customized training and dietary regimens to reach full potential in optimal welfare.
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INTRODUCTION
Translating the physiological meaning of specific morphophysiological properties such as muscle fiber type composition and mean muscle fiber cross-sectional area of specific muscle groups to their individual metabolic blueprint remains a challenge, although such insights would contribute significantly to a better understanding of the complex adaptations that muscle tissue can show in response to all kinds of stimuli. Within the muscles, there is an enormous diversity of energy cycles that can be either up or downregulated in answer to different types of challenges, either imposed in an acute, versus a more long-term fashion. All these adaptations start from a certain baseline, which is often overlooked when extrapolating study results from one species to another or from one breed to another. Some adaptations mainly rely on shifts in the preference and sequence of use of, for example, reserve fuels that are stored within the muscle cell itself, for instance, glycogen, which requires room for storage capacity within the muscle fiber. Other energy cycles furnish themselves mainly via fuels that are being supplied on demand. The latter option obviously requires thorough adaptation of capillarization and reshaping towards a smaller muscle fiber size in order to allow for swift diffusion of candidate fuels (Giacomello et al., 2020; Betz et al., 2021; de Meeûs d’Argenteuil et al., 2021b).
It is well known that the muscular compartment plays a pivotal role in the energy metabolism of animals and humans. It encompasses on average almost 40% of the total body mass in most mammals (Klein, 2020). The muscle compartment is composed out of a wide variety of muscle groups, all of which have their specific main role (for example maintenance of posture versus realization of locomotion or a mixture of both) and on top of that, this compartment is highly malleable, continuously adapting itself in answer to growth, activity and dietary habits of its host (Leckey et al., 2018; Moro et al., 2019; Robertson and McClelland, 2019). Several different morphophysiological features, that are specific to the muscular compartment, and a longitudinal follow-up of the evolution of those features can be used to obtain a view on not only basal metabolic activity, but also adaptation of the muscular machinery in response to certain challenges, such as training. Some of these features can be visualized histochemically, such as muscle fiber type composition, the fiber specific and mean cross sectional area (fCSA and mfCSA), and the degree of capillarization and mitochondrial density present within a certain muscle (Moro et al., 2019; de Meeûs d’Argenteuil et al., 2021b; van Boom et al., 2022). Other factors can be monitored biochemically, for instance the activity of certain enzyme systems that catalyze different energy cycles (Warren et al., 2014; Srisawat et al., 2017; Moro et al., 2019). Another approach is the assessment of levels of specific metabolites that mirror activity of different energy cycles, both in the aerobic, or in the anaerobic window. These metabolites can be analyzed in either a targeted way (i.e.: involving only a limited amount of pre-selected metabolites) (Jacob et al., 2018; Cao et al., 2020) as well as in an untargeted way (Klein et al., 2020; Fulghum et al., 2022).
When an individual is subjected to a certain training load, muscle plasticity will occur, leading to shifts in one or more of the above-mentioned parameters (Tyler et al., 1998; Larson et al., 2019; Moro et al., 2019; de Meeûs d’Argenteuil et al., 2021a; de Meeûs d’Argenteuil et al., 2021b). From a comparative viewpoint, it is key to keep in mind that important baseline differences exist between these parameters when comparing animal species and within the same animal species, when comparing breeds (Snow and Guy, 1980; Kohn et al., 2011; Schiaffino and Reggiani, 2011; Rivero and Hill, 2016). Especially, when extrapolating muscular plasticity study results from one species to another, it is important to remember that these differences determine the baseline from which the muscular adaptation begins (Ringmark et al., 2016; Nyerges-Bohák et al., 2021). It is also more than likely that the basic pattern from which the adaptation starts off also has an impact on the morphological metamorphosis that is being realized and the timeline that this adaptation follows. Nevertheless, comparing muscle fiber morphometrics and metabolic output between different breeds can provide valuable insights into the physiological and performance characteristics.
For example, fCSA can serve as an indicator of the main metabolic profile of a certain muscle fiber (Van Wessel et al., 2010; Moro et al., 2019). Several studies have shown that the fCSA is associated with the degree of acute force generation and power output capacity of a muscle and have suggested that a larger fCSA allows for accumulation of more reserve fuel molecules, enabling the muscle fiber to generate explosive bouts of exercise and force (Miller et al., 2015). A smaller fCSA is, in turn, associated with a higher oxidative capacity, since the diffusion distance for oxygen and metabolites is shorter, allowing for execution of low intensity exercise for extended time periods (Van Wessel et al., 2010).
We have previously shown that shifts in metabolic fingerprint and shifts in fCSA and capillarization precede shifts in fiber type composition and mitochondrial density in answer to training, meaning that metabolic fingerprint, muscle fCSA and muscle fiber capillarization evolution need to be viewed as early biomarkers for muscular metabolic adaptation (de Meeûs d’Argenteuil et al., 2021b). We have also shown that, in horses, in answer to aerobic training, the muscular machinery models itself towards an optimal smaller individual muscle fCSA to receive and process fuels that can be swiftly delivered by the circulatory system (de Meeûs d’Argenteuil et al., 2021b). With that respect, gut microbiome-derived metabolites showed important upregulation after training in Standardbred horses. It is more than feasible that the circulatory system may act as a conduit to provide a continuous flow of these gut microbiome-derived metabolites towards the muscle fibers being trained in the aerobic window (Klein et al., 2020; Przewłócka et al., 2020; de Meeûs d’Argenteuil et al., 2021a).
In humans, a wide array of studies has been performed in an attempt to link fiber type composition with genetics, ethnic background and athletic performance capacity in certain sports disciplines (Harpalani, 2017; Ahmad Yusof and Che Muhamed, 2021; Saito et al., 2022). However, due to the genetic diversity within the human population, at this point it is still quite challenging to directly link certain muscular physiological parameters to a specific athletic performance capacity type (Ahmad Yusof and Che Muhamed, 2021; Saito et al., 2022). Researchers also aim to identify a certain baseline muscle fiber type composition pattern and mfCSA as the ultimate guideline to forecast outperformance of novice athletes in certain sports disciplines (Lievens et al., 2020; Lievens et al., 2021b; Lievens et al., 2021a; Lievens et al., 2022; Hall et al., 2021).
In horses, the genetic background is governed by, most often closed, studbooks, which crucially adds to the homogeneity of that study population (Cosgrove et al., 2020; Marín Navas et al., 2021). Because of this, equine pedigrees and origins of familial offspring have a well-defined provenance and homogeneous genetic basis. Each specific horse breed, governed by its specific studbook, is the result of hundreds of years of selection to achieve ultimate performance levels in certain desired areas such as speed, strength, endurance, etc. Keeping this in mind, mapping out multiple baseline muscular physiological parameters in different archetype horse breeds such as endurance versus racing can importantly add to the identification of pivotal morphophysiological biomarkers across species. Several equine studies have been performed concerning mapping out breed-specific fiber type composition. Table 1 provides an overview of baseline representation of the different muscle fiber types in different horse breeds, in the m. gluteus medius (GM), which is an important locomotor muscle in the hindquarters and the most studied muscle in the equine species.
TABLE 1 | Overview of baseline muscle fiber type composition in different horse breeds in the m. gluteus medius.
[image: Table 1]As mentioned previously, also parameters such as fCSA and mfCSA are of importance for metabolic and performance capacity typology (Dechick et al., 2020; de Meeûs d’Argenteuil et al., 2021b). In horses, breed differences have been reported with that respect. For instance, at baseline, Andalusian horses, which are well known for powerful equestrian activities of rather short duration, such as dressage, show jumping and driving, have a significantly larger fCSA across all muscle fiber types when compared to Dutch Warmblood horses, Arabian and Thoroughbred horses (Rivero and Diz, 1992; Serrano and Rivero, 2000; Rietbroek et al., 2007). Similarly, the Greyhound, which is the canine archetype of acceleration power, has a larger mfCSA when compared to a Yorkshire Terrier (van Boom et al., 2023).
A final important musculo-physiological factor that needs to be determined is the metabolic fingerprint of a certain muscle group. Indeed, the baseline metabolic fingerprint of an animal species or specific breed within that species needs to be viewed as an important performance typology indicator. The patchwork of muscle fiber types harbored within each muscle group determines the general metabolic profile of a muscle group, which can be identified using untargeted metabolomics. By combining this analysis method with more conventional techniques such as muscle fiber typing and CSA determination, and possibly finding associations between all these baseline parameters, it becomes feasible to obtain novel insights into the muscular metabolic circuitry; better understand the pathophysiological course of certain neuro-muscular diseases and develop species and breed specific training and dietary management protocols. Performing such studies can also further furnish knowledge to, for example, optimize the newly available techniques used for the prospective classification of individuals into specific sports categories (Lievens et al., 2020; Lievens et al., 2021b; Lievens et al., 2022).
As a final remark, it is important to keep in mind which muscle groups have been sampled when comparing and extrapolating study results between species and between breeds. Depending on the main physiological role of a certain muscle group, such as locomotion versus maintenance of posture, physiological muscular features will differ. Moreover, involving multiple muscle groups covering different biomechanical roles adds to better understanding of complex physiological relations between biomarkers.
To conclude, comparing breed specific representation of muscle fiber morphometrics and metabolic characteristics of muscle tissues can reveal information about the predominant energy systems used by different breeds. Some breeds may rely more on glycolytic pathways, which are efficient for short bursts of energy, while others may have a higher oxidative capacity, suited for sustained, aerobic activities. Knowledge of metabolic profiles can help in tailoring nutrition programs for different breeds. Some breeds may require diets that support high-intensity, short-duration activities, while others might benefit from diets promoting endurance and sustained effort. In summary, comparing muscle fiber morphometrics and metabolic properties between breeds provides a holistic understanding of their physiological characteristics, helping breeders, researchers, and practitioners make informed decisions regarding breeding, training, and management practices for optimal performance and health.
The horse as a research species with its plethora of purely bred breeds, each with their own agility purpose and homogenous offspring, can contribute to better understanding the association between different muscular morphophysiological parameters.
Aim and purpose
The aims of the current study were to map out and compare the baseline fiber type composition, fiber type and mean fiber cross-sectional area (fCSA and mfCSA respectively) and untargeted metabolic profile in three specific muscles (m. pectoralis (PM), m. vastus lateralis (VL) and m. semitendinosus (ST)), which represent different roles (i.e.: posture vs. locomotion), in three different equine breeds and to explore possible associations between these muscular physiological parameters. To the best of our knowledge, this is the first study to choose such an approach. For this purpose, three importantly differing horse breeds were selected, and three different muscle groups with varying main physiological functions were sampled.
MATERIALS AND METHODS
For this study, a group of healthy untrained Friesian horses (n = 7; age range 2.5–3.5 years; 4 ♀ and 3 ♂), Standardbred horses (n = 12; age 3–5 years, all ♀) and Warmblood horses (n = 4; age 4–5 years, all ♀) was enrolled (Figure 1). Standardbred, Friesian and Warmblood horses were comparable in body condition score (5.5 ± 0.70) and body weight (446.5 ± 30.22 kg). The study was preceded by 2 weeks of acclimation. The horses were not involved in either training or competition during the 4 months prior to this study. Horses were stabled at the same premises for each breed. The same concentrate feed was used throughout the study in all horses. Horses were fed concentrate feed twice a day, at 8 a.m. and 8 p.m. and had ad libitum access to roughage. The aforementioned protocol was applied during 4 consecutive weeks, after which muscle biopsies were harvested. Horses were housed in individual boxes with straw bedding. Turn-out was provided on paddocks 2 h a day. Vital signs were recorded twice a day and were within normal limits throughout the entire study: rectal temperature, respiratory rate, heart rate, capillary refill time and color of mucous membranes, appetite and fecal output and consistency. This study was approved by the Animal Ethics Committee of the Ghent University (EC 2016/40) and by the Centrale Commissie Dierproeven, The Hague, Netherlands (AVD262002015144).
[image: Figure 1]FIGURE 1 | Schematic overview of the materials and methods. Muscle biopsies were taken from three different muscles (i.e.,: m. pectoralis, m. vastus lateralis and m. semitendinosus) of three different horse breed populations (i.e.,: Standardbred, Friesian, Warmblood). Muscle biopsies were instantly snap-frozen until analysis. The different laboratory techniques involved an immunofluorescent assay for fiber type and cross-sectional area determination and untargeted metabolomics.
Muscle biopsies
Muscle biopsies were harvested from the PM, VL and the ST as previously described (de Meeûs d’Argenteuil et al., 2021b). Briefly, the horses were sedated with detomidine (10 μg/kg bwt) (Detogesic®, Vetcare, Finland) and butorphanol (20 μg/kg bwt) (Butomidor, Richter Pharma AG, Wels, Austria). The area was clipped, shaved and subsequently surgically disinfected. Local anesthetic ointment was applied (Emla® 5%, Astra-Zeneca, Rueil-Malmaison, France). After 10 min, a local anesthetic solution (Lidocaine Hydrochloride®, Braun, Germany) was injected subcutaneously and a small stab incision was made with a surgical blade number 11 midway between origin and insertion of each muscle, as previously described (de Meeûs d’Argenteuil et al., 2021b). Subsequently, a 14G Bergström needle was inserted into the muscle, until a depth of 4 cm was reached on each occasion. Samples were taken under suction pressure, to obtain a total of approximately 120 mg of muscle tissue, which was then divided into three portions: one portion was embedded in Tissue-Tek® OCT compound (Sakura Finetek, Torrance, CA) and was immediately snap-frozen in isopentane in liquid nitrogen and stored at −80°C until processed for muscle fiber typing and fiber CSA assessment. The remaining portions were immediately snap-frozen in liquid nitrogen and stored at −80°C until processed for untargeted metabolomics.
Muscle fiber typing, assessment of fiber CSA and mean fiber CSA
Both the muscle fiber typing and the untargeted metabolomics were performed as previously described (de Meeûs d’Argenteuil et al., 2021a; de Meeûs d’Argenteuil et al., 2021b). Briefly, cryosections of 8 µm were cut from the Tissue-Tek® embedded samples from the PM, VL and ST and were placed on Thermo Scientific™ SuperFrost Plus™ Adhesion slides. The sections were air-dried and blocked for 120 min in 1% BSA in PBS solution. Thereafter, the slides were incubated overnight with the primary antibodies for the different myosin heavy chain subtypes present in respectively type I, type IIA and type IIX fibers, and the sarcolemma (respectively BA-D5, DSHB, RRID:AB_2235587; SC-71, DSHB, RRID:AB_2147165; 6H1, DSHB, RRID:AB_1157897 and laminin, Thermo Fisher Scientific Cat: PA1-36119, RRID:AB_2133620) (Latham and White, 2017). After rinsing the slides 5 consecutive times during 5 min in PBS, they were incubated with the secondary antibodies for 1 h at room temperature for type I, IIA, IIX and sarcolemma (respectively: Alexa fluor 488 goat anti-mouse IgG2b, Thermo Fisher Scientific Cat: A-21141, RRID:AB_2535778; Alexa fluor 350 goat anti-mouse IgG1, Thermo Fisher Scientific Cat: A21120, RRID:AB_2535763; Alexa fluor 594 goat anti-mouse IgM, Thermo Fisher Scientific Cat: A-21044, RRID:AB_2535713; Alexa fluor 568 goat anti-rabbit IgG, Thermo Fisher Scientific Cat: A-11011, RRID:AB_143157). Fluorescent mounting medium (Dako, Agilent, S3023) was then applied to the slides. The sections were visualized with a Zeiss Palm Micro Beam fluorescence microscope and pictures were taken with the Zen Blue Pro1 Software (Zeiss). The fibers were classified as either type I (green), type IIA (blue), type IIX (red) or as hybrid type when staining of more than one myosin heavy chain type was visualized. The hybrid type IIA/IIX (IIAX) was included in the analysis, but not the type I/IIA since it was only sporadically identified (<1%).
The mean CSA of each fiber type, will be annotated as fCSA, as well as the overall mean CSA across all muscle fiber types, called henceforth mfCSA, were determined by means of an automated software analysis program (Image Pro v10 analyzer software, Media Cybernetics Inc., Rockville, United States), which had previously been validated for that purpose (de Meeûs d’Argenteuil et al., 2021a; de Meeûs d’Argenteuil et al., 2021b).
Execution of untargeted metabolomics
Untargeted metabolomics analysis was performed on the VL and PM samples of Friesian and Warmblood horses and the VL of Standardbred horses as previously described (de Meeûs d’Argenteuil et al., 2021b; Metabolon Inc., Durham, NC). Briefly, Ultra High Performance Liquid chromatography/Mass Spectrometry/Mass Spectrometry (UHPLC/MS/MS) and Gas chromatography/Mass Spectrometry (GC/MS) were performed (Evans et al., 2009; Dehaven et al., 2010). Two columns, C18 and a hydrophilic interaction liquid chromatography (HILIC) column, were used. The extracts were divided into five fractions: two for analysis by two separate reverse phase (RP)/UPLC-MS/MS methods with positive ion mode electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative ion mode ESI, one for analysis by Hydrophilic Interaction Ultra Performance Liquid Chromatography/Mass Spectrometry/Mass Spectrometry (HILIC/UPLC-MS/MS) with negative ion mode ESI and one sample was reserved as a backup. All methods utilized a Waters ACQUITY ultra-performance liquid chromatography (UPLC) and a Thermo Scientific Q Exactive high resolution/accurate mass spectrometer interfaced with a heated electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated at 35,000 mass resolution.
Statistical analysis
Statistical analysis for fiber type composition, fCSA and mfCSA was performed in R (R version 3.6, Core Team, 2019). A Kruskal-Wallis test at a significance level of 0.05 was used to assess the overall effect of breed on percentage and both fCSA and mfCSA. When the Kruskal-Wallis test was significant, the breeds were compared two-by-two, for a total of three comparisons, for each muscle parameter using a Wilcoxon rank-sum test at a significance level of 0.017 to account for multiple comparisons, using Bonferroni to correct for multiple comparisons.
For the metabolomics analysis, data were analysed using R (version 3.6). To investigate the differential presence of metabolites based on the concentration found across the three breeds in the VL and between Warmblood and Friesian horses in the PM, a Kruskal-Wallis test was used for group comparisons and a Wilcoxon rank-sum test for pairwise comparisons, for a total of three comparisons. Significance was set at p < 0.05. For the fold difference (FD), the mean concentration of each metabolite for each breed was divided by the mean concentration of the same metabolite in another breed. The differences between breeds in baseline metabolism are primarily discussed throughout the manuscript based on the following super pathways and on occasion focusing on their specific metabolites: lipids, carbohydrates, energy, amino acids, nucleotides and xenobiotics. A Spearman correlation was performed in order to explore the association between each of the metabolites found in each breed and the three muscular physiological parameters: fiber type composition, fCSA and mfCSA. The false discovery rate was addressed with the Benjamini-Hochberg procedure.
RESULTS
Breed differences in muscle fiber type composition in the PM, VL and ST muscle
Significant differences (Table 2) were seen in the fiber type composition between breeds and between muscle groups, with the exception of the ST, which showed a similar fiber type composition across all studied breeds and thus was the least discriminative muscle between breeds; as opposed to the PM (Figures 2A, B) and the VL muscle (Figures 2C, D). Overall, representation of type I fibers was alike for all studied muscles and across studied breeds. The most pronounced differences in muscle fiber type representation were seen for type IIA and IIX fibers. The baseline fiber type composition profile for the three muscle groups in each horse breed is represented in Figures 3 4. A summary of all the results in this study can be found in Figure 5.
TABLE 2 | Median percentage and ranges of type I, IIA, IIAX and IIX fibers for Friesian, Standardbred and Warmblood horses in the m. pectoralis (PM), m. vastus lateralis (VL) and m. semitendinosus (ST). Significant findings are highlighted in red.
[image: Table 2][image: Figure 2]FIGURE 2 | Graphical abstract illustrating the results of the study across the three studied horse breeds. The gradient bar represents the abundance of metabolites per energy cycle (based on heatmap results) from high (red) to low (blue) across breeds. Friesian (F); Standardbred (S); Warmblood (W); m. pectoralis (PM); m. vastus lateralis (VL); Fiber cross-sectional area (fCSA).
[image: Figure 3]FIGURE 3 | Immunohistochemical staining of equine muscle: type I (green), type IIA (blue), type IIX (red) and type IIAX (blue/red) fibers. Panel (A) Friesian horse, m. pectoralis, scale bar 500 µm. Panel (B) Standardbred horse, m. pectoralis, scale bar 200 µm. Panel (C) Friesian horse, m. vastus lateralis, scale bar 500 µm. Panel (D) Standardbred horse, m. vastus lateralis, scale bar 500 µm.
[image: Figure 4]FIGURE 4 | Boxplots of the percentages of type I (green), IIA (blue), IIAX (purple) and IIX (red) fibers in respectively Friesian, Standardbred and Warmblood horses for the (A) m. pectoralis (PM), (B) m. vastus lateralis (VL) and (C) m. semitendinosus (ST). For a view on significant differences see Table 2.
[image: Figure 5]FIGURE 5 | Pie charts of the fiber type composition of all studied muscle groups in all studied breeds expressed in percentage. Fiber type composition of the m. pectoralis (PM) in Friesian horses (A); Standardbred horses (B); and Warmblood horses (C); Fiber type composition of the m. vastus lateralis (VL) in Friesian horses (D); Standardbred horses (E); and Warmblood horses (F); Fiber type composition of the m. semitendinosus (ST) in Friesian horses (G); Standardbred horses (H); and Warmblood horses (I).
In Standardbred horses, a significantly higher proportion of type IIA fibers was represented in both the PM (Standardbred vs. Friesian; p = 0.0003) and the VL muscle (Standardbred vs. Friesian; p = 0.0003). Friesian horses on their turn showed in their PM a significantly higher representation of type IIX fibers (Friesian vs. Standardbred; p = 0.0047) (Table 2).
Breed differences in fiber specific cross-sectional area (fCSA)
No significant differences in fCSA in the PM (p = 0.346; p = 0.466; p = 0.073; p = 0.576), VL (p = 0.140; p = 0.087; p = 0.118; p = 0.363) and ST (p = 0.843; p = 0.509; p = 0.293; p = 0.335) could be detected across Friesian, Standardbred and Warmblood horses (Table 3).
TABLE 3 | Median fiber cross-sectional area (fCSA) (µm2) and fCSA ranges for respectively type I, IIA, IIAX and IIX fibers for Friesian, Standardbred and Warmblood horses in the m. pectoralis (PM), m. vastus lateralis (VL) and m. semitendinosus (ST).
[image: Table 3]Breed differences in mean fiber cross-sectional area (mfCSA)
A significantly larger mfCSA (p = 0.0017) was seen in the VL of Standardbred horses [5740.3 (3487.1–8568.5) µm2] compared to Friesian horses [3643.7 (3225.8–4528.3) µm2] (Table 4). Though not statistically significant, Warmblood horses followed the same trend when compared to Standardbreds. The baseline profile of mfCSA for the three muscle groups in each horse breed is visualized in Figure 6.
TABLE 4 | Median mean fiber cross-sectional area (mfCSA) (µm2) and mfCSA ranges of m. pectoralis (PM), m. vastus lateralis (VL) and m. semitendinosus (ST) in Friesian, Standardbred and Warmblood horses. Significant findings are highlighted in red.
[image: Table 4][image: Figure 6]FIGURE 6 | Boxplot of the mean fiber cross-sectional area (mfCSA) (µm2) in Friesian, Standardbred and Warmblood horses for the m. pectoralis (PM), m. vastus lateralis (VL) and m. semitendinosus (ST). For a view on significant differences see Table 4.
Breed differences in muscle baseline metabolic profile across PM and VL
Untargeted metabolomics was performed on the VL in all involved breeds, as well as on the PM of Friesian and Warmblood horses. Table 5 provides a summary of metabolites found significantly different in the baseline metabolic profile of the VL in Standardbreds versus Friesians on one hand, and Warmbloods versus Standardbreds, with their respective FD. A figure showing the average baseline concentration of metabolites for each of the sub pathways found in the VL of respectively Friesians, Standardbred and Warmblood horses can be found in the (Supplementary Figure S1). Supplementary Table S4 provides an overview of metabolites found significantly different in the baseline metabolic profile of the PM and the VL between Warmblood and Friesian horses with their respective FD.
TABLE 5 | Summary of metabolites found significantly different in the baseline metabolic profile of the m. vastus lateralis (VL) in the comparisons Standardbred/Friesian and Warmblood/Standardbred with their respective fold difference (FD). Legend: dark red: values exceeding 2-FD; light red: values equal to 1 and lower than 2-FD; dark green: values below 0.5-FD; light green: values between 0.5 and 1-FD; blank cells correspond to metabolites that were not found significantly different or were only identified in one of the breeds. Left column: Standardbred vs. Friesian comparison: cells in red represent metabolites more active in Standardbred horses and cells in green represent metabolites more active in Friesian horses. Right column: Warmblood vs. Standardbred comparison: cells in red represent metabolites more active in Warmblood horses and cells in green represent metabolites more active in Standardbred horses.
[image: Table 5]Across breeds the VL showed a wider array of differences between energy super pathways when compared to the PM. The lipid and nucleotide super pathways were significantly more active in Friesian horses when compared to Standardbreds, especially short and medium-chain acylcarnitines, however, in conjunction with high levels of long-chain fatty acids and polyunsaturated fatty acids (PUFAs) compared to Warmblood horses. No differences were seen in short-chain fatty acids (SCFA). Standardbred horses were very high in xenobiotic pathways and within the lipid super pathway, long and very long-chain acylcarnitines were clearly much more abundant when compared to Friesian horses. The amino acid metabolism showed similar activity across both breeds, except for the BCAA and AAA sub pathways which were significantly more active in Friesian horses. The carbohydrate, amino acid and nucleotide super pathways and carnitine metabolism showed significantly higher activity in Warmblood when compared to Standardbred horses. A figure showing the average baseline concentration of metabolites for each of the sub pathways found in the m. pectoralis (PM) of Friesian and Warmblood horses can be found in the Supplementary Figure S2.
Standardbred vs. Friesian
The lipid and nucleotide super pathways (Table 5; Supplementary Figure S1) showed significantly higher activity in Friesian horses when compared to Standardbred horses. Standardbred horses on their turn showed significant higher activity of the xenobiotic pathways and within the lipid super pathway, acylcarnitines, more specifically long and very-long chain acylcarnitines, were significantly more active when compared to Friesian horses. The FD, fold difference, between breeds for each metabolite can be found in Table 5.
When focusing separately on each of the super pathways, following important breed differences could be discerned:
In lipid metabolism, Friesian horses generally exhibited higher activity, except for the acylcarnitine sub pathway, which was more active in Standardbred horses (1.30–1.70 FD). This disparity extended across various lipid sub pathways like diacylglycerol (0.45 FD), glycerolipid (0.58 FD), sphingolipid (0.79 and 0.61 FD), and phospholipid (0.74–0.78 FD) sub pathways, all displaying higher activity in Friesian horses, except for glycerophosphoinositol (1.99 FD), notably higher in Standardbreds.
The carbohydrate sub pathways followed a less straight forward trend across both breeds. For example, lactate (1.58 FD) and methylcitrate/homocitrate (1.94 FD) were clearly more abundant in Standardbred horses, as opposed to metabolites like 3-phosphoglycerate (0.18 FD) and phosphoenolpyruvate, which were less abundant in Standardbred horses compared to Friesians. Other glycolysis, gluconeogenesis and pyruvate cycle metabolites such as 3-phosphoglycerate and phosphoenolpyruvate were less abundant in Standardbred horses when compared to Friesian horses. Likewise, several metabolites of the TCA cycle and oxidative phosphorylation (OXPHOS) system such as acetylphosphate (0.57 FD) and aconitate (0.31 FD), were less active in Standardbred horses when compared to Friesian horses.
Amino acid metabolism, showed consistent activity between the two breeds, except for certain subpathways like BCAA (0.31–0.74 FD), AAA (0.23–0.26), which were notably less active in Standardbred horses, while betaine (1.23 FD) displayed higher activity in this breed (Table 5, left column).
The nucleotide super pathway was significantly less active in Standardbred horses when compared to Friesian horses. Adenosine 3′,5′-diphosphate (1.59 FD), from the adenine containing purine metabolic sub pathway, was the only metabolite showing more activity in Standardbred horses compared to Friesian horses.
Xenobiotic sub pathways were significantly more active in Standardbred horses when compared to Friesian horses, specifically the metabolites sulfate (2.66 FD), quinate (2.9 FD) and N-glycolylneuraminate (1.71 FD), except for one metabolite, 4-ethylphenylsulfate from the benzoate metabolism (0.27 FD).
Warmblood vs. Standardbred
At the level of the super pathways, both Warmblood and Standardbred showed equal activity at the level of the lipid metabolism, with the exception of a more pronounced activity in Warmblood horses of the carnitine metabolism (1.10 FD), fatty acid synthesis (1.75 FD) and cytidine-5′-diphosphoethanolamine (1.55 FD) and sphinganine (1.48 FD) (Table 5, right column). Also, the xenobiotic super pathway showed similar activity between both breeds except for methyl glucopyranoside (alpha and beta) (2.12 FD) and 4-ethylphenylsulfate (1.63 FD) being more active in Warmblood horses when compared to Standardbred horses. All other super pathways (carbohydrate/energy, amino acid and nucleotide) showed significantly higher activity in Warmblood when compared to Standardbred horses.
In the carbohydrate/energy super pathway especially advanced glycation end-products (1.72 FD), amino sugar metabolites (1.43 FD) and aconitate (3.58 FD) were significantly more abundant in Warmblood when compared to Standardbred horses.
In the amino acid super pathway most metabolites were significantly higher in Warmblood when compared to Standardbred horses. Important highlights with that respect are N-acetylaspartate (2.14 FD) and N-methylalanine (2.16 FD), alpha-hydroxyisocaproate (4.65 FD), 2-aminoadipate (2.43 FD) and glutarylcarnitine (2.06 FD), and finally phenylalanine and tyrosine (4.97 FD) and tryptophan (2.70 FD). In contrast, certain metabolites including betaine (0.74 FD), 3-hydroxybutyrylcarnitine (0.56 FD)and pipecolate (0.48 FD) exhibited higher activity in Standardbred horses. All amino acids from the urea cycle, specifically arginine and proline metabolism, were also more active (0.35–0.5 FD) in Standardbred horses.
The nucleotide super pathway was less active in Warmblood horses when compared to Standardbred horses, except for 3-ureidopropionate (1.77 FD) from the pyrimidine metabolism.
Warmblood vs. Friesian
All energy super pathways showed similar trends in their breed comparisons, with the exception of the xenobiotic and the nucleotide super pathways, which showed only clear breed differences in the locomotor muscle (VL) as opposed to the PM which showed no breed differences. The results show differential activity across breeds and muscles (Supplementary Table S4, left (PM) and right column (VL); Supplementary Figures S1, S2).
In the lipid metabolism a clear breed-based distinction was visible across both muscle groups at the level of the acylcarnitine metabolism: both short- and medium-chain metabolites (Short chain (C2-C5; 0.73–0.86 FD PM; 0.84–0.89 FD VL); Medium chain (C6-C13; 0.54–0.86 FD PM; 0.75–0.93 FD VL) are all more active in Friesians when compared to Warmblood horses, whereas the long-chain (C14-C21; 1.01–1.38 FD PM; 1.17–2.09 FD VL) and very long-chain (≥C22; 1.06–1.39 FD PM; 1.47–2.48 FD VL) acylcarnitines are higher in Warmblood horses. Moreover, Warmbloods displayed significantly more active carnitine metabolism compared to Friesians, particularly in the VL, showcasing notably high levels of certain metabolites like arachidonoylcarnitine (2.01 FD), adrenoylcarnitine (2.48 FD), dihomo-linolenoylcarnitine (2.09 FD) and docosapentaenoylcarnitne (2.22 FD). Long-chain fatty acid andpolyunsaturated fatty acids were more abundant in Friesian horses when compared to Warmblood horses, except for valerate, (1.2 FD (2.24 FD) which was notably higher in Warmblood horses, particularly in the VL.
In the carbohydrate/energy sub pathways, several pivotal metabolites in the PM were more abundant in Warmblood horses when compared to Friesians, such as succinylcarnitine (1.84 FD), fumarate (1.2 FD), malate (1.18 FD) and 2-methylcitrate/homocitrate (1.84 FD), though again, this was even more pronounced in the VL for which especially succinylcarnitine and 2-methylcitrate/homocitrate (2.39 FD) are very active in Warmblood horses.
With respect to the amino acid sub pathways, most showed similar breed trends across both muscle groups except for AAA and BCAA metabolism, which appeared more prevalent in Friesians. Specific metabolites, like 3-hydroxyphenylacetatoylcarnitine (6.98 FD PM; 4.37 FD VL), cis-urocanate (4.58 FD PM; 2.85 FD VL), pyroglutamine (2.95 FD PM; 2.23 FD VL), S-methylcysteine sulfoxide (2.41 FD PM; 2.44 FD VL), taurocyamine (3.22 FD PM; 2.73 FD VL), glycylleucine (2.43 FD PM; 2.04 FD VL) and valylleucine (2.56 FD PM; 2.03 FD VL) were highly active in Warmbloods, whereas N-delta-acetylornithine (0.36 FD PM; 0.4 FD VL), 4-hydroxy-nonenal-glutathione (0.11 FD PM; 0.22 FD VL) and pipecolate (0.47 FD PM; 0.48 FD VL) were particularly less abundant in Warmblood horses compared to Friesian horses.
Only in the VL muscle, all nucleotide sub pathways observed, except the thymine containing pyrimidine 3-aminoisobutyrate (1.58 FD), were less active in Warmblood horses when compared to Friesian horses.
While the nucleotide and xenobiotic super pathways showed no discernible breed differences in PM, in VL muscle, Warmblood horses exhibited increased activity in the xenobiotic super pathway, notably featuring metabolites like benzoylcarnitine (1.96 FD), N-glycoylneuraminate (2.65 FD), erythritol (5.82 FD) and methyl glucopyranoside (2.70 FD), while 4-ethylphenylsulfate (0.44 FD), 4-methylcatechol sulfate (0.34 FD), 4-acetylphenol sulfate (0.28 FD) and umbelliferone sulfate (0.07 FD) were much less abundant in Warmblood horses when compared to Friesian horses.
Associations between the metabolic profile and other physio-morphological features
No significant associations could be found between the metabolic blueprints and the assessed physio-morphological parameters such as fiber type composition, mCSA and mfCSA. (Supplementary Tables S1–S3).
DISCUSSION
Linking muscular histological parameters to metabolic output is crucial for better understanding the functional aspects of muscle tissue. It is essential to understand adaptation to training, to optimize disease and recovery monitoring and to optimize nutritional interventions. To the best of our knowledge, this is the first study to baseline morpho-physiological parameters in three different horse breeds across three muscle groups combining histomorphology with untargeted metabolomics. Although horses and humans differ greatly from each other, even in terms of diet and GI physiology, it is to be expected that each species physiologically has a certain muscular main-frame metabolism, as well as a certain set of fallback scenarios. What represents an additional fallback scenario or a metabolic pathway that is active in the background in one species may be the main pathway for another species. Extrapolating results from human training studies to horses and vice versa should therefore be done with caution. However, the comparative approach can teach us a lot here. Horse breeds are the result of thousands of years of selection to excel in a particular discipline. They are often controlled by closed studbooks, which makes them genetically much more uniform than, say, a group of human athletes that excel in, for example, sprint capacity. This study does not intend to suggest that the combination of morphophysiological factors and metabolic output found in horse breeds that for example are strong in power output (Friesian horse), can be extrapolated one on one to humans that excel in power sports, but these study results are important to also apply to humans, to broaden human physiological metabolic insights. What is a crucial pathway in a horse, for example, can represent 10% of the total metabolic output for a human athlete, which is already crucial knowledge in terms of training and nutritional interventions.
The added value of comparing different archetypical breeds and including posture versus locomotion muscle groups
In the current study, three importantly different horse breeds were compared: Friesian versus Warmblood versus Standardbred horses, all genetically selected towards an ultimate specific performance skill. The strict offspring control that is being exercised over the different studbooks representing these different breeds ensures that the study populations involved are quite uniform. The breed differences found can therefore be better linked to the genetic and exercise archetype and thus the metabolic fingerprint being identified. With that respect, Friesian horses can be viewed as the “bodybuilders” of the equine world, Standardbred horses as sprinters that perform their exercise in a predominant aerobic fashion and Warmblood horses can be viewed as the most versatile breed, engaging in all kinds of different types of competition such as dressage, show jumping and eventing. Therefore, from all involved Studbooks, the Warmblood Studbook is the most versatile.
Involving three different muscle groups also adds to creating a more complete view on how locomotor versus posture predominant muscle groups can fulfill their specific function. Muscles can be broadly classified into two types based on their function and metabolic characteristics: posture muscles and locomotion muscles. These classifications are associated with the primary functions these muscles serve in the body. Posture muscles are primarily responsible for maintaining body posture and stability. They work to counteract the force of gravity, allowing an individual to stand or sit upright. Locomotion muscles are involved in movement and generating forces required for activities such as walking, running, jumping, and other dynamic actions. Up until now, the distinction between locomotor and postural muscles is quite arbitrary in the horse, though also with that respect, quite some research has already been performed (Payne et al., 2005a; Payne et al., 2005b; de Meeûs d’Argenteuil et al., 2021a). Understanding differences between posture and locomotion muscles is essential for designing effective training programs, rehabilitation strategies, and optimizing overall muscular function based on specific functional requirements, whether it be maintaining posture or engaging in locomotion activities. With that respect, apparently, the ST muscle fulfills a similar locomotory role across all equine breeds involved in this study. Indeed, it is the least breed discriminative muscle (Figures 3, 4), which is an interesting finding that needs to be further scrutinized in follow-up studies. Up until now, the GM is mostly used in muscular and training studies across species and breeds (Snow and Guy, 1980; Valberg, 1987; López-Rivero et al., 1989; López-Rivero et al., 1991; Rivero et al., 1995; Islas et al., 1997; van Ginneken et al., 2006; Lindner et al., 2013; Valberg et al., 2022). The ST, on the other hand, has rarely been used to that purpose although this muscle allows for easy and repeated sampling without complications. Its anatomical location allows for optimal drainage of the biopsy wound and for strategic sampling, keeping in mind gravity and thus avoiding “contamination” of the next sampling sites caused by drainage fluids with the potential of activating inflammatory pathways that can skew study results (Vissing et al., 2005; Thienen et al., 2014; de Meeûs d’Argenteuil et al., 2021b; de Meeûs d’Argenteuil et al., 2021a). The VL showed a wider array of differences across breeds for the studied physiological parameters when compared to the PM. In the past, we have shown that in Friesian horses the m. pectoralis does cover a locomotory function, probably to dynamize the high knee action, which is a gait-specific feature for this breed (de Meeûs d’Argenteuil et al., 2021a).
With respect to the three involved morphophysiological parameters in the current study (muscle fiber typing, fCSA, mfCSA), the fiber specific CSA was the least discriminative between breeds, suggesting that the corollary of type I fibers being small and highly capillarized allowing for swift muscle fuel supply, stands across breeds. The same goes for type IIX fibers, typically large to allow for storage of reserve fuels, which are rapidly consumed by this type of muscle fiber during explosive bouts of exercise. When looking across species, this paradigm does not remain valid. Indeed, in humans, type IIX fibers are smaller than type IIA fibers (Bloemberg and Quadrilatero, 2012; Jeon et al., 2019). The aforementioned could illustrate that for example type IIX fibers do not rely on the same fast metabolic machinery across species. Type IIX fibers represent the capacity to sustain explosive bouts of exercise, predominantly fuelled by predominant anaerobic metabolism. Since the “ad hoc” need to supply energy demands, it is feasible that differences in dietary habits across the aforementioned species, explain the reported differences with respect to fCSA of type IIX seen across species. Interestingly, type I fibers, however, do seem to follow the same paradigm across species and breeds. Rivero and Diz (1992) for example reported similar results for the GM upon comparing three different horse breeds: Andalusian, Thoroughbred and Arab horses (Rivero and Diz, 1992). Also, in a study performed in ducks by Li and co-workers, no significant differences were found in the fCSA between the breeds examined (Li et al., 2016). Similarly, in a study by van Boom et al. (2023), the fCSA in two different muscles of 16 dog breeds showed no significant differences. Overall, this suggests that the fCSA is not discriminative between breeds of the same species and that species mainly differ in the fCSA of non type I fibers.
The mfCSA on the contrary, representing the mean CSA across all muscle fiber types, clearly shows significant breed differences. Indeed, Standardbred horses showed a significantly larger mfCSA (Table 4) and were richer in type IIA fibers, both in the PM and VL muscle compared to Friesian horses. Warmblood horses demonstrated the same trend of larger mfCSA compared to Standardbred horses, although results did not attain significance.
When focusing on muscle fiber typology and comparing between breeds in the current study, the representation of type I fibers showed most equality across studied muscles and breeds (Table 2; Figures 3, 4). By contrast, type IIA and type IIX fibers were most discriminative between breeds. It is more than likely that this is due to the fact that precisely these muscle fiber types have to realize a much greater versatility of exercise per breed when compared to type I fibers, the latter of which are most represented in posture predominant muscle groups. Standardbred horses showed the highest representation of type IIA fibers in both the PM and VL muscle when compared to Friesians and Warmblood horses, which matches with the type of exercise for which they are bred. Indeed, type IIA fibers are known as the predominant fiber type in horses (Snow and Guy, 1980; Gunn, 1987; Rivero and Hill, 2016) and it seems that Standardbred horses represent an archetypical model in that respect. While the fiber type composition in humans shows high levels of both type I and IIA fibers (Jeon et al., 2019), training can increase the ratio of type II fibers. Unfortunately, most currently available studies have focused on I and IIA fibers exclusively (Metaxas et al., 2019; Gejl et al., 2021). Friesian horses have a very high representation of type IIX fibers in their PM, compared to other breeds. Our research team has shown in the past that the PM of Friesian horses covers a more pronounced locomotory function compared to other breeds, possibly because of their involvement in high knee action in different gaits. Overall, Warmblood and Standardbred horses were quite comparable at the level of fiber type composition across sampled muscles (Figure 5).
The fiber type composition data obtained in this study are in accordance with previous studies on untrained Standardbred and Dutch Warmblood horses (Essén et al., 1980; Taylor and Brassard, 1981; Karlstrom et al., 1994; Grotmol et al., 2002; van Ginneken et al., 2006). The type IIA fiber representation in both PM and VL in Standardbred horses compared to Friesian horses found in the present study is coherent with the predominant aerobic sprinting activities for which Standardbred horses are bred (Taylor and Brassard, 1981; Rivero et al., 1993). This is comparable with humans, especially men, in which type IIA representation in the VL is also high (Bloemberg and Quadrilatero, 2012; Jeon et al., 2019).
Zooming in on metabolic steady-state condition differences across archetype equine breeds being conceptualized for top performance in different sports disciplines
The results in the current study demonstrate that there are important metabolic differences between equine breeds, which need further attention in future studies and when formulating training and dietary management protocols. Though all three involved equine breeds show important differences, Standardbred horses and Warmblood horses seem to be more “alike” when compared to Friesian horses (Figure 5). Also of interest is the fact that these metabolic differences are expressed by both PM and VL across breeds, indicating that, despite differences in physiological role between muscle groups, these specific metabolic differences stand across breeds, though more thoroughly expressed in locomotor muscles.
An interesting finding was the fact that the lipid and nucleotide super pathways were significantly more active in Friesian horses when compared to Standardbreds, especially short and medium-chain acylcarnitines. Interestingly, it is known that some of the short-chain acylcarnitines (SCACs), such as butyrylcarnitine and propionylcarnitine, mainly originate from the catabolism of branched-chain amino acids (BCAA), which were clearly more active in the Friesian breed (Halama et al., 2016). Further research is needed with that respect, but it is clear that this is a Friesian-specific feature. Another source of short-chain fatty acid (SCFAs) production is the gut microbiome, which is an important metabolite source in horses (Tan et al., 2014; Kauter et al., 2019; Mach et al., 2021). After binding to carnitine, SCFAs can enter the mitochondria through the carnitine shuttle, for further processing by the β oxidation pathway (Engelking, 2015) (Figure 7). Finally, the breakdown of medium-, long- and very long-chain fatty acids (respectively MCFAs, LCFAs and VLCFAs) can contribute to the origin of short and medium chain acylcarnitines (Adeva-Andany et al., 2017; Dambrova et al., 2022). An overview of the processing of SCFAs, MCFAs, and LCFAs and associated formation of acylcarnitines can be found in Figure 7. Carnitine itself is one of the metabolites that appears most active in Warmblood horses throughout the study (Figure 5). It is known that carnitine is essential for the shuttling of fatty acids from the cytosol into the mitochondria (Buechler and Lowenstein, 1990; Hoppel, 2003) (Figure 7). Finally, in an equine study comparing Guanzhong horses, which have athletic tall bodies, and Ningqiang pony horses, which have an agile but strong body that allows them to transport heavy goods in the mountains, the SCAC propionylcarnitine appeared in higher concentrations in the GM of the pony draft horses, which was attributed to the differences in muscle development between these two breeds (Meng et al., 2023). Interestingly, both in healthy untrained humans and endurance horses, such as Arabian and Standardbred horses, SCACs are the most abundant carnitine metabolites in blood, particularly acetylcarnitine (Bene et al., 2005; Westermann et al., 2008; Adams et al., 2009; van der Kolk et al., 2020). No blood sampling was performed in the current study. It was decided not to do so, since blood as matrix performs cross-talk with many body compartments, including GI tract, liver, muscle compartment, lungs, etc., and hence represents a complex metabolic mirror which not only illustrates what happens inside the muscular compartment.
[image: Figure 7]FIGURE 7 | Muscle cell depicting the formation of acylcarnitines, their transport into the mitochondrion and their participation in the production of ATP. Adapted from Dambrova et al. (2022) and created with BioRender. Fatty acids access the cell via the fatty acid translocase CD36 and the fatty acid transporter protein 1 (FATP1) (Hao et al., 2020; Dambrova et al., 2022). Branched-chain fatty acids (BCFAs) and long and very long-chain fatty acids (LCFAs and VLCFAs) enter the peroxisome, where each of them undergo the peroxisomal β-oxidation resulting in simpler medium and short-chain fatty acids (MCFAs and SCFAs). Some of the short-chain acylcarnitines (SCACs), such as butyrylcarnitine and propionylcarnitine, come mainly from the catabolism of branched-chain amino acids (BCAA), while others like acetylcarnitine are only slightly affected by that metabolic process (Halama et al., 2016). While some SCACs are produced in the peroxisome, the majority of SCACs are produced by the reaction catalyzed in the cytosol by a carnitine acyltransferase (CrAT) enzyme that binds L-carnitine to a short-chain fatty acid, for example acetyl-CoA, which is then transformed into an acylcarnitine, in this case acetycarnitine (Adeva-Andany et al., 2017; Dambrova et al., 2022). Short-chain fatty acids (SCFAs) are synthesized in the colon by the microbiota present there, with acetate, propionate and butyrate being the most released through fermenting fiber and resistant starches (Tan et al., 2014). After binding to carnitine, SCFAs can enter the outer membrane of the mitochondria and go through the inner membrane via the carnitine-acylcarnitine translocase (CACT); once inside, they can participate as substrate for the β oxidation cycle, after being separated from carnitine by carnitine palmitoyltransferase 2 (CPT2) (Engelking, 2015). Medium-chain acylcarnitines (MCACs), on the other hand, are produced in the peroxisome via the carnitine octanoyltransferase (CrOT), which can partially contribute to MCAC production from the metabolism of medium- and long-chain fatty acids (MCFAs and LCFAs) and the breakdown of very long-chain acylcarnitines (VLCACs) (Adeva-Andany et al., 2017; Dambrova et al., 2022). Despite the difference in their synthesis compared to SCACs, the function of MCACs is also to feed into the mitochondrial β-oxidation by following the same process (Engelking, 2015; Dambrova et al., 2022). Long-chain fatty acids, as opposed to VLCFAs, can also enter the mitochondria to participate in the β oxidation. They must be bound first to carnitine via the carnitine palmitoyltransferase 1 (CPT1) to access the intermembrane space as long-chain acylcarnitines (LCACs) and then go through CACT to pass the inner membrane of the mitochondria into the matrix, where they lose their carnitine thanks to CPT2. Only then they can participate in the mitochondrial β-oxidation (Dambrova et al., 2022). Additionally, acetyl-CoA accumulation in the cytosol can give rise to the production of malonyl-CoA via the malonyl-CoA decarboxylase (MCD), which is reversible by acetyl-CoA carboxylase (ACC). The accumulation of malonyl-CoA can inhibit the production of LCACs from LCFAs, impairing the β-oxidation (Dambrova et al., 2022). The organic cation transporter novel family member 2 (OCTN2) is the high affinity protein transporter that allows the refill of the carnitine pool in the cytosol. Another Friesian specific feature was the high activity of almost all nucleotide sub pathways in the VL compared to the other two breeds. Fast-twitch muscle fibers are known to display a much higher rate of nucleotide synthesis, especially adenine, when compared to slow-twitch fibers, due to the high speed at which fast-twitch processes take place (Tullson and Terjung, 1991). The fact that both type IIX and type IIA fibers are vastly represented in Friesian horses, could serve as an explanation for this finding.
Outstanding metabolic features for Standardbred horses were the high xenobiotic activity and within the lipid super pathway, the prominent representation of long and very long-chain acylcarnitines. Amongst these xenobiotics, was sulfate, which is the key metabolite for the formation of adenosine 3′,5′-diphosphate and is produced during cysteine and methionine metabolism (Kanehisa, 2019; Kanehisa et al., 2021). Quinate was also a metabolite noticeably active in Standardbred horses compared to Friesian horses. Quinate is a compound that is part of the shikimate pathway, a metabolic pathway found in plants, bacteria, and fungi. The shikimate pathway is responsible for the biosynthesis of aromatic amino acids, such as phenylalanine, tyrosine, and tryptophan. In mammals, including humans, the shikimate pathway is absent. Therefore, quinate itself is not directly involved in mammalian metabolism in the same way it is in plants. Quinic acid, a derivative of quinate, can be produced by the gut microbiome through microbial metabolism. Throughout the study, the same concentrate feed was used, however, roughage sources did differ. Quinic acid, its derivative, can undergo metabolism in the liver. Studies have shown that quinic acid can be converted to other metabolites that may have bioactive properties, for example antioxidant properties, potential anti-inflammatory effects, and its role in supporting gut health (Nam et al., 2018; Choi et al., 2021; Benali et al., 2022). The variability in its presence in the studied horse breeds may be due to differential use of roughage sources and/or due to differences in gut microbiome metabolic output. The benzoate metabolic sub pathway appeared less active in the VL of both Warmblood and Standardbred horses compared to Friesian horses, while other xenobiotic sub pathways were more active in those two breeds compared to Friesian horses. Interestingly, the degradation of benzoate is related to metabolites that end up feeding the TCA cycle (Wishart et al., 2018).
The other standardbred-specific metabolic feature was the high representation of long-chain (LCACs) and very long-chain acylcarnitines (VLCACs). Those are generated through L-carnitine esterification of long and very long-chain fatty acids that originate either from the diet or are generated by de novo lipogenesis and subsequent mobilization of fatty acids from the fat depots (Dambrova et al., 2022). Very long-chain fatty acids (VLCFAs) are too long to be part of the β-oxidation. Consequently, VLCFAs are metabolized in peroxisomes, where enzymes cleave them into shorter fragments that form short- and medium-chain acylcarnitines (Ferdinandusse et al., 2004; Dambrova et al., 2022) (Figure 7). In a human nutritional study, the plasma metabolome of groups with different diets (i.e.: vegan, vegetarian versus omnivore) showed that there was a markedly lower abundance in long-chain acylcarnitines in the vegan group (Miles et al., 2022). Horses have a pure vegan diet and Standardbreds as well as Warmblood horses displayed increased presence of long and very long chain acylcarnitines, i.e. opposite to the human response. Friesian horses on the other hand displayed increased short and medium chain acyl carnitines. Clearly, more research is needed to understand those differences; in that respect it would be interesting to compare fatty acid and acylcarnitine profiles in resting and acute exercise muscle biopsies and microbiome metabolic output. In an equine study that compared baseline amino acid and acylcarnitine concentrations in peripheral blood of Quarter horses and American Miniature horses, the authors found a breed effect on the concentration of acylcarnitines of all lengths, which was attributed to the variation in daily physical activity, individual genetics or environmental factors since the horses had been fed the same diet throughout the study, as was the case in the current study (Rodríguez-Sánchez et al., 2015). Further work is necessary to improve our understanding of muscular acylcarnitine dynamics upon physical activity relative to the resting condition (Assenza et al., 2012; Boemer et al., 2017).
As mentioned previously, when comparing the lipid metabolism across breeds it is important to keep in mind that in conjunction with a high expression of short and medium-chain acylcarnitines in Friesian horses, there was a significantly increased presence of long-chain fatty acids, whereas short-chain fatty acids were equally abundant across breeds. Since acylcarnitine formation occurs further downstream from fatty acid mobilization, this indicates that Friesian horses are less adept at the swift processing of long and very long chain fatty acids compared to Standardbred and Warmblood horses, which is logic since these fatty acids are used under endurance conditions and Friesian horses are not bred for that purpose (Nelson and Cox, 2017a). More research is needed in that respect, but the observation could be of importance when feeding Friesian horses. The more pronounced anaerobic fast-twitch muscle fiber profile seen in Friesian horses could partly function as an explanation for this finding. The higher percentage of type IIA fibers in the VL of Standardbred horses compared to Friesian horses has to be considered as well. Although this difference is not seen in an association between fiber type composition and baseline metabolic profile in any of the breeds in the current study, a more oxidative profile for both Standardbred and Warmblood horses does make sense. Also important to notice is the fact that the processing of long and very long-chain acylcarnitines yields a much larger amount of ATP, be it at a slower rate compared to short-chain acylcarnitines (Figure 7) (Nelson and Cox, 2017a; Talley and Mohiuddin, 2020). Breed differences in lipid metabolism have been reported in the past. An equine training study has reported that there were differences in the lipid utilization between Standardbred and Thoroughbred horses (Assenza et al., 2012). When focusing on the significant high PUFA levels detected in Friesian horses, it is important to mention that these metabolites are necessary for adequate growth, development and general functioning of the adult organism by participating in events such as inhibiting inflammatory processes, decreasing secretion of pro-inflammatory cytokines by monocytes/macrophages and decreasing triglyceride synthesis in the liver (Wiktorowska-Owczarek et al., 2015). Furthermore, in the skeletal muscle, PUFAs can improve mitochondrial function in vitro, as well as attenuate age-related declines in mitochondrial protein quality in mice (Casanova et al., 2014; Johnson et al., 2015; Chen et al., 2018). In the past, a significantly increased collagen turnover in Friesian horses has been reported (de Meeûs d’Argenteuil et al., 2021b). The origin of this increased collagen turnover has not been unraveled yet, but it is feasible to assume that this could trigger these increased PUFA levels. More research is needed with that respect.
Finally, the carbohydrate, amino acid and nucleotide super pathways and carnitine metabolism showed significantly higher activity in Warmblood when compared to Standardbred horses. When focusing on the carbohydrate metabolism, TCA cycle activity was more pronounced in Warmblood horses than in Friesians (VL), suggesting the following order: Warmblood > Friesian > Standardbred. The carbohydrate metabolite PEP, an intermediate of glycolysis and gluconeogenesis, had a much lower expression in the VL of Standardbred and Warmblood horses (FD of 0.08 and 0.04) compared to Friesians. PEP is produced from oxaloacetate, which represents the penultimate step of the TCA cycle (Nelson and Cox, 2017b). Interestingly, 3-phosphoglycerate also displayed lower expression in the two other breeds compared to Friesian horses (0.18 and 0.14 FD in Standardbred and Warmblood horses respectively). Galactitol, from the fructose, mannose and galactose metabolic pathway, appeared particularly more abundant in Warmblood horses compared to Friesian horses, especially in the VL. This metabolite is a breakdown product of galactose during an alternative galactose metabolic pathway that is launched upon accumulation of galactose (Jakobs et al., 1995; Zhang et al., 2020). Galactitol can also undergo several changes until fructose-6-phosphate is formed, which is used in the pentose phosphate pathway (PPP) (Kanehisa, 2019; Kanehisa et al., 2021). In the present study fructose-6-phosphate was also more active in Warmblood horses, and the PPP was more active too.
In Friesian horses, the metabolite acetylphosphate, a component of the OXPHOS sub pathway, shows higher activity in the VL compared to Standardbred horses. This suggests that the electron transport chain is more actively involved in aerobic ATP production. (Nelson and Cox, 2017c). Both Standardbred and Warmblood horses displayed in the VL, and in the case of Warmblood horses also in the PM, a greater expression of 2-methylcitrate/homocitrate than Friesian horses. 2-Methylcitrate and homocitrate are intermediates in various metabolic pathways, including the citric acid cycle. Furthermore, 2-methylcitrate can be formed during the metabolism of propionate, a short-chain fatty acid that is produced by the equine microbiome (Kanehisa, 2019; Kanehisa et al., 2021). Aconitate expression is much higher in Warmblood VL muscle when compared to Standardbred horses (3.58 FD) (Table 5). This also stands for advanced glycation end-products ((1.72 FD) for Warmblood > Standardbred) and aminosugar metabolism (1.43 FD Warmblood > Standardbred) (Table 5). Therefore, it seems like metabolites from carbohydrate metabolism are most active in Warmblood horses when compared to Friesian and Standardbred horses. These breed differences in carbohydrate metabolism are more pronounced in the VL when compared to the PM, as expected.
With respect to the amino acid metabolism, Warmblood horses showed significantly higher activity in the VL when compared to Standardbred horses for almost all studied metabolites. However, Friesian horses showed most activity, especially with respect to the BCAA and AAA metabolism. It has been demonstrated that BCAAs bypass the liver and are conveyed to the muscles and that leucine oxidation increases with increasing exercise intensities in humans (McKenzie et al., 2000; Ananieva et al., 2017). The BCAA metabolite alpha-hydroxyisocaproate is also highly active in Friesian horses in both the PM and VL compared to Standardbred and Warmblood horses, and in the VL of Warmblood horses compared to Standardbreds (Supplementary Table S4). This metabolite is known to inhibit protein synthesis and improves muscle recovery (Lang et al., 2013; Sumi et al., 2021). A similar content of metabolites from the BCAA, AAA and other amino acid sub pathways was observed between the PM and VL of Friesian horses. BCAAs may have a regulatory role in the promotion of protein synthesis, as shown in murine and human studies (Kimball and Jefferson, 2006; Brestenský et al., 2015; Mantuano et al., 2020). An example of BCAA that may have an effect on protein turnover in muscle fibers and muscle build-up is pipecolate, which in the present study appeared much higher in Friesian horses in both muscles compared to Warmblood horses (Sato et al., 2016). Pipecolate, is a product of lysine metabolism and its blood levels were found to be lower in Arabian and half-breed Arabian horses after endurance racing (Halama et al., 2021). The amino acid N-(delta)acetylornithine also displays a much higher expression in both muscles of Friesian horses compared to Warmblood horses. This metabolite appears to be synthesized exclusively by the gut microbiota in humans and mice (Liu et al., 2019; Zarei et al., 2021). This suggests that there may be a different baseline diversity of gut microbiota in Friesian horses compared to Warmblood horses, since the food given to them was the same. Taurine and its metabolites such as N-acetyltaurine and taurocyamine are more active in the VL and PM of Warmblood horses compared to Friesian horses. Interestingly, in Arabian and semi-Arabian horses, taurine synthesis increases in response to endurance exercise (Halama et al., 2021). Taurine and its precursors have previously been reported to have antioxidative effects and to support mitochondrial function, which fits the oxidative profile seen in this study in Warmblood horses (Aruoma et al., 1988; Jong et al., 2012). Another AAA that stood out in both muscles of Warmblood horses compared to Friesian horses was cis-urocanate, a metabolite of histidine degradation (Brosnan and Brosnan, 2020) involved in 2-oxoglutarate production, a very important molecule in the TCA cycle (Kanehisa, 2019; Kanehisa et al., 2021). The higher expression of TCA-related metabolites underscores the importance of the TCA cycle in Warmblood horses. It is conceivable that many of the breed-specific highly active amino acid metabolites can act to shape breed-specific energy cycles in this area.
CONCLUSION
This study is the first that combines histomorphological parameters with untargeted metabolomics in posture versus locomotion muscles in three different archetypical breeds with respect to exercise-type purpose. Though no associations could be found between the involved histomorphological parameters (muscle fiber typing, fCSA and mfCSA) and the untargeted metabolomics profiles, the overarching approach allowed to unveil important breed differences. Moreover, study results show that the simplistic paradigm that small fibers typically rely on slow aerobic metabolism, and large fibers on fast glycolytic based on swift glycogen processing, needs to be carefully interpreted. This interrelation between fiber size and how we think of classical metabolic profiles is probably much more complex than anticipated at this point. This will become more and more clear when performing follow-up training studies in which histomorphological parameters are being combined with untargeted metabolomics. The ST was the least discriminative across breeds and thus seems an interesting muscle to involve in studies where breed differences need to be avoided. Standardbred horses had a significantly higher proportion of type IIA fibers in the PM and VL muscles, while Friesian horses showed a significantly larger representation of type IIX fibers in their PM. No breed differences in fiber specific CSA could be detected, meaning that this feature stands across breeds within the same species. Standardbred horses showed the largest mean CSA of all involved breeds and are predominantly composed of type IIA fibers. The present study clearly shows that metabolic breed differences are more pronounced in locomotion muscles when compared to posture muscles. Linking muscular histological parameters to metabolic output enhances our understanding of muscle function, adaptation, and performance. This knowledge has practical implications in sports science, rehabilitation, and the development of targeted interventions to optimize muscle health and performance. Although in the current study, no associations were found, it should be kept in mind that no grouping of metabolites in main energy cycle groups was performed. This was done on purpose, because for many metabolites this “delineation” per energy cycle is still unclear. Nevertheless, the lipid, amino acid, nucleotide and carbohydrate metabolism show important breed differences in decreasing order. The lipid and nucleotide super pathways showed significantly increased expression in Friesian horses when compared to Standardbreds and Warmblood horses, especially short and medium-chain acylcarnitines. Long and very-long chain acylcarnitines however, were more abundant in Standardbred and Warmblood horses. Also, PUFAs showed significantly higher expression in Friesian horses when compared to other breeds. Friesian horses seem less apt to realize an optimal long and very-long chain fatty acid metabolism, probably correcting for that by importantly involving nucleotide, BCAA and AAA and carbohydrate metabolism. The corner stone of the Warmblood metabolism lays in their carbohydrate, lipid and amino acid metabolism, while Standardbred horses have very high activity in their xenobiotic, lipid and amino acid pathways. The carbohydrate, amino acid and nucleotide super pathways as well as carnitine metabolism showed significantly higher activity in Warmblood when compared to Standardbred horses.
The results of this study indicate that each breed has a distinct metabolic blueprint, conceptualized by centuries of genetic selection towards top performance in certain sports disciplines. Fully mapping the metabolic profile together with the fiber type composition and CSA can support future studies aimed at selecting optimal training regimens and dietary requirements of these breeds to reach their full potential.
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SUPPLEMENTARY FIGURE S1 | Bar graph of the average area counts of metabolites for each of the sub pathways found in the m. vastus lateralis (VL) of Friesian, Standardbred and Warmblood horses, respectively. Raw area counts were rescaled to set the median equal to 1.
SUPPLEMENTARY FIGURE S2 | Bar graph of the average area counts of metabolites for each of the sub pathways found in the m. pectoralis (PM) of Friesian and Warmblood horses. Raw area counts were rescaled to set the median equal to 1.
SUPPLEMENTARY TABLE S1 | Spearman correlation results between fiber type composition (fiber_type_measurements) and the metabolites found in the m. pectoralis (PM), m. vastus lateralis (VL) and m. semitendinosus (ST) of Friesian (fries) and Standardbred (trotter) horses; spearman_rho represents the significance and spearman_p is the corrected significance to account for the number of comparisons.
SUPPLEMENTARY TABLE S2 | Spearman correlation results between fiber cross-sectional area (fiber_type_CSA_measurements) and the metabolites found in the m. pectoralis (PM), m. vastus lateralis (VL) and m. semitendinosus (ST) of Friesian (fries) and Standardbred (trotter) horses; spearman_rho represents the significance and spearman_p is the corrected significance to account for the number of comparisons.
SUPPLEMENTARY TABLE S3 | Spearman correlation results between mean fiber cross-sectional area (mean_CSA_measurements) and the metabolites found in the m. pectoralis (PM), m. vastus lateralis (VL) and m. semitendinosus (ST) of Friesian (fries) and Standardbred (trotter) horses; spearman_rho represents the significance and spearman_p is the corrected significance to account for the number of comparisons.
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