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Dietary Administration of L-Carnitine During the Fattening Period of Early Feed Restricted Lambs Modifies Ruminal Fermentation but Does Not Improve Feed Efficiency
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Early feed restriction of lambs may program animals to achieve reduced feed efficiency traits as a consequence of permanent mitochondrial dysfunction. The hypothesis at the background of the present study is that dietary administration of L-Carnitine (a compound that promotes the activation and transportation of fatty acids into the mitochondria) during the fattening period of early feed restricted lambs can: (a) improve the biochemical profile of early feed restricted lambs, (b) improve feed efficiency, (c) modulate the ruminal and intestinal microbiota, and (d) induce changes in the gastrointestinal mucosa, including the immune status. Twenty-two newborn male Merino lambs were raised under natural conditions but separated from the dams for 9 h daily to allow feed restriction during the suckling period. At weaning, lambs were assigned to a control group being fed ad libitum a complete pelleted diet during the fattening phase (CTRL, n = 11), whereas the second group (CARN, n = 11) received the same diet supplemented with 3 g of L-Carnitine/kg diet. The results revealed that even though L-Carnitine was absorbed, feed efficiency was not modified by dietary L-Carnitine during the fattening period (residual feed intake, p > 0.05), whereas ruminal fermentation was improved [total short-chain fatty acids (SCFAs), 113 vs. 154 mmol/l; p = 0.036]. Moreover, a trend toward increased concentration of butyrate in the ileal content (0.568 vs. 1.194 mmol/100 ml SCFA; p = 0.074) was observed. Other effects, such as reduced heart weight, lower levels of markers related to muscle metabolism or damage, improved renal function, and increased ureagenesis, were detected in the CARN group. Limited changes in the microbiota were also detected. These findings suggest that L-Carnitine may improve ruminal fermentation parameters and maintain both the balance of gut microbiota and the health of the animals. However, the improved ruminal fermentation and the consequent greater accumulation of intramuscular fat might have hidden the effects caused by the ability of dietary L-Carnitine to increase fatty acid oxidation at the mitochondrial level. This would explain the lack of effects of L-Carnitine supplementation on feed efficiency and points toward the need of testing lower doses, probably in the context of animals being fed in excess non-protein nitrogen.
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INTRODUCTION

The developed countries are implementing approaches for more efficient use of resources by the livestock sector, trying to reduce the “feed conversion rate” (FCR: the amount of feed needed to produce one unit of animal product) by improving feed efficiency of the animals under intensive production systems. It is well known that the efficiency of converting nutrients into gain in sheep is partly under genetic control. Still, other factors, such as health status, digestibility, body protein turnover, gain composition, or the rumen’s microbial community, can also play a role (Cantalapiedra-Hijar et al., 2018; Santos et al., 2018a,b).

Interestingly, many of these factors can be influenced by early nutritional events, giving rise to a new concept called nutritional, metabolic, or developmental programming, which may affect feed efficiency traits during the whole life of the animals (Chavatte-Palmer et al., 2018). Thus, some circumstances during the early life that reduce milk or milk replacer intake (e.g., deficient management practices, reduction of milk production of the dam, pathologies and pain in the udder) cause early feed restriction of the lambs, thus impairing health status and feed efficiency during post-weaning phases, as recently demonstrated in our previous studies (Santos et al., 2018a,b). Accordingly, the higher catabolism of proteins, together with a specific mitochondrial dysfunction causing hypertrophic cardiomyopathy of the heart and increased fat accumulation provoked by a reduction in β-oxidation of fatty acids were identified as likely mechanisms involved in the long-term effects caused by early feed restriction in suckling lambs (Santos et al., 2018b).

Some nutritional approaches to alleviate the adverse effects of early feed restriction (e.g., reduced feed efficiency during the fattening phase) can be suggested based on the knowledge of the underlying mechanisms impairing feed efficiency. The activation and transportation of fatty acids into the mitochondria is a carnitine-mediated entry process that constitutes a rate-limiting factor for fatty acid oxidation (Lehner and Quiroga, 2016). Consequently, it can be hypothesized that dietary administration of L-Carnitine might help to alleviate, at least partially, the reduced feed efficiency of early feed restricted lambs. Although several papers have demonstrated the ability of L-Carnitine to increase the average daily gain in cattle and sheep (White et al., 2001, 2002) other studies have shown no effects either under thermo-neutral or heat stress conditions, despite demonstrating that this compound is absorbed by the animal (Hill et al., 1995; Greenwood et al., 2001; Solhjoo et al., 2014; Hajilou et al., 2015; Ringseis et al., 2018). Therefore, the results are contradictory (Ringseis et al., 2018) and, to our knowledge, no information about the potential of L-Carnitine to increase the feed efficiency of animals with mitochondrial dysfunction caused by early feed restriction is available. At the same time, a proper characterization of ruminal microbiota in these animals is required, given that the rumen microbiome may be modulated by the diet offered, thus improving feed efficiency.

Therefore, to progress beyond the state of the art, this study was designed to test the effects of dietary administration of L-Carnitine during the fattening period of early feed restricted lambs. The initial hypothesis is that the negative effects (originated by early feed restriction) on feed efficiency and health during the fattening period of lambs can be alleviated by dietary administration of L-Carnitine.



MATERIALS AND METHODS

All handling practices followed the recommendations of the Directive 2010/63/EU of the European Parliament and the Council on the protection of animals used for scientific purposes, and the experimental protocols were approved by the IGM-CSIC Animal Experimentation Committee (protocol number 2019-04).


Animals and Diets

Twenty-two newborn male Merino lambs, penned individually with their corresponding ewe during the suckling period, were included in this study. Forty-eight hours after lambing, 19 ewes with single (n = 6) or twin births (n = 13) were selected, whereas ewes with lambs with lower LBW at birth or whose lambs showed health problems were discarded. The lambs were kept two full days with the mothers to allow colostrum intake and then separated daily from the dams from 9:00 to 18:00 h. At 17:00, all the dams were milked and injected with oxytocin to remove alveolar milk to guarantee milk restriction of the lambs during the natural suckling period. All the lambs were weighed at birth and then twice a week. They were weaned progressively at 40 days of life, restricting the suckling time to 2 h with free access to a complete pelleted diet (CPD) and alfalfa for 7 days. At weaning, lambs were assigned to two experimental treatments (CTRL and CARN groups, n = 11 per experimental group), balanced for lambing type (3 and 8 lambs from single and twin births, respectively, in each group), birth weight (3.99 ± 0.178 kg), weight at the end of weaning (11.7 ± 0.35 kg) and growth rate during the lactation period (163 ± 6.7 g/day). During the fattening period, the lambs were distributed in feedlots on sawdust beds, ensuring a minimum space of 2 m2/animal. The first feedlot (control group, CTRL) received a completed pelleted diet (CPD) ad libitum and the second feedlot (carnitine group, CARN) was fed the same ration formulated with 6 g of Carniking® (50% L-Carnitine, 35% silica, and 15% water, Lonza) per kg. The animals were weighed once a week during the fattening period, and the individual feed intake was monitored by four control feed intake devices in each feedlot (eight devices in total) provided by Agrolaval S.L. (Gijón, Spain) using radio frequency identification (RFID) ear tags. Fresh drinking water was always available.

Samples of the CPD were collected weekly and analyzed for dry matter (DM, ISO 6496:1999), ash (ISO 5984:2002), crude protein (CP, ISO 5983:2009), amylase-treated neutral detergent fiber [(aNDF), NDF was assayed with a heat-stable amylase and expressed inclusive of residual ash; Ankom Technology Corp., Macedon, NY, United States], acid detergent fiber (ADF was expressed inclusive of residual ash; Ankom Technology Corp., Macedon, NY, United States), and total fat (Acid Hydrolysis Filter Bag Technique using the AnkomHCl Hydrolysis System). The ingredients and chemical composition of the CPD administered are summarized in Table 1.



TABLE 1. Ingredients and chemical composition of the complete pelleted diets (control, CTRL and carnitine, CARN) administered during the fattening period of early feed restricted Assaf lambs.
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Biochemical Profile and Quantification of Plasma Carnitine and acyL-Carnitines

All the animals were blood sampled by jugular venipuncture at 08:30 a.m. at three time-points during the experiment (35, 75, and 120 days of age). Tubes containing no anti-coagulant were allowed to clot in a water bath at 37°C for 30 min and then centrifuged at 3520 × g for 16 min at 4°C. Serum obtained was frozen at −80°C until used to measure biochemical parameters [Albumin, Aspartato amino transferase (AST), β-hydroxybutyrate (BHB), Total bilirubin, Ceruloplasmin, Creatine Kinase (CK), Creatinine, Triglycerides, Non Esterified Fatty Acids (NEFA), Total cholesterol, High density Lipoprotein (HDL), Low density Lipoprotein (LDL), Gamma glutamyl transpeptidase (GGT), Glucose, Insulin, Protein, Urea, Ca, Mg, and Zn] using clinical chemistry and turbidimetry analyzer Biosystems BA400 (Biosystems S.A., Barcelona, Spain) according to Giráldez et al. (2021).

In addition, another blood sample was collected into tubes containing lithium heparin when the lambs were 4 months old. These tubes were placed in iced water and centrifuged at 3520 × g for 16 min at 5°C. Then, plasma samples were stored at −80°C until used to determine both the SOD activity using the SOD Assay Kit (Sigma-Aldrich, St. Louis, MO, United States) according to the manufacturer’s protocol, or the concentration of carnitine and acyL-Carnitines using ultraperformance liquid chromatography coupled to mass spectrometry (UPLC-MS) analyses. An Acquity UPLC HSS T3 1.8 μm, 2.1 × 100 mm column with a pre-column (VanGuard 2.1 mm × 5 mm, 1.8 μm particle size) was used for the liquid chromatography analysis (LC), which was performed in an Acquity Ultraperformance LC (UPLC®) from WATERS (Barcelona, Spain). Data were acquired with the software MassLynx™, and the software QuantLynx was used for chromatographic peak integration (WATERS, Manchester, United Kingdom). Carnitines were quantified after the peak integration according to a standard curve which was drawn using C16:0d3-carnitine [m/z 403.3621 for (M + H)+], and this standard was also run with the sample set at concentrations of 5 and 1 μg/ml to assess a factor to correct the variability concerning the same concentrations in the standard curve.



Animal Performance, Feed Efficiency, and Total Apparent Digestibility

The feed conversion rate (FCR) was calculated as the feed to gain ratio [dividing daily dry matter intake (DMI) per day by the average daily gain (ADG, g/day)]. Residual feed intake (RFI) was calculated as the difference between actual DMI and predicted DMI, which was estimated by multiple linear regression using ADG and mean metabolic body weight (MBW, as BW0.75) as predictor variables. Residual weight gain (RWG) was also estimated using the following equation: RWG = ADGi – (β0 + β1 MBWi + β2 DMIi + εi). Residual intake and body weight gain (RIG) was calculated as RFI minus RWG, after normalization. Feed and rectal grab samples were collected in each animal for 9 days from the 50 days of the experimental period to determine total apparent digestibility using acid insoluble ash as an internal marker according to Van Keulen and Young (1977), with modifications (Santos et al., 2018b).



Post Mortem Parameters, Ruminal and Ileal Sampling, SCFAs, and Ammonia Nitrogen (NH3-N) Determination

All lambs were slaughtered after a fattening period of 75 days by exsanguination from the jugular vein, eviscerated, and skinned. Feed was withdrawn 2 h before the slaughter. The weight of the organs and fat depots was registered according to Santos et al. (2018b). Ruminal and ileal content from each lamb was removed, mixed, and sampled within 30 min of slaughter, collected in aseptic flasks, frozen at −80°C, freeze-dried, stored at −20°C, and then used for microbial DNA extraction as explained below. In addition, about 200 g of ruminal contents were strained through two layers of cheesecloth, and the pH was measured immediately. Subsequently, 40 ml of ruminal liquid was dispensed into a falcon tube with 1 ml of 20% sulfuric acid solution to acidify the medium and stop the fermentation. Additionally, 3 g of ileal content was mixed with 6 ml of purified Milli-Q water and then acidified using 0.25 ml of sulfuric acid solution. NH3-N concentration in the rumen content was determined by a modified colorimetric method (Wheatherburn, 1967) and SCFAs in ruminal and ileal contents were determined according to Saro et al. (2019).

A 20 cm section of the ileum was collected proximal to ileocecal valve and divided into three portions. One of them was immediately stored at −20°C until analysis of immunoglobulin A (IgA). The other two portions were rinsed three times with sterile phosphate-buffered saline solution to remove the digesta and preserved in different ways for analysis of epimural microbial composition (stored at −80°C during 48 h, then freeze-dried) or histological and immunohistological examination (fixed by immersion in 10% buffered formalin for 1 week).



Microbiota Characterization of Ruminal Content and Ileal Epimural Community

Ruminal content samples were freeze-dried, and stored at −20°C and then used for microbial DNA extraction using the QIAamp Fast DNA Stool Mini Kit (Qiagen) according to the manufacturer instructions with a minor modification. Ileal samples were also freeze-dried, and then, the luminal part of the freeze-dried ileal mucosa was scraped with a scalpel; subsequent microbial DNA extraction with the PureLink™ Microbiome DNA Purification Kit (Invitrogen, Germany) was performed according to manufacturer’s instructions. DNA quality and quantity were assessed using a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States), and the isolated DNA was stored at −20°C until use.

Bacterial DNA was amplified by targeting the V3–V4 hypervariable regions of the 16S rRNA gene (Caporaso et al., 2011) PCR amplification of each sample was performed in a 25-μl volume. A total of 12.5 μl of KAPA HIFI Master Mix 2× (Kapa Biosystems, Inc., MA, United States) were used. Then, 0.2 μl of each primer (100 μM) was added to 2 μl of genomic DNA (5 ng/μl). Blank controls (no DNA template) were also included. Amplification and library quantification were carried out as described previously (Biscarini et al., 2020).

Demultiplexed paired-end reads from 16S rRNA gene sequencing were first checked for quality using FastQC (Simon Andrews, 2010) for an initial assessment. Forward and reverse paired-end reads were joined into single reads using the C++ program SeqPrep (Jonh, 2011). After joining, reads were filtered for quality based on (i) maximum three consecutive low-quality base calls (Phred <19) allowed; (ii) fraction of consecutive high-quality base calls (Phred >19) in a read over total read length ≥0.75; (iii) no “N”-labeled bases (missing/uncalled) allowed. Reads that did not match all the above criteria were filtered out. All remaining reads were combined in a single FASTA file for the identification and quantification of operational taxonomic units (OTUs). Reads were aligned against the SILVA closed reference sequence collection release 132, with 97% cluster identity (Quast et al., 2013; Yilmaz et al., 2014) applying the CD-HIT clustering algorithm (Li and Godzik, 2006). A predefined taxonomy map of reference sequences to taxonomies was then used for taxonomic identification along the main taxa ranks down to the genus level (domain, phylum, class, order, family, and genus). By counting the abundance of each OTU, the OTU table was created and then grouped at each phylogenetic level. OTUs with total counts lower than 10 in fewer than two samples were filtered out. OTU counts were normalized for uneven sequencing depth by cumulative sum scaling CSS (Paulson et al., 2013). All the above steps, except the FastQC reads quality check, were performed with the Quantitative Insights into Microbial Ecology v. 1.9 (QIIME) open-source bioinformatics pipeline for microbiome analysis (Caporaso et al., 2010). More details on the command lines used to process 16S rRNA gene sequence data can be found in Biscarini et al. (2018).

The ileum and rumen microbiota diversity was assessed within (alpha diversity) and across (beta diversity) samples. All indices (alpha and beta diversity) were estimated from the filtered and normalized OTU table. Besides the number of observed OTUs directly counted from the OTU table, within-sample microbial richness, diversity, and evenness were estimated using the following indices: Chao1 and ACE for richness; Shannon, Simpson, and Fisher alpha for diversity (Fisher et al., 1943; Shannon, 1948; Simpson, 1949; Chao, 1984; Chao and Lee, 1992; Chao and Yang, 1993); Simpson E and Pielou J (Shannon evenness) for evenness (Smith and Wilson, 1996). The across-sample microbiota diversity was quantified by calculating Bray–Curtis dissimilarities (Bray and Curtis, 1957). Between-compartment (rumen vs. ileum) and between group (CARN vs. CTRL, separately for rumen and ileum) Bray–Curtis dissimilarities were evaluated non-parametrically using the permutational analysis of variance (PERMANOVA) with 999 permutations (Anderson, 2001). Details on the calculation of the mentioned alpha and beta diversity indices can be found in Biscarini et al. (2018). The Abundance-based Coverage Estimator (ACE) index and sample-based rarefaction were estimated using Python (Biscarini, 2017) scripts. Plots were generated using the ggplot2 R package (Wickham, 2009). Additional data handling and statistical analysis were performed with the R environment for statistical computing (Foundation for statistical Computing, 2015) and with Microsoft Excel.



Ileal Morphometrical and Immunological Parameters

Formalin-fixed samples from the ileum were trimmed and processed for paraffin embedding and histologic examination (hematoxylin–eosin staining). Slides were examined with a Leica DM2000 LED microscope and digital pictures were taken at 4× magnification. The thickness of mucosa, submucosa, and tunica muscularis and the heights of 40 villi were measured at 10 different sites in each picture using the image processing and analysis software ImageJ v1.6.0_14 (National Institutes of Health, United States). The villis height was defined as the distance between the top of the villus and the crypt transition (Makovicky et al., 2014), whereas the crypt depth was obtained according to the single measurements of crypt areas described by Wilson et al. (2018).

Immunohistochemical analysis of the ileal wall samples was performed according to Frutos et al. (2018). Briefly, cross sections were cut from the ileum wall samples and placed onto poly-L-Lysine coated slides for immunohistochemical labeling of T (CD3 antigen), B (CD20 antigen), and M cells (cytokeratin 18 antigen). Quantification of labeled cells (T and B) was performed under a light microscope with a 40× objective, whereas ileal Peyer patches (iPP) domes to quantify M cells labeling intensity were photographed under a 20× objective. The number of T and B cells was counted in ten random fields within the lamina propria of the ileum, whereas quantification of M cells labeling intensity was performed measuring the % of the positive labeled area in the total area of epithelial cells in iPP domes.

Immunoglobulin A was quantified according to the procedure described by Frutos et al. (2018). Briefly, 2 g of ileal mucosa were collected in a falcon tube with 6 ml of ice-cold phosphate-buffered saline solution supplemented with protease inhibitors (Sigma-Aldrich Corp., Saint Louis, Missouri). The protein concentration of each supernatant was adjusted to 500 μg/ml and the amount of IgA was measured using a Genorise ELISA IgA kit (Genorise Scientific, Devon-Berwyn, Pennsylvania).



RNA Extraction of Ileum Samples and Real-Time Quantitative Reverse Transcription PCR

RNA was extracted according to Frutos et al. (2018) with modifications. Briefly, total RNA was extracted from 50 to 100 mg of ileum samples (preserved in RNAlater) by using the AS1280 Maxwell® 16 LEV simplyRNA Purification Kit (Promega), according to manufacturer’s guidelines. The RNA quantity was measured using the QuantiFluor® RNA System and the QuantusTM Fluorometer (Promega) and RNA integrity number was determined using Bioanalyzer 2100 (Agilent Technologies, Santa Clara, California). Total RNA was reversed transcribed to cDNA using the Invitrogen™ SuperScript™ VILO™ Master Mix (Thermo Fisher Scientific), according to the manufacturer’s instructions.

In the ileal tissue, the expression of four genes encoding cytokines (IFN-γ, TGF- β, IL-4, IL-10) and four tolls like receptors (TLR-3, TLR-6, TLR-7, TLR-10) was assessed using the gene-specific primer pairs described by Martínez-Pérez et al. (2014) and Frutos et al. (2018). Briefly, for each PCR reaction, 50 ng of cDNA were amplified with each primer set using a Bio-Rad iCycler (Bio-Rad Laboratories Ltd., Mississauga, Ontario) and the amplification conditions described by Frutos et al. (2018). Amplification data were expressed using the 2–ΔCt method (Schmittgen and Livak, 2008), where ΔCt value is the change in quantification cycle calculated as ΔCt = Ct (target gene) – Ct (β-actin). A higher 2−ΔCt value equates to a more abundant transcript. The fold change in expression between CARN and CTRL lambs is the ratio between the average values of 2–ΔCt for the experimental treatments. Fold change due to the treatment is calculated as −1/fold change ratio.



Statistical Analyses

Data of carnitine and acyL-Carnitines in plasma, animal performance, total apparent digestibility, ruminal and ileal fermentation parameters, organ weight and fat depots, histological, morphological, immunohistochemical data, IgA, and gene expression of ileal samples were analyzed by one-way ANOVA using the GLM procedure of SAS (SAS Institute Inc., Cary, North Carolina) with dietary treatment (CARN vs. CTRL) as the only tested factor. In all cases, the individual lamb was considered as the experimental unit.

Data corresponding to biochemical parameters measured at several growth stages (35, 75, and 120 days of life) were analyzed as a repeated measures design using the MIXED procedure of SAS. Dietary treatment and growth stage were included in the model (the main effects of both factors and their interaction) as fixed effects. In all cases, the individual lamb was considered as the experimental unit and included in the model as a random effect. For each variable, the statistical model was fitted with different competing covariance structures (compound symmetry, unstructured and autoregressive), selected with the smallest value for Akaike’s and Bayesian criteria. The Tukey–Kramer multiple-comparison test was used to compare means when the interaction between dietary treatment and growth stage was significant (value of p < 0.05). Value of p in-between 0.05 and 0.10 was considered as trend.




RESULTS


Biochemical Profile and Quantification of Plasma Carnitine and acyL-Carnitines

According to the biochemical profile data (Table 2), no effects on most of the parameters studied were detected (e.g., NEFA, BHB, cholesterol, glucose, insulin, and total protein in plasma) between groups. The concentration of creatinine decreased in a statistically significant way in the CARN group (0.838 vs. 0.788 mg/dl; p = 0.049), whereas creatine kinase trended toward significant increments (219 vs. 297 U/l; p = 0.062) when feeding carnitine during the fattening period. No differences were observed in SOD activity during the fattening period (68.8 vs. 69.7% of inhibition rate; p = 0.724). Regarding the concentration of plasma carnitine and acyL-Carnitines during the fattening period (Table 3) most of these metabolites were over-accumulated in the CARN group [e.g., carnitine, C4:0(CH3) isovaleryl, and C16:0; p < 0.01].



TABLE 2. Biochemical parameters of early feed restricted lambs being fed the control (CTRL) or the L-Carnitine diet (CARN) during the fattening period.
[image: Table2]



TABLE 3. Plasma carnitine and acyL-Carnitine concentrations (μg/ml) of early feed restricted lambs being fed the control (CTRL) or the L-Carnitine diet (CARN) during the fattening period.
[image: Table3]



Animal Performance, Feed Efficiency, and Digestibility

No differences were observed in animal performance during the suckling period (average daily gain) or in feed efficiency indexes (fattening period), such as residual feed intake (Table 4, RFI = −25.9 vs. 25.9 g/day for CTRL and CARN, respectively; p = 0.142). However, a trend toward significantly increased coefficients of dry matter digestibility was detected in the CARN group during the fattening period (Table 4, 48.7 vs. 53.6; p = 0.079).



TABLE 4. Pre and post-weaning growth performance, feed efficiency, digestibility, and visceral organ weights (kg) and fat depots (kg) of early feed restricted lambs being fed the control (CTRL) or the L-Carnitine diet (CARN) during the fattening period.
[image: Table4]



Post Mortem Parameters, Ruminal and Ileal Sampling, SCFAs, and Ammonia Nitrogen (NH3-N) Determination

The heart weight was significantly reduced in the CARN group (0.213 vs. 0.167 kg; p = 0.027; Table 4), whereas the intramuscular fat content was increased (2.65 vs. 3.36% fresh matter of muscle longissimus dorsi; p = 0.047; Table 4). No significant differences were detected for the rest of the non-carcass fat depots or visceral weights (Table 4).

Additionally, the ruminal pH was lower in the CARN group (Table 5, 5.70 vs. 5.18; p = 0.023), whereas the concentration of total SCFA (113 vs. 154 mmol/l; p = 0.036) and the proportion of propionate (18.5 vs. 22.6 mmol/100 mmol SCFA; p = 0.079) were increased. On the other hand, the ratios of isovalerate (1.50 vs. 0.65 mmol/100 mmol SCFA; p = 0.045) and isobutyrate (1.20 vs. 0.67 mmol/100 mmol SCFA; p = 0.040) were lower in the rumen of the CARN group. At the ileal level, a trend toward significantly increased proportion of butyrate very close to statistical significance was detected in the CARN group (Table 5; 0.568 vs. 1.194 mmol/100 mmol SCFA; p = 0.074), whereas the proportion of acetate trended toward decreased values (Table 5; 97.5 vs. 95.9, p = 0.089). Both valerate and isovalerate were significantly reduced in the ileum of the CARN lambs (p < 0.05). Ammonia nitrogen concentration was not affected by dietary treatments (p > 0.05).



TABLE 5. Ruminal pH and short-chain fatty acids (SCFA) profile at ruminal and ileal level of early feed restricted lambs being fed the control (CTRL) or the L-Carnitine diet (CARN) during the fattening period.
[image: Table5]



Microbiota Characterization of Ruminal Content and Ileal Epimural Community

The alpha diversity indices measured in the carnitine and control groups from microbiota data in the rumen and ileum compartments are reported in Table 6. The ACE Chao1 and Simpson E indices were significantly different in the ileum of CARN and CTRL lambs, while only the Simpson index was significantly different between groups in the rumen. However, the equitability index in the ileum, and the ACE, Chao1, Shannon observed OTUs indices in the rumen were very close to the significance threshold (Table 6).



TABLE 6. Alpha diversity indices estimated from the rumen and ileum microbiota composition of early feed restricted lambs being fed the control (CTRL) or the L-Carnitine diet (CARN) during the fattening period.
[image: Table6]

Bray–Curtis distances showed clear and statistically significant (value of p < 0.001 from PERMANOVA) separation between anatomical compartments (ileum vs. rumen, data not shown). No significant differences were found in Bray–Curtis distances between CARN and CTRL lambs neither in the rumen nor in the ileum (values of p from PERMANOVA 0.112 and 0.428, respectively, for rumen and ileum: Figures 1A,B). Nevertheless, some clustering of carnitine and control samples was apparent in the rumen, while no pattern emerged in the ileum.

[image: Figure 1]

FIGURE 1. Beta diversity plot. Principal component plots of Bray–Curtis distances between the microbiotas [ileum (left, A) and rumen (right, B)] of early feed restricted lambs being fed the control (CTRL) or the L-Carnitine diet (CARN) during the fattening period.


Firmicutes were found to be the most abundant phylum in the ileum microbiota, while the phylum Bacteroidetes was predominant in the rumen microbiota (Figure 2). Other major phyla included Actinobacteria in the ileum and Proteobacteria in the rumen. When looking at the differences between experimental groups, 28 and 12 OTUs were found to be significantly different in carnitine vs. controls in the rumen and ileum, respectively (Table 7), including most of the species that are regarded as part of the ruminal bacterial community, such as Ruminococcus, Butyrivibrio, Lachnospiraceae, and sulfate-reducing bacteria Desulfobulbus and Desulfovibrio.

[image: Figure 2]

FIGURE 2. Pie chart of relative abundances at the phylum level in the microbiota of ileum and rumen of early feed restricted lambs being fed the control (CTRL) or the L-Carnitine diet (CARN) during the fattening period.




TABLE 7. List of OTUs (ruminal and ileal compartments) with relative abundances significantly different in the early feed restricted lambs being fed the control (CTRL) or the L-Carnitine diet (CARN) during the fattening period.
[image: Table7]



Ileal Morphometrical and Immunological Parameters

Ileal morphometrical and immunological parameters are shown in Table 8. Carnitine supplementation did not affect (p > 0.05) the thickness of ileal layers of the crypt depth, but the length of the villi was significantly greater (value of p < 0.05) in lambs of the CARN group. There were no differences (p > 0.05) between treatments in T infiltrating lymphocyte counts, but B lymphocyte counts trended (p = 0.079) to be lower for CARN lambs. M cells, IgA concentration, and the relative RNAm abundance (Table 9) of cytokines and TLRs involved in the innate immune response were not affected (p > 0.05) by dietary treatments. Fold change due to carnitine supplementation were −1.10, −1.09, −1.15, −1.13, −1.27, −0.07, −0.99, and −1.01 for IFN, TGF; LI-4, IL-10, TLR3, TLR6, TLR7, and TLR10, respectively.



TABLE 8. Thickness of ileal layers, villus length, crypt depth, infiltrating lymphocyte counts in ileal lamina propria, intensity of staining of M cells in ileal mucosa and ileal IgA concentration of early feed restricted lambs being fed the control (CTRL) or the L-Carnitine diet (CARN) during the fattening period.
[image: Table8]



TABLE 9. Cytokines and toll-like receptors (TLRs) mRNA expression in the ileal mucosa of early feed restricted lambs being fed the control (CTRL) or the L-Carnitine diet (CARN) during the fattening period.
[image: Table9]




DISCUSSION

The present study reports the effects of dietary L-Carnitine administration during the fattening period of early feed restricted lambs on biochemical profile, feed efficiency, the ruminal and intestinal microbiome, and intestinal immune system. As a prerequisite of this study, the concentration of plasma carnitine and carnitine derivatives was measured to evaluate the absorption of this compound. Compared with CTRL lambs, administration of dietary carnitine increased carnitine and three acyL-Carnitines concentrations in plasma, thus indicating that some L-Carnitine could escape from intraruminal degradation, being available for absorption in the small intestine. Dietary carnitine in ruminants is partially degraded in the rumen by microorganisms that metabolize carnitine to trimethylaminoacetone, trimethylamine, and Y-butyrobetaine before being excreted in urine or feces (LaCount et al., 1995). Moreover, it is well known that acyL-Carnitines are originated from the intracellular coupling of carnitine to fatty acids. Therefore, the increased concentration of acyL-Carnitines in the blood of the CARN group indicates that, despite ruminal degradation, the supplemented L-Carnitine was absorbed and reached the cytosol of the cells in the fattening lambs. However, in agreement with LaCount et al. (1996b) when supplying doses lower than 7 g/day of L-Carnitine in the diet of lactating dairy cows or with Solhjo et al. (2014), who supplemented fattening lambs with until up to 1.5 g/day of rumen protected L-Carnitine, we observed no differences in animal performance or feed efficiency. Higher doses up to 12 g/day of L-Carnitine when feeding cows did not promote improvements either (LaCount et al., 1996a). Greenwood et al. (2001) neither observed improvements in feed efficiency when adding 2 g/day of L-Carnitine to the diet of growing steers. Accordingly, and considering that supplementation of unprotected carnitine increased systemic carnitine levels, the lack of effect of dietary L-Carnitine on feed efficiency is not provoked by intraruminal degradation (Ringseis et al., 2018). Conversely, ruminal fermentation was improved when feeding L-Carnitine to the lambs, as suggested by the increment of total SCFA in the rumen. LaCount et al. (1995) also detected increments (p < 0.09) of total SCFA in the ruminal fluid of cannulated cows when 6 g/day of L-Carnitine were infused directly into the rumen, together with a trend toward increased dry matter digestibility.

Furthermore, in agreement with LaCount et al. (1995), a reduction in cholesterol content was found with dietary L-Carnitine administration, which has been attributed to a decrease of carnitine-induced acetyl coenzyme A (essential in cholesterol synthesis) caused by free carnitine combining with acetyl coenzyme A to form acetylcarnitine (Stephens et al., 2007). Moreover, considering that net lipid mobilization is minimal during the fattening period, it is not surprising that no effects on NEFA and BHB were found. In agreement with our results, Greenwood et al. (2001) also reported the lack of effect of L-Carnitine on lipomobilization in growing steers using lower doses. In the present study, other results, such as reduced numerical values of enzyme markers (e.g., AST) for detecting liver injury, may be indicating that L-Carnitine can protect cell membrane and mitochondria of hepatocytes from damage due either to its antioxidant properties or the ability to increase β-oxidation, thus reducing both the oxidative stress (which induces impairments in mitochondrial β-oxidation) and the accumulation of fatty acids. Nevertheless, the lack of significant differences in both, SOD and triglycerides between groups points toward different reasons behind the reduced numerical values of AST in the CARN group. Accordingly, elevated AST levels are not specific to liver disease, but are also related to skeletal muscle metabolism and cardiomyopathy (Pirmadah et al., 2020). At this point, it must be remembered that early feed restricted lambs showed increased catabolism of proteins and hypertrophic cardiomyopathy caused by mitochondrial dysfunction (Santos et al., 2018b), so dietary L-Carnitine might have exerted some protective effects in the present study; the reduced heart weight in the CARN group together with reduced numerical levels of CK, a marker of muscle metabolism and damage (Yarizadh et al., 2020), would be aligned with this hypothesis. It is also remarkable the reduced serum creatinine levels in the CARN group, another indicator of improved cardiac and renal functions (Abu Ahmad et al., 2016). Regardless of the lack of improvement of feed efficiency traits, all these positive effects achieved in early feed restricted lambs with the administration of dietary L-Carnitine contradict previous statements hold in other studies (Greenwood et al., 2001), where it was suggested that the endogenous carnitine synthesis was sufficient to facilitate carnitine-dependent functions in intermediary metabolism.

Moreover, a systematic review and meta-analysis demonstrated that L-Carnitine had a significant reducing effect on ammonia levels caused by the upregulation of genes involved in the ureagenesis (Abbasnezhad et al., 2019). This seems to agree with our results because even though no effects were observed at ruminal ammonia nitrogen (NH3-N) concentration (p > 0.05), a trend toward increased concentration in the plasmatic urea values was detected in the CARN group (p = 0.099). Therefore, L-Carnitine may have beneficial effects in growing ruminants experiencing hyperammonemia induced by feeding excess sources of non-protein nitrogen. On the contrary, dietary L-Carnitine appears to be largely unsuccessful for improving the performance of growing ruminants being fed a diet with adequate crude protein content, as happened in the present study.

When the effects of L-Carnitine on ruminal microbiota were assessed no clear clustering of samples related to dietary L-Carnitine feeding treatment was observed demonstrating that feeding L-Carnitine does not induce any major shift in the most abundant bacterial population. Still, the treatment with L-Carnitine had an impact on what has been defined as the rumen core microbiota population, causing a statistically significant decrease of bacteria belonging to the Ruminococcus, Butyrivibrio, and other Lachnospiraceae taxa, which are involved, as cellulolytic bacteria, in the breakdown of cellulose and the consequent release of SCFAs, such as acetate, propionate, and butyrate (Anderson et al., 2021). This would also explain the trend toward significant higher values of digestibility observed in the CARN group. Moreover, the increased relative abundance of Succinivibrionaceae (associated with starch degradation) in the rumen was also probably related to the higher production of propionate (Iqbal et al., 2018) whereas the decreased proportion of bacteria Desulfobulbus (involved in propionate degradation) may have also contributed to increasing the proportion of this SCFA (Kremer and Hansen, 1988). It is also remarkable the increased proportion of Slackia in the rumen (also in the ileum), a genus that has been previously related to improved feed efficiency in the chicken (Wen et al., 2021).

Regardless of the effects of L-Carnitine on microbiota composition, it must be taken into account that ruminants fed starch-rich diets accumulate organic acids in the rumen, decreasing both pH and motility and increasing osmotic pressure (Nagaraja and Titgemeyer, 2007; Hernández et al., 2014). Although this effect is counteracted by water flux from the bloodstream (through saliva or directly entering across rumen wall) L-Carnitine, a compound with osmoprotectant properties, may have allowed more susceptible bacteria to overcome osmotic stress (Meadows and Wargo, 2015), whereas it is plausible that microbiota of the control lambs had to use some nutrients to synthesize L-Carnitine or other osmoprotectants to be adapted against changes in osmotic pressure, thus modifying ruminal fermentation parameters. Likewise, it has been reported that carnitine supplementation can modulate gut motility (Meyer et al., 2020) and transit time, which is another factor that affects gut microbiota composition and fermentation (Tottey et al., 2017; Adebayo Arowolo et al., 2022).

Additionally, dietary L-Carnitine might have also modified the metabolism of ruminal bacteria [e.g., increasing glycine production that can be used as carbon, nitrogen, and energy source (Rebouche and Seim, 1998; Wargo and Hogan, 2009; Wargo, 2013; Ringseis et al., 2018)] thus promoting increments of total SCFAs in the CARN group regardless of the modification of relative abundance of the OTUs previously mentioned. In addition, L-Carnitine can be also transformed into trimethylamine, generating malic acid (Kleber, 1997) that enhances ruminal fermentation (and digestibility), increasing both the total concentration of SCFA and the molar proportion of propionic acid (Liu et al., 2009), as happened in the current study. With the independence of the mechanism causing the increased amounts of SCFA in the CARN group, LaCount et al. (1995) also found increased proportions of propionate, reductions in isovalerate, and no changes in the proportions of acetate in the rumen when feeding dietary carnitine to lactating dairy cows. According to Paula et al. (2017), a reduced amount or degradation of branched-chain amino acids may originate a lower molar ratio of both isovalerate and isobutyrate. However, in our study, no differences were observed between treatments when isovalerate and isobutyrate were expressed as mmol/L, so the reduced proportions were probably caused by a dilution effect due to a greater amount of SCFA, basically propionate, driven by a larger carbohydrate fermentation. Nevertheless, data obtained from the digestive content should be interpreted with caution, since lambs were fasted for 2 h before slaughter. In any case, according to these results, carnitine might benefit hepatic gluconeogenesis (van Soest, 1994) because in the post-absorption propionate is converted to glucose in the liver for energy supply. Moreover, even though no changes in the molar proportions of acetate were found in any of these studies, the increments of total SCFA production in the rumen might have provided more substrates (e.g., acetate) for fat syntheses (e.g., intramuscular fat) in the CARN group. In any case, all these mechanisms would explain the higher intramuscular fat content when feeding dietary L-Carnitine (Table 3), an opposite effect to the increased β-oxidation of fatty acids at the mitochondrial level achieved by this compound. Both reverse and simultaneous outcomes would explain, at least partially, the lack of differences in feed efficiency when measured in terms of weight gain (Santos et al., 2018b). Greenwood et al. (2001) also observed (unexpectedly) numerical increments (e.g., carcasses grading USDA, dressing, and intramuscular fat) in some fat depots of growing steers being fed L-dietary carnitine whereas others (e.g., pelvic, kidney, and heart depots) were not modified by L-Carnitine supplementation, so they suggested the existence of specific L-Carnitine effects to certain fat depots.

Changes in the ileal SCFAs profile were found as well, being remarkable the trend toward significant increments in the molar proportions of butyrate in the CARN group, probably explained by microbiome changes at this location. This is important because many in vitro studies have shown that SCFAs, and particularly butyrate, may supply energy and stimulate epithelial cell proliferation in the small intestine in a dose-dependent manner (Diao et al., 2019), so nutrient absorption and the integrity of the gut barrier function might be improved. In fact, ileum villus length was greater in CARN lambs and DM digestibility showed a trend toward higher values either. Moreover, previous studies have shown that butyrate at the ileal level seems to reduce the adherent ability of Escherichia coli, whereas that of Lactobacillus acidophilus and Bifidobacterium longum seems to be increased (Jung et al., 2015), which at the end might explain partially the anti-inflammatory properties attributed to this SCFA (Mishiro et al., 2013). None of these species was significantly modified in the present study. However, in agreement with previous studies, increments in the intestinal abundance of Anaerostipes were correlated to higher concentrations of plasma butyric acid (Shetty et al., 2020; Bui et al., 2021), which also showed a trend toward significantly higher values in the ileum of the CARN lambs. Moreover, an increase in Ruminoclostridium, a cellulosome-producing bacterium being able to metabolize branched plant polysaccharides, such as xyloglucan, was also observed in the CARN group (Ravachol et al., 2016). On the contrary, other bacterial genera that were reported as increasing butyrate concentration in the sheep species, such as Sphingomonas (Zhang et al., 2021), were reduced in CARN animals, whereas a trend toward decreased proportions of acetate (another SCFA also related to the regulation of intestinal inflammation and highly produced by Bifidobacteria species; Yao et al., 2021) was also detected. In any case, all these effects of dietary L-Carnitine at the ileal level were not enough to cause significant changes in the morphometrical analyses of the ileal samples (Table 8), the immunohistochemistry markers (B and T infiltrating lymphocyte counts in ileal lamina propria and M cells), ileal IgA (Table 8), or in the ileal gene expression of cytokines and toll-like receptors (TLRs) involved in the innate immune response (Table 9).



CONCLUSION

According to the results of the present study, the administration of 3 g L-Carnitine/kg CPD during the fattening period of early feed restricted lambs enhances ruminal fermentation, modifies gut microbiota, and improves markers related to muscle damage, renal function, and ureagenesis. However, its effect on feed efficiency during the fattening period of early feed restricted lambs is disappointing, probably because the improved ruminal fermentation promoted a greater accumulation of fat depots, which might have hidden the effects caused by the ability of dietary L-Carnitine to increase fatty acid oxidation at the mitochondrial level. Accordingly, lower doses of dietary L-Carnitine should be tested in early feed restricted lambs, and probably in the context of animals being fed in excess non-protein nitrogen, which should be considered the mainline to conduct future experiments testing the potential of dietary L-Carnitine in livestock.
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’SED, standard error of the difference.
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