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Abstract

When neonatal pigs continuously fed formula are supplemented with leucine pulses, muscle
protein synthesis and body weight gain are enhanced. To identify the responsible mechanisms, we
combined plasma metabolomic analysis with transcriptome expression of the transcriptome and
protein catabolic pathways in skeletal muscle. Piglets (n = 23, 7-day-old) were fed continuously a
milk replacement formula via orogastric tube for 21 days with an additional parenteral infusion
(800 umol kg~1 h™1) of either leucine (LEU) or alanine (CON) for 1 h every 4 h. Plasma
metabolites were measured by liquid chromatography-mass spectrometry. Gene and protein
expression analyses of longissimus dorsi muscle were performed by RNA-seq and Western blot,
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respectively. Compared with CON, LEU pigs had increased plasma levels of leucine-derived
metabolites, including 4-methyl-2-oxopentanoate, beta-hydroxyisovalerate, p-
hydroxyisovalerylcarnitine, and 3-methylglutaconate (£ < 0.05). Leucine pulses downregulated
transcripts enriched in the Kyoto Encyclopedia of Genes and Genomes terms “spliceosome,”
“GAP junction,” “endocytosis,” “ECM-receptor interaction,” and “DNA replication”. Significant
correlations were identified between metabolites derived from leucine catabolism and muscle
genes involved in protein degradation, transcription and translation, and muscle maintenance and
development (P< 0.05). Further, leucine pulses decreased protein expression of autophagic
markers and serine/threonine kinase 4, involved in muscle atrophy (£ < 0.01). In conclusion,
results from our studies support the notion that leucine pulses during continuous enteral feeding
enhance muscle mass gain in neonatal pigs by increasing protein synthetic activity and
downregulating protein catabolic pathways through concerted responses in the transcriptome and
metabolome.

Keywords
Leucine; Orogastric feeding; Protein synthesis; Transcriptomics; Metabolomics

Introduction

Pediatric enteral nutrition via oro- or nasogastric feeding is indicated when nutrient
requirements cannot be achieved by normal food intake in patients with a functional gut,
such as preterm infants with uncoordinated sucking and swallowing, and children with
protein intolerance or Crohn’s disease (Hill et al. 1995; Dziechciarz et al. 2007; Braegger et
al. 2010). While objective criteria for pediatric enteral nutrition has been characterized, the
best method of delivery (i.e., continuous vs. intermittent feeding) is still unclear (Braegger et
al. 2010). Compared with continuous feeding, intermittent bolus feeding is thought to be
more physiological because it promotes a cyclical pattern of release of gastrointestinal
hormones as normally seen in healthy term infants, which may improve metabolic
homeostasis, as well as gastrointestinal tract development and function (Aynsley-Green et al.
1982; Mashako et al. 1987; Shulman et al. 1994). In addition, we have shown that
intermittent bolus feeding induces a pulsatile pattern of circulating amino acids (AA) and
insulin, which activates AA and insulin signaling pathways in skeletal muscle to enhance
protein synthetic activity and lean mass accretion in a neonatal pig model (El-Kadi et al.
2012, 2018). Nonetheless, continuous feeding is still the method of choice for some patients
with feeding intolerance, as previous studies have shown continuous feeding to improve
intestinal motor function and gastric emptying (de Ville et al. 1998), decrease energy
expenditure (Grant and Denne 1991), and increase body weight (BW) gain in children with
severe diarrhea (Parker et al. 1981).

On the basis of studies in cells and rodents demonstrating anabolic effects of the branched-
chain AAs (BCAA), there has been recent interest in the potential for use of supplementary
leucine to improve overall nitrogen retention and muscle growth. We have previously
demonstrated that short-term parenteral and enteral infusion of leucine to raise circulating
concentrations of leucine to fed levels enhances muscle protein synthetic activity by
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increasing the phosphorylation of mechanistic target of rapamycin complex 1 (MTORC1),
and its downstream effectors, namely ribosomal protein S6 kinase 1 and eukaryotic initiation
factor 4-binding protein-1 (Escobar et al. 2005; Torrazza et al. 2010; Wilson et al. 2010). To
investigate the anabolic role of leucine during continuous feeding, we recently delivered
parenteral pulses of leucine to neonate pigs continuously fed formula via orogastric tube
over the short-term (25 h) and for a more prolonged period (Boutry et al. 2013, 2016).
Compared with alanine-infused animals (i.e., control group), both short- and long-term
administration of parenteral leucine pulses increased mTORCL1 protein signaling in skeletal
muscle and increased lean growth in those fed for 21 days, suggesting that the pro-anabolic
effect of bolus feeding may be in part related to the cyclical pattern of leucine in the blood
(Boutry et al. 2013, 2016). However, beyond mTORC1-related pathways, little is known
about the role of leucine or its metabolites in other cellular processes that regulate muscle
mass growth. To fill this gap in knowledge, our first goal was to combine transcriptome
analysis of skeletal muscle with a plasma metabolomic analysis to identify if the
administration of leucine pulses to neonatal pigs continuously fed formula recruits additional
metabolic pathways that promote muscle anabolism.

In muscle there are several mechanisms responsible for regulating protein catabolism.
Among these are the ubiquitin—proteasome and autophagy-lysosome systems (Sandri et al.
2004; Stitt et al. 2004). Insulin-stimulated protein kinase B (PKB) activity inactivates
transcription factors of the Forkhead box O (FOXQO) family, which in turn downregulates the
expression of the E3 ubiquitin ligases muscle Atrophy F-Box/Atrogin-1 (MAFbx/atrogin-1)
and muscle RING-finger protein-1 (MuRF-1), decreasing overall protein degradation via the
ubiquitin—proteasome pathway (Sandri et al. 2004; Stitt et al. 2004). Conversely, activation
of AMP-activated protein kinase a (AMPKa) signaling during energy stress increases the
expression of ubiquitin ligases through the activation of FOXO transcription factors
(Krawiec et al. 2007). Further, decreased levels of intracellular AA increases the formation
of the microtubule-associated protein 1A/1B light chain 3A (LC3I1), which parallels the
formation of autophagosomes and leads to the activation of the autophagy-lysosomal
degradation pathway (Sandri 2010). Previously, we showed that short- and long-term
intermittent feeding decreased LC3I1 in skeletal muscle of neonatal pigs, while in the long-
term, intermittent bolus feeding increased Atrogin-1 and MuRF-1 compared with continuous
feeding (El-Kadi et al. 2012, 2018). Given that short-term parenteral leucine pulses also
downregulated LC3II protein abundance in neonate pigs (Boutry et al. 2013), the second
goal of the present study was to investigate whether long-term administration of intermittent
leucine pulses in continuously orogastric-fed pigs decreased protein catabolic pathways in
muscle, and whether these changes were associated with compositional shifts in
metabolomic and transcriptomic profiles.

Materials and methods

Animals and experimental design

Experiments were approved by the Institutional Animal Care and Use Committee of Baylor
College of Medicine and conducted in accordance with the National Research Council’s
Guide for the Care and Use of Laboratory Animals (2011). The experimental design and
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tissue collection for animals used in this study were described previously (Boutry et al.
2016) and are depicted in Fig. 1a. Briefly, 23 female pigs (Sus scrofa, Yorkshire x Landrace
x Hampshire x Duroc; Agriculture Headquarters, Texas Department of Criminal Justice,
Huntsville, TX, USA) were weaned at 2 days of age weighing 2.0 + 0.2 kg BW and housed
individually in stainless steel cages in temperature-controlled rooms. Pigs were bowl-fed ad
libitum a commercial milk replacement diet (Soweena® Dry Fat 7-60™; Merrick Animal
Nutrition, Middleton, WI, USA) until 8 days of age, which was considered day 0 of the
study (Fig. 1a). At 5 days of age piglets were anesthetized with isoflurane (PPC, Richmond
Hill, Ontario, Canada) after an overnight fast, and catheters were placed surgically in the left
jugular vein and carotid artery (Davis et al. 1996). The catheters were flushed with sterile
heparinized saline solution (100 1U mL~1; APP, Lake Zurich, IL, USA) every 48 h. At the
same time, a gastric tube was inserted surgically for enterogastric feeding. Starting on day 0
of the study, all pigs were fed continuously (240 mL kg BW1, at a rate of 10 mL kg BW™1
h=1) a liquid diet formulated to meet the nutrient requirements of 5-6 kg pigs (NRC 1998)
(Tables 1, 2), and randomly assigned to receive either leucine (LEU, n=11) or alanine
(CON, n7= 12) pulses into the jugular vein (800 pmol kg BW=1 h1) for 1 h six times per
day. The leucine dose was selected based on our previous short-term study in neonatal pigs
(Boutry et al. 2013), and represented 36.2% of total leucine supplementation per day in LEU
pigs. Alanine was used as the isonitrogenous control because it does not affect protein
metabolism (Kim and Wu 2004). Animals were euthanized at day 21 of the study (29 days
of age) using an injection of pentobarbital sodium (0.4 mL kg BW~=1; Schering-Plough,
Union, NJ, USA). For metabolomic analysis, approximately 1 mL of blood was collected
from the carotid artery into heparinized tubes 2 h after a leucine or alanine pulse was
initiated on day 18 of the study. Blood samples were centrifuged at 2250g for 15 min at 4
°C, and plasma was stored at — 80 °C until further analysis. Immediately after euthanasia,
approximately 5 g of Jongissimus dorsi (LD) were collected from the same site on each pig
(left site, 5th rib from the top), frozen in liquid nitrogen, and stored at — 80 °C for protein
quantification and transcriptomic analysis.

Metabolomic analysis

Metabolomics were performed on plasma samples, using protein precipitation extraction
with ultra-performance liquid chromatography tandem quadrupole mass spectrometry
following Metabolon protocols (Metabolome, Durham, NC, USA), as previously described
(Evans et al. 2014). Briefly, samples were prepared using the automated MicroLab STAR
system (Hamilton, Reno, NV, USA). For recovery, standards (Evans et al. 2014) were added
before the first step in the extraction process to allow confirmation of extraction efficiency.
After deproteinizing the plasma samples, sample extracts reconstituted in acidic or basic LC-
compatible solvents were subjected to LC/MS based on an ACQUITY ultra-performance
liquid chromatography (Waters, Milford, MA, USA) and a Q-Exactive high resolution/
accurate mass spectrometer interfaced with a heated electrospray ionization (HESI-II) source
and Orbitrap mass analyzer (Thermo Fisher Scientific), operating at 35,000 mass resolution.
The metabolite intensities were normalized to that of internal standards added during the
extraction, and to sample weight to account for small variations in starting tissue.
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RNA-seq analysis

Skeletal muscle samples from four CON and four LEU pigs, representative of the average
body weight gain for each group, were used for RNA isolation and sequencing (Table 3).
Total RNA was extracted using the guanidinium thiocyanate-phenol-chloroform method
with TRIzol (Thermo Fisher Scientific, Waltham, MA, USA) and subsequently purified
using the RNeasy Mini Kit (QIAGEN, Hilden, Germany). Purity and yield of RNA were
assessed with a NanoDrop 1000 (Thermo Fisher Scientific), whereas integrity was analyzed
using a 2100 BioAnalyzer (Agilent, Santa Clara, CA, USA). Only samples with RNA
Integrity Number = 8.5 were sent to the Vincent J. Coates Genomics Sequences Laboratory
(Berkley, CA, USA) for library preparation and sequencing. Library construction of 1 ug
total mMRNA per sample was made using Illumina TrueSeq stranded mRNA Sample Prep Kit
(IMlumina, San Diego, CA, USA) according to protocol indications. RNA sequencing was
performed in one sequencing lane multiplexing eight samples per lane on a HiSeq 2000
sequencer analyzer (lllumina), using a standard Illumina mRNA-seq protocol. Raw
sequencing reads were trimmed by removing lllumina adapter sequences and assessed for
quality using the application NGS quality control tool of the CLC Genomics Workbench
software (CLC Bio, Aarhus, Denmark, EU), discarding sequences with low-quality bases
and shorter than 50 bp pairs. In silico analysis of RNA-seq expression data was performed
using the transcriptomics analysis tool of CLC Genomics Workbench. Sequence paired-end
reads (100 bp) were mapped to the annotated porcine reference genome (https://
uswest.ensembl.org/Sus_scrofa/Info/Index). Data were normalized by calculating the ‘reads
per kilobase per million mapped reads’ (RPKM) for each gene (Mortazavi et al. 2008). To
select the expressed genes, a threshold of RPKM = 0.2 was used (Wickramasinghe et al.
2012). The up- and downregulated genes were analyzed for gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways through the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) (Huang et al. 2009).

Western blot analysis

Equal amounts of protein samples were electrophoretically separated on polyacrylamide gels
(PAGE; C.B.S Scientific, Del Mar, CA, USA) and transferred to P\VDF membranes (Pall
Corporation, Pensacola, FL, USA). The membranes were incubated overnight with primary
antibodies, followed by 1 h incubation with secondary antibodies. Blots were developed
using an enhanced chemiluminescence kit (GE Health Sciences, Buckinghamshire, UK),
visualized, and analyzed using a ChemiDoc-It Imaging System® (UVP, Upland, CA, USA).
For normalization, immunoblots performed with anti-phosphospecific antibodies were
exposed to stripping buffer (Pierce Biotechnology, Rockford, IL, USA) and re-probed with
non-phosphospecific antibodies against total protein (Cell Signaling, Danvers, MA, USA),
as previously described (Davis et al. 2000). Primary antibodies used were against
AMPKaThr172 and total (Cell Signaling Technology), Atrogin-1 (ECM Biosciences,
Versailles, KY, USA), MuRF-1 (R&D Systems, Minneapolis, MN, USA), FOX015¢256 gngd
total (Cell Signaling Technology), LC3I/11 (Cell Signaling Technology), FOX03a5€"253 and
total (Cell Signaling Technology), sirtuin 1 (SIRT-1; Cell Signaling Technology), protein
kinase B (PKBSer473, Thr308 and total; Cell Signaling Technology), serine/threonine kinase 4
(STK4Thr183: Cell Signaling Technology, and total; Byorbyt, San Francisco, CA, USA),
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beta-actin (Bethyl Laboratories; Montgomery, TX, USA), and NUAK family SNF1-like
kinase 2 (NUAKZ2; Byorbyt).

Statistical analyses

Western blot data were analyzed by a one-way ANCOVA using a linear model in SAS (v.
9.2; SAS Institute Inc., Cary, NC, USA), with treatment (CON, LEU) as a fixed effect, and
initial BW as the covariate. The normality of the residuals and presence of outliers were
assessed, and non-normally distributed parameters were power transformed by a parameter ¢
whose optimal value was estimated using the maximum likelihood method (Piepho 2009).
Data are presented as means + SD. Pvalues were calculated using Student’s #tests, and
significant effects were considered at £< 0.05.

Metabolomics data were imported into the Primer-E software (v.7; Primer-E Ltd., Plymouth,
UK), log-transformed into a normal distribution approximation, and analyzed with a
Euclidean distance matrix. A non-parametric permutational analysis of variance
(PERMANOVA,; Primer-E Ltd) with treatment as fixed effects, and BW as the covariate,
was used for testing the null hypothesis of no difference between groups under a reduced
model, 9999 permutations, and type 11l sum of squares. Metabolomics data were further
assessed by Principal Component Analysis (PC) to visualize group discrimination in a 2-
dimensional scores plot. PC analyses were conducted in the R Statistical Language using the
clustvis online tool (Huang et al. 2009). The identification of metabolites differentially
expressed between groups was performed by a one-way ANOVA with the same fixed effects
and covariables described above. Pvalues were calculated using Student’s ¢tests. Data are
presented as fold change (LEU/CON). Significant effects were considered at < 0.05 and
trends at P<0.1.

RNA-seq data were transformed from negative binomial distribution to normal distribution.
The identification of metabolites differentially expressed between groups (LEU/CON) was
performed by a one-way ANOVA with the same fixed effects and covariables described
above. Pvalues were calculated using Student’s ftests. Data are presented as fold change.
Significant effects were considered at < 0.05 and trends at £<0.1.

Significant associations between the skeletal muscle genes and metabolites altered by
leucine pulses was assessed by Spearman’s correlations in £ and then visualized with a
correlation network. Before correlation analysis, missing metabolomics data were imputed
using the A-nearest neighbor imputation method (Troyanskaya et al. 2001; Hastie et al. 2019)
and then log-transformed. Spearman’s correlations were assessed for all genes and
metabolites previously shown to have statistically significant group differences. All pairwise
correlations were determined with the rcorr() function in the Hmisc package (Harrell and
Dupont 2019), followed by adjustment for multiple comparisons using the false discovery
rate (FDR) procedure (Benjamini and Hochberg 1995). Gene-metabolite pairwise
correlations were extracted, filtered at FDR < 0.1 (7= 88), then visualized in a correlation
network using Cytoscape v3.7.1.
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Effect of leucine vs. alanine pulses in plasma metabolome

To investigate the systemic mechanisms leading to increased protein accretion in leucine-
supplemented pigs, we performed a comprehensive analysis of metabolites in plasma. A
total of 483 metabolites were detected, of which 37 differed between CON and LEU groups.
Multivariate analysis showed a separation of samples in two differentiated clusters in the PC
chart (Fig. 1b). A complete list of the metabolites analyzed is included in Online Resource 1.
Compared with CON, LEU increased leucine and metabolites related to leucine catabolism,
including 4-methyl-2-oxopentanoate, p-hydroxyisovalerate, f-hydroxyisovalerylcarnitine,
and 3-methylglutaconate (P < 0.05; Fig. 1c). Conversely, leucine pulses decreased multiple
plasma metabolites related to AA metabolism, including alanine (P < 0.05), N-acetylserine
(P<0.05), 4-guanidinobutanoate (< 0.05), 4-imidazoleacetate (P < 0.05), 6,6, \6-
trimethyllysine (P < 0.05), A-acetyl methionine sulfoxide (P< 0.01), cysteine s-sulfate (P<
0.05), acisoga (P < 0.05), as well as valine and isoleucine-related metabolite
glycylisoleucine (P< 0.05). LEU also decreased NV1-methyl-2-pyridone-5-carboxamide and
quinolinate (P< 0.05), involved in nicotinamide metabolism, carboxylic acid
methylenesuccinate (£ < 0.05), fatty acid-related metabolites hexanoylglycine (P< 0.05), 1-
dihomo-linoleoylglycerol (P < 0.05), and 3-hydroxysebacate (£ < 0.05), and multiple
glycerol conjugates, including 1-myristoyl, 1- and 2-linoleoyl (P < 0.001), 1-palmitoleoyl (P
<0.01). 1- and 2-palmitoyl (P< 0.01 and £ < 0.05), 1- and 2-oleoyl (P< 0.05), 1-dihomo-
linolenyl (P< 0.05), 1-arachidonyl (P< 0.05), 1 and 2-stearoyl (P < 0.05), and
docosatrienoate (P < 0.05). Secondary bile acids 6-oxolithocholate and ursodeoxycholate (P
< 0.05), and xenobiotic 2-pyrrolidinone (P < 0.05), were also lower in LEU compared with
CON.

Transcriptomic response in skeletal muscle

We performed transcriptome profiling on LD samples isolated from representative LEU (7=
4) and CON (7= 4) pigs. On average, llumina MiSeq sequencing generated 46,072,339
paired-end reads for each sample that, following analysis with CLC Genomic Work Bench,
resulted in 22,861 genes (62.68% of reads) mapped to the porcine reference genome (Table
3). Figure 2 shows that the LD samples from LEU pigs, and corresponding CON animals,
were separated into two different clusters by hierarchical analysis, using the normalized
mean expression of the whole transcriptome across the eight libraries. When comparing the
skeletal muscle gene signature of the LEU pigs to the CON, we found 465 differentially
expressed genes (DEGs; P< 0.05), with 144 transcripts upregulated in the LEU group, and
321 transcripts downregulated relative to the CON group (P < 0.05). A complete list of all
DEGs is included in Online Resource 2. The heat map in Fig. 3a, and PC in Fig. 3b show
very similar changes in the expression of the 465 DEGs within treatments, but a clear
separation between CON and LEU pigs.

The DAVID gene functional classification tool was used to identify groups of transcripts
among DEGs sharing common KEGG terms (Fig. 3c). Compared to CON, LEU pigs
showed downregulated transcripts enriched in “spliceosome” (ssc03040, P < 0.028, fold
enrichment 4.24), “Gap junction” (ssc04540; P< 0.028, fold enrichment 4.24),
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“endocytosis” (ssc04144; P< 0.054, fold enrichment 7.21), “extracellular matrix-receptor
interaction” (ssc04512; P< 0.036, fold enrichment 5.40), and “DNA replication” (ssc03030;
P<0.039, fold enrichment 9.38). To obtain more detailed gene expression patterns, DEGs
were associated with GO biological process categorization using the software DAVID (Table
4). The transcripts downregulated in the LEU group were significantly enriched in biological
processes, such as “replication fork processing” (G0:0031297; £< 0.01, fold enrichment
20.9) and “double-strandbreak repair via homologous recombination” (GO:0000724; P<
0.05, fold enrichment 8.36). In the cellular component category, genes associated with
“nucleoplasm” (GO:0005654; £< 0.001, fold enrichment 2.07), “minichromosome
maintenance protein complex” (GO:00042555; P< 0.01, fold enrichment 47.5), “nuclear
chromatin” (GO:0000790; P< 0.01, fold enrichment 5.18), “microtubule cytoskeleton”
(G0:0015630; P< 0.01, fold enrichment 6.71) and “nucleolus” (GO:0005730; A< 0.05, fold
enrichment 2.27) were identified as the most significantly down-regulated terms in LEU,
whereas among molecular functions, the terms “DNA helicase activity” (GO:0003678; P<
0.001, fold enrichment 63.3), “RNA binding” (G0:0003723; P< 0.05, fold enrichment 3.1),
“zinc ion binding” (G0O:0008270; £< 0.05, fold enrichment 1.70), and “mRNA binding”
(G0:0003729; P<0.05, fold enrichment 4.69) decreased in LEU compared with CON. The
transcripts upregulated for LEU as compared with CON pigs were significantly enriched in
“extracellular exosome” (GO:0070062; P< 0.05, fold enrichment 1.69) and “single-stranded
DNA binding” (G0O:0003697; P< 0.05, fold enrichment 10.6).

Applying the most stringent parameters (RPKM P< 0.01 + fold change > 2), 18 DEGs were
identified, of which 12 were mapped to the porcine reference genome (Fig. 3d). Genes
differentially regulated in the LEU compared with the CON group were associated with
myocyte survival and maintenance of muscle (VUAK?2), signaling and cellular processes
(GPR37L1, CHRNAS3, REPS2), neural formation and connections (ANKRDS6), muscle
atrophy (STK4), cell division (CCNJL, ZBTB32, CDCA2), and mitochondrial activity and
electron transfer (ALDH4A1, TMEMI117).

Correlation of transcriptome and metabolites

The correlation analysis between RNA-seq data and plasma metabolome revealed that
changes in leucine-derived metabolites, primary bile acids, lipids, tricarboxylic acid
intermediates, and xenobiotics were associated with specific changes of the muscle
transcriptome (P < 0.01; Fig. 4). Classification in categories of genes significantly correlated
with metabolites was performed manually based on information obtained in the UniProt
database (UniProt Consortium 2019). Significant associations were identified between
leucine-derived metabolites p-hydroxyisovalerate, f-hydroxyisovalerylcarnitine, and 3-
methylglutaconate, which increased in the LEU compared with the CON pigs, and
expression of LD genes involved in protein degradation (negative: SNX32, positive:
TRIM62and OPTN), transcription and translation (negative: PARPS, OFD1, SF3B4,
positive: UBL4A), cell cycle regulation and DNA replication (negative: ASFI1B; positive:
HAUS1, ROMO1, MFAP3L, and ANKH), muscle maintenance and development (positive:
POPDC3), apoptosis (negative: SERBPI; positive: TMEM117), extracellular matrix
(positive: CD9), and G protein receptors (negative: GRM?7; positive, RGS3). Plasma levels
of glycocholate correlated with genes involved in cell cycle regulation and DNA replication
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(negative: KLHDC3, RNF17, positive: ZNF652 and MFAP3L), transcription and translation
(negative: PARP8, OFD1, and SF3B4) and G protein receptors (positive, GNRHRZ2).

Among metabolites decreased by leucine pulses, 3-hydroxy-sebacate was associated with
genes associated with muscle maintenance and development (positive: STK4), cell cycle
regulation and DNA replication (positive: ZNF207 and INO80), extracellular matrix
(positive: VNNZand LPXN), apoptosis (positive: BCL-XL and ERLECI), and energy
(positive: HMGCLL1and PDE10A). Itaconate was also correlated with genes involved in
autophagy (negative, SNX32), extracellular matrix (positive: MMP15), G protein receptors
(positive, RGS3), and transcription and translation (negative: £SFI), whereas 2-
pyrrolidinone was associated with genes involved in endocytosis (hegative: AP4S1; positive:
OPHNI), transcription and translation (positive: 7BXZ2I), G protein receptors (negative,
TASZR40), DNA replication (positive: DSCC1, ZNF385D, and ABLIM3), and extracellular
matrix (positive: FNI).

Protein signaling and abundance in skeletal muscle

Western Blot data pertain to the 23 pigs used in the study. Previously, we demonstrated that
short-term pulsatile administration of leucine in continuously fed neonate pigs increased
mTORC1 signaling and suppressed autophagy (Boutry et al. 2013), which in turn positively
affects protein accretion in skeletal muscle (Boutry et al. 2016). To investigate whether long-
term administration of intermittent leucine pulses in continuously orogastric-fed pigs was
associated with the downregulation of protein degradation pathways in LD, we assessed the
expression of macroautophagy and ubiquitin—proteasome-related proteins and regulatory
kinases. In addition, we investigated the protein expression of novel kinases related to the
maintenance of muscle fiber and autophagy previously identified in the transcriptomic
analysis. We found a significant lower LC3I1/LC3 ratio in the LEU compared with the CON
pigs (P< 0.01), whereas LC3 total abundance did not change between groups (Fig. 5a). No
differences between the LEU and CON groups were observed in SIRTZ, total and
phosphorylated PKB and AMPK, phosphorylated FOXO1 and FOXQ3, and total MURF-1
and Atrogin-1 (Fig. 5b, c). We also did not find differences between the LEU and CON pigs
for NUAK2, whereas both total and phosphorylated STK4 were lower in the muscle of LEU
compared to CON pigs (P< 0.05; Fig. 5d).

Discussion

Intermittent leucine pulses in continuously orogastric-fed pigs differentially affect peptides
and essential AA levels in plasma

Orogastric tubes are commonly used in premature and term infants who cannot meet their
nutrient requirements for optimal growth due to their inability to be breast- or bottle-fed
(Hill et al. 1995; Dziechciarz et al. 2007; Braegger et al. 2010). However, the impact of
enterogastric feeding modality (i.e., continuous vs. intermittent) in the molecular pathways
influencing muscle protein synthetic activity and gain during the neonatal period are
incompletely known. Previously we demonstrated that the stimulatory effect of intermittent
bolus feeding on skeletal muscle growth is partially related to the pulsatile pattern of AA
and insulin in the blood (El-Kadi et al. 2012, 2018). These effects were associated with the
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activation of the mTORCL signaling pathway and stimulation of protein synthetic rates and
could be largely reproduced by the parenteral supplementation of leucine administered in a
cyclical pattern to neonatal pigs continuously fed by orogastric tube (Boutry et al. 2013,
2016). To understand further the molecular mechanisms by which long-term leucine pulses
during continuous feeding increase muscle protein accretion, we now examined the
metabolomic profile in plasma samples collected in our previous study (Boutry et al. 2016).
Compared with the control animals pulsed with alanine, plasma levels of leucine were
higher in the leucine supplemented pigs, along with multiple leucine-containing dipeptides
such as lysyl leucine and glutamine-leucine. In contrast, analytes related to indispensable
AA metabolism were decreased, suggesting an increase in the incorporation of indispensable
AA into proteins, and thereby depleting their pool. As expected, the infusion of leucine led
to an increase in the a-ketoacid 4-methyl-2-oxopentanoate, as well as further downstream
metabolites associated with leucine catabolism, including B-hydroxyisovalerylcarnitine, p-
hydroxyisovalerate, and 3-methylglutaconate, indicative of increased leucine catabolism.
Conversely, valine and isoleucine-related metabolites such as N-acetylisoleucine and
glycylisoleucine decreased in response to leucine pulses, while the corresponding a-
ketoacids 3-methyl-2-oxobutyrate and 3-methyl-2-oxovalerate increased, though not
significantly (Online Resource 1), in LEU compared with CON piglets. These results are
consistent with our earlier findings that the post-prandial levels of valine and isoleucine are
impacted by both parenteral (Boutry et al. 2013, 2016) and enteral leucine supplementation
(Manjarin et al., 2016, 2018), likely due to the leucine-induced upregulation of the activity
of the branched chain (BC)-keto acid dehydrogenase enzymatic complex, which results in
the catabolism of all BCAAs (Tannous et al. 1963; Harper et al. 1970).

Lean mass gain in LEU pigs was associated with a decrease of lipid metabolites

In addition to the increase in BW and lean mass gain, the delivery of intermittent parenteral
leucine pulses decreased body fat by almost 50% compared with CON pigs supplemented
with alanine (Boutry et al. 2016). Similar results have been observed in human and animal
studies, in which AA supplemented diets aimed at increasing the plasma concentration of
leucine or other BCAAs led to consistent improvement in body composition (Bgrsheim et al.
2008; Chen Scarabelli et al. 2008). Increased BCAA catabolism has been related to
increased fatty acid oxidation via the tricarboxylic acid cycle and glycerol neogenesis
resulting in a lean metabolic phenotype (Kainulainen et al. 2013). Interestingly, one of the
most consistent and strongest leucine-associated effects found in this study was the
pronounced decrease in nearly all monoacylglycerols, as well as carboxylic acid methylene
succinate, and several fatty acid-related metabolites, suggesting an increase in fatty acid
oxidation in pigs supplemented with leucine.

Skeletal muscle transcriptome in continuously orogastric-fed pigs was regulated by
intermittent leucine pulses

To our knowledge, this is the first time that RNA-seq has been used to elucidate changes in
the skeletal muscle transcriptome in response to intermittent leucine pulses. While we have
previously demonstrated that leucine is a key factor regulating muscle mass gain during the
neonatal period through protein changes in the mTORCL1 signaling pathway (Escobar et al.
2005; Torrazza et al. 2010; Wilson et al. 2010), the present results also show an impact of
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leucine at the skeletal muscle transcriptional level. Out of 22,861 detected genes, 465 were
affected in skeletal muscle of leucine supplemented pigs, with the expression of almost 70%
of them being downregulated as compared with controls. The analysis of KEGG pathways
and GO biological process categorization revealed a consistent decrease in terms related to
“spliceosome” in LEU compared with CON pigs. The spliceosome is responsible for post-
transcriptional processing of pre-mRNA into mature mRNA (Pandya-Jones 2011). It is
possible that a decrease in splicing underlies a regulatory mechanism for gene expression in
skeletal muscle, as many protein-coding genes possess only a few or no introns that can be
spliced even in the presence of few functional spliceosomes, whereas the expression of
genes with a high number of introns becomes downregulated (Jeffares et al. 2008; Singh and
Padgett 2009). Alternatively, the downregulation of spliceosomal genes in LEU pigs may not
lead to a decrease in splicing efficiency in skeletal muscle, given that splicing is regulated by
a complex network of activating and inhibiting splicing factors (Anufrieva et al. 2018). In
this regard, removal of spliceosomal proteins increased histone H2AX phosphorylation and
activated DNA repair in cancer cell lines, increasing genome stability (Paulsen et al. 2009).

Terms associated with “cell cycle” and “DNA replication” were also decreased in LEU
compared with CON in both the KEGG pathway and GO categorization analyses.
Interestingly, a parallel downregulation in the expression of spliceosomal and cell cycle-
related genes has also been demonstrated in cancer cells in response to various stresses to
promote their survival (Anufrieva et al. 2018), as well as in mice and human cell lines
(Kittler et al. 2004; Kleinridders et al. 2009), suggesting a connection between pre-mRNA
splicing and cell cycle progression. Additional terms downregulated in LEU pigs included
“GAP junction” and “ECM-interaction” in KEGG, as well as “MCM complex” and
“proteinaceous extracellular matrix™ in GO analysis. Differential expression of genes in
these pathways requires further investigation, as extracellular membrane matrix components
such as integrins, are associated with PKB-mTORCL signaling (Goc et al. 2011; Bui et al.
2019), and therefore may be involved in leucine-induced protein synthesis. Of note, only
three DEGs were mapped to “PI3K-Akt signaling pathway” in KEGG (ssc04151), and none
mapped to “mTOR signaling pathway” (ssc04150), likely due to the fact that leucine
activates mTORL signaling by increasing the phosphorylation of kinases, such as AKT and
S6K1/2, rather than by upregulating the transcription/translation of genes.

Leucine pulses decrease markers of autophagy and endocytosis in continuously
orogastric-fed pigs

Autophagy can be activated by starvation, exercise, and a variety of stress signals, and
promotes muscle protein degradation by increasing the breakdown of damaged proteins and
organelles (Sandri 2010). Consistent with our previous studies (Boutry et al. 2013, 2016; EI-
Kadi et al. 2018), we observed a significant decrease in LC3I1: LC3 ratio in response to
leucine pulses, which reflects a decrease in the number of autophagosomes and autophagy-
related structures (Yoshii and Mizushima 2017). Interestingly, “endocytosis” was also
significantly downregulated in skeletal muscle of LEU compared with CON pigs. The
endosome system functions in importing nutrients and macromolecules into the cell from
outside and acts in close relationship with autophagy to provide AAs and other basic
components for use by the cell (Tooze et al. 2014). In the endocytic pathway, vesicles
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formed by clathrin-dependent or -independent mechanisms from the plasma membrane fuse
and deliver their membrane and contents to endosomes, which increase in size before being
targeted to lysosomes for the enzymatic digestion of enclosed material (Tooze et al. 2014).
Additionally, endosomes are capable of fusing with autophagosomes to form amphisomes
which go on to fuse with the lysosome and are also degraded (Hyttinen et al. 2013; Tooze et
al. 2014). Although speculative, leucine-induced downregulation of genes involved in
endocytosis may imply that leucine pulses not only decrease protein degradation in neonatal
pigs by inhibiting the formation of autophagosomes but also by downregulating the
endosome-autophagy pathway.

In addition to autophagy markers, a kinase that controls muscle atrophy, STK4 (Wei et al.
2013), was also downregulated at both gene and protein expression levels in muscle of the
leucine supplemented pigs. The mammalian STK family is expressed in multiple organs,
including skeletal muscle, where it promotes the expression of LC3and Atrogin-1 through
activation of FOXO transcription factors (Wei et al. 2013). Interestingly, protein expression
of FOXOs, MuRF-1, and Atrogin-1 did not differ between LEU and CON pigs in our current
and previous studies (Boutry et al. 2013), whereas both E3 ligases increased in bolus-fed
pigs (El-Kadi et al. 2012, 2018). Taken together, it is possible that leucine pulses, through
STK4 downregulation, inhibit the activation of the ubiquitin—proteasome pathway in
neonatal muscle. Conversely, the expression of AMPK-related kinase NUAK2, which has an
antiapoptotic role in myocyte survival and maintenance of muscle mass (Lessard et al.
2016), was increased at the transcript level in LEU compared with CON pigs. Nonetheless,
we did not observe differences in NUAK2 protein abundance between groups, which might
be due to post-transcriptional regulation, or changes in protein degradation or turnover rates.

Correlation analysis revealed leucine-derived metabolites associated with expression of
genes involved in protein degradation, transcription, and translation in neonatal muscle

We have previously shown that leucine-derived metabolites a-ketoisocaproic acid (KIC) and
B-hydroxy-p-methylbutyrate can activate translation initiation factors and protein synthesis
in skeletal muscle of neonatal pigs (Escobar et al. 2010; Wheatley et al. 2014; Kao et al.
2016; Suryawan et al. 2020). We now extend these findings to show that other metabolites
derived from leucine catabolism, including p-hydroxyisovalerate, p-
hydroxyisovalerylcarnitine, and 3-methylglutaconate, are strongly correlated with the
expression of LD genes associated with protein degradation, transcription, and translation,
DNA replication, and muscle maintenance and development. The first step in leucine
catabolism is the reversible transamination of leucine to KIC, catalyzed by branched-chain
aminotransferase isoenzymes in muscle tissue, followed by the conversion of KIC to -
hydroxy-p-methyl butyrate by a.-ketoisocaproic dioxygenase, or to isovaleryl-CoA (a
precursor of B-hydroxyisovalerate and B-hydroxyisovalerylcarnitine) by KIC dehydrogenase
in the liver (Kohlmeier 2015). Of particular significance for our study is the association of -
hydroxyisovalerylcarnitine and B-hydroxyisovalerate with OPTN and SN.X32, involved in
the regulation of macroautophagy, as well as 7R/M62, that encodes an E3 ubiquitin ligase.
Interestingly, enteral or parenteral supplementation of p-hydroxy-g-methylbutyrate to
neonatal pigs did not affect the abundance of ubiquitin ligases or LC3I1/LC3 ratio in muscle
samples (Wheatley et al. 2014; Kao et al. 2016). These results suggest that metabolites from
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leucine catabolism differ in their mechanisms to enhance muscle protein accretion, with
those derived from the KIC dehydrogenase pathway being able to regulate both protein
synthesis and degradation signaling in neonatal pigs.

In conclusion, results from our studies support the notion that the administration of
intermittent leucine pulses in continuously orogastric-fed pigs enhances muscle mass gain
not only by increasing protein synthetic activity but also by reducing the expression of
protein catabolic pathways, as indicated by changes in the transcriptome and metabolome.
The novel association between metabolites derived from leucine catabolism and markers of
the ubiquitin—proteasome and autophagy-lysosome systems needs to be further studied, as it
may help to develop better therapeutic approaches for improving muscle growth in at-risk
human infants.
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VNN2 Vanin 2

ZBTB32 Zinc finger and BTB domain containing 32
ZNF207 Zinc finger protein 207

ZNF385D Zinc finger protein 385D
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a Administration of intermittent leucine pulses in continuously orogastric-fed pigs altered
the metabolomic profile in plasma. Outline of the experimental design of the animal study.
Twenty-three 8-day-old piglets were assigned to receive either leucine (LEU, n=11) or
alanine (CON, n7=12) pulses for 1 h every 4 h for 21 days. At the same time, all pigs were
fed continuously a liquid diet. b Principal component analyses of metabolites discriminated
LEU- and CON pigs along with the first component. Data were scaled to unit variance prior
to PC assessment. Each point represents an individual pig and color of point denotes diet. ¢
Heat map of relative abundance of metabolites significantly changed in neonatal pigs, with
fold change and significance levels by LEU compared to CON. Columns are individual pigs
and rows are log-transformed metabolite data. Violet and green represent the row minimum
and maximum values. P values for each metabolite were calculated by a one-way ANOVA
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with a mixed model. Significant 2 values are expressed as T2< 0.1, *P< 0.05, **P< 0.01,
***p<0.001
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Fig. 2.
Administration of intermittent leucine pulses in continuously orogastric-fed pigs altered the

transcriptome profile in skeletal muscle. LD samples from four CON and four LEU pigs
representative of the average body weight gain for each group were used for RNA isolation
and sequencing. Hierarchical cluster analysis was performed to validate the treatment
distribution using the normalized mean expression of the whole transcriptome across the
eight libraries. Red: highly expressed genes; blue: lower expressed genes; white: medium
expressed genes

Amino Acids. Author manuscript; available in PMC 2021 September 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Manjarin et al. Page 23

T
|’|||H\|)l||| M/ M M ::: -

HIIIVIH

"MWW%W“JH

HIWM

HH o
204
Ui e -
HmHHH ‘ H H| CON.4 PC1 (61.2%)

(C) Fold change LEU compared to CON

THO complex 2

small nuclear U1 subunit 70
Spliceosome - splicing factor 3b subunit 4
splicing factor 3b subunll i |

nuclear i K
tubulin beta 1 class VI
tubulin alpha 1b

GAP junction— protein kinase, cGMP-dependent, type |
phospholipase C beta 1
L mitogen-activated protein kinase kinase 2
M WAS/WASL interacting protein 1
TNF receptor associated factor 6
Endocytosis | signal transducing adaptor molecule 2

sorting nexin 32
SH3 domain containing GRB2
early endosome antigen 1
laminin subunit gamma 1
ECM P Y diated motilitygreceptor
interaction fibronectin 1
L * —f
[ mmlchromosome complex comp. 3
DNA replicati complex comp. 2
1 DNA ligase 1 ;
| o £ | -
0o 02 § § § § m mh b @
5 5 ¥ 3 B B OB OC
o > ~
@ redchange BED comparedio con @.
| Trx
G protein-coupled receptor 37 like 1 ——— %% GPR37L1
ankyrin repeat domain 6 C  —3—— %% ANKRD6
transmembrane protein 117 [ ——F— %% TMEM117
NUAK family kinase 2  —F— %% NUAK2
serinelthreonine kinase 4 Fk = STK4
cyclin J like *%k CCNJL
zinc finger and BTB domain containing 32 *%k ZBTB32
aldehyde dehydrogenase 4 family A1 %% - ] ALDH4A1
cell division cycle associated 2 Fok CDCA2
envelope protein %% - = ENV
cholinergic receptor nicotinic a3 subunit *%% - CHRNA3
RALBP1 associated Eps domain 2 %% |REPS2

0 05 1 15 2 25 3

91'NOO
7'"NOD
71'NOO
LI'NOO
82’ N3
lTAEN

NI
[AREN]

Fig. 3.
a Heat map and principal component analysis of differentially expressed genes (DEGs) of

skeletal muscle samples from neonatal pigs fed a liquid diet continuously via orogastric tube
and supplemented with 1-h parenteral pulses of leucine (LEU; 7= 4) or alanine (CON, n=
4) every 4 h for 21 days. Columns are log,-transformed reads per kilobase per million
mapped reads (RPKMs) and rows are individual pigs. Violet and green represent the column
minimum and maximum values, respectively. b Principal component analyses of skeletal
muscle samples using the top 465 genes separated LEU and CON pigs into two different
clusters along with the first component. Each point represents an individual pig and color of
point denotes diet. ¢ Heat map of groups of genes selected among the top 465 DEGs sharing
common Kyoto Encyclopedia of Genes and Genomes (KEGG) terms, with fold change and
significance levels by LEU compared to CON. d Heat map of DEGs selected using the most
stringent parameters (RPKM P< 0.01, + fold change > 2), with fold change and significance
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levels for LEU compared to CON. In all heat maps violet and green represent the row
minimum and maximum values, respectively. Columns are individual pigs and rows are
log,-transformed RPKMs. Pvalues for each gene were calculated by a one-way ANOVA
with a mixed model. Significant Pvalues are expressed as *£< 0.05, **P< 0.01, ***P<
0.001
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Fig. 4.

Plasma metabolites were correlated with transcriptome changes in skeletal muscle.
Associations between muscle mRNA sequencing (RNA-seq) and plasma untargeted
metabolomics in neonatal pigs fed continuously with an orogastric tube for 21 days and
supplemented with either leucine or alanine pulses parenterally at 4-h intervals. RNA-seq
data are reads per kilobase per million mapped reads. Metabolomics data are log-
transformed peak values. Spearman’s correlations were assessed on genes and metabolites
previously shown to be altered by leucine. Results were adjusted for multiple comparisons
using Benjamin and Hochberg’s false discovery rate correction (FDR). Only correlations at
FDR < 0.1 are described in network. Genes are red ovals; metabolites are rectangles.
Positive correlations are shown as orange edges; negative correlations are blue edges
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Fig. 5.
Markers of protein degradation decreased in response to leucine (LEU, 7= 11) or alanine

(CON, n=12) pulses in neonatal pigs continuously fed formula via orogastric tube for 21
days. Representative Western blots (top) and histograms (bottom) with the quantification of
bands expressed as arbitrary units (A.U.), measuring the abundance and phosphorylation of
microtubule-associated protein 1A/1B light chain 3A (LC3I/11), Atrophy F-Box/Atrogin-1
(MAFbx/atrogin-1) and muscle RING-finger protein-1 (MuRF1) (a), protein kinase B
(PKB) and sirtuin 1 (SIRT-1) (b), AMP-activated protein kinase a (AMPKa), forkhead box
01 (FOXO01) and FOX0O3a (c), and serine/threonine kinase 4 (STK4) and carbon catabolite-
derepressing protein kinase-AMPK-related kinase (NUAK2) (d). Values are means £ SD. *P
<0.05**P<0.01
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Table 1

Ingredient composition (%) of diets fed to CON (control + alanine pulses; 7= 12) and LEU (control diet +
leucine pulses; 7= 11) pigs between day 0 and 21 of the study

Item CON LEU
80% Whey protein concentrate? 0t 701
Lactose? 0.90 0.90
Fat Pak 80b 057 057
corn oil® 312 312
Xanthan gumd 0.10 010
Vitamin premixd 020 020
Mineral premix® 090 0.0
Water 872  87.2

aHiImar Ingredients, Hilmar, CA, USA
bMiIk Specialties Global Animal Nutrition, MN, USA
cHeaIthy Brand Oil Corporation, NY, USA

dDyets Inc., Bethlehem, PA, USA. Provided per kg premix: vitamin A, 4,409,171 1U; vitamin D-3, 661,376 1U; vitamin E, 17,637 1U; vitamin
B-12, 15.4 mg; menadione, 1764 mg, riboflavin, 3307 mg; D-pantothenic acid, 11,023 mg; niacin, 19,841 mg; phytase, 200,000 FTU

eDyets Inc. Provided per kg premix: Fe, 110,000 mg; Zn, 110,000 mg; Mn, 26,400 mg; Cu, 11,000 mg; I, 200 mg; Se, 200 mg
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Daily nutrient (g kg body weight (BW)~1 day~1) and metabolizable energy (ME; kcal kg BW~1 day™1) fed to
CON (control + alanine pulses; 7= 12) and LEU (control + leucine pulses; n= 11) pigs between day 0 and 21
of the study. Values are calculated, and expressed as fed

Item (kg BW™ day™) CON LEU
Dry matter (g) 225 225
Crude protein (g) 10.1 10.1
Metabolizable energy (kcal) 116.6 116.6
Carbohydrates (g) 332 332
Ether extract (g) 7.03 7.03
Amino acids (g)
Arginine 023 0.23
Histidine 0.20 0.20
Isoleucine 0.60  0.60
Leucine 111 111
Lysine 0.85 0.85
Methionine 0.20 0.20
Cysteine 025 0.25
Phenylalanine 0.31 0.31
Tyrosine 0.24 0.24
Threonine 0.58 0.8
Tryptophan 0.15 0.15
Valine 0.53 053
Calcium (g) 0.62  0.62
Phosphorus (@) 0.43 0.43
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