
 
 

CHAPTER IV 

EFFECT OF DIETARY POSTBIOTIC LIC37 ON LIVER 
TRANSCRIPTOMIC PROFILE OF CALVES 

 

4.1 Abstract 
This study aimed to investigate the effect of postbiotic from heat killed 

Limosilactobacillus ingluviei C37 (postbiotic LIC37) on liver transcriptional response of 
calves. Fourteen calves were assigned to 2 treatment groups: CON (n = 7) or TRT (n = 
7, fed 108 CFU/d of inactivated Lactobacillus ingluviei CR37 strain). Calves received 
milk replacer (MR) at 1.75% of body weight (based on air-dry weight) and the amount 
was adjusted weekly according to body weight, while fresh and clean water was 
provided ad libitum. All calves had free access to starter feed starting on day 33. On 
day 82, the MR solution was reduced to 50% of the previous week's allocation, and 
calves were completely weaned by day 89. Liver samples were collected after 
slaughter on day 90. Transcriptome analysis identified 33 DEGs, including 16 
upregulated DEGs such as Endothelial lipase (LIPG), Peroxisomal Acyl-CoA oxidase 1 
(ACOX1), Solute carrier family 27 member 6 (SLC27A6), and 17 downregulated DEGs 
such as Family with sequence similarity 107 member A (FAM107A), 4-Hydroxy-2-
oxoglutarate aldolase 1 (HOGA1), Farnesyl diphosphate synthase (FDPS). Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis identified 11 significant pathways, 
including the PPAR signaling pathway and Pentose phosphate pathway. Taken together, 
postbiotic LIC37 supplementation demonstrated potential benefits in improving lipid 
metabolism and mitigating oxidative stress in weaning calves. 
 
Keywords:  Postbiotic, Limosilactobacillus; Calf weaning; Transcriptome; Liver; lipid 

metabolisms. 
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4.2   Introduction   
Weaning is a critical and demanding transition for calves, frequently leading to 

physiological stress responses and disrupting energy homeostasis (Agustinho et al., 2024), 
which can compromise growth performance and overall health. As a key regulatory hub 
for overall energy metabolism, the liver plays a pivotal role in metabolic adaptation by 
modulating fatty acid uptake and release, de novo synthesis, and lipid utilization through 
β-oxidation, and oxidative stress responses (Badmus et al., 2022). 

During weaning, nutrient intake of calves is insufficient, and ammonia absorbed by the 
rumen increases the burden on the liver through the liver urea cycle (Laarman et al., 2012; 
Batista et al., 2022). Additionally, excessive lipid accumulation in the liver exacerbates 
oxidative stress, enhances fatty acid oxidation, and triggers the release of proinflammatory 
cytokines, which collectively contribute to mitochondrial and hepatocyte damage, 
inflammation, and the activation of fibrotic pathways (Kutlu et al., 2018). 

Dietary intervention optimizes energy balance by enhancing antioxidant defense 
and regulating lipid metabolism, offering a new approach to alleviate weaning stress 
in calves. Probiotics are defined as a “preparation of inanimate microorganisms and/or 
their components that confers a health benefit on the host” (Salminen et al., 2021). 
In recent years, postbiotics, as an alternative to probiotics, have been extensively used 
to improve growth and lactation performance, as well as to enhance immunity and 

antioxidant defenses (Stefańska et al., 2022; Chae et al., 2024). For example, Ríus et 
al. (2022) reported postbiotic from Aspergillus oryzae improved energy-use efficiency 
in calves exposed to heat stress. Similarly, Dai et al. (2024) demonstrated that 
supplementing transition dairy cows with postbiotics from Saccharomyces cerevisiae 
could be beneficial for improving liver metabolism. Additionally, Izuddin et al. (2020) 
observed that the antioxidant enzymes concentration were increased by postbiotic 
Lactobacillus plantarum in post-weaning lambs. However, the molecular mechanisms 
through which postbiotics influence liver metabolism in weaned calves remain to be 
investigated. Recently, RNA-Seq technology efficiently identifies nearly all transcripts 
in tissue, thereby uncovering the molecular mechanisms underlying biological 
phenomena (Malone and Oliver, 2011). 
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4.3 Objective 
This study aimed to investigate the effects of postbiotics from heat killed 

Limosilactobacillus ingluviei C37 on growth performance, antioxidant capacity, and 
liver transcriptomics in calves during the weaning period. 
 

4.4 Materials and methods 
 4.4.1 Ethics statement 

 The experiments were carried out at the Suranaree University of 
Technology (SUT) farm according to the approved protocol by the Animal Care and 
Use Committee of SUT, Thailand (document no. SUT-IACUC-0020/2023).  

4.4.2 Animals, treatment and sampling method 
 The Limosilactobacillus ingluviei C37 strain was obtained from the 

Laboratory of Monogastric Animal Nutrition and Feed Science at Suranaree University 
of Technology (SUT). The isolation and cultivation of L. ingluviei C37 were thoroughly 
detailed by Sirisopapong et al. (2023). The inactivated preparation of L. ingluviei C37 
was achieved by heat-killing the cells at 80°C for 30 minutes, following the method 
described by Tsukagoshi et al. (2020). 

 Fourteen Holstein bull calves were obtained from a local dairy farm at 
the age of 5.71 ± 1.14 d. Each calf received 2 liters of colostrum within 3 hours of birth, 
followed by an additional 2 liters within the next 12 hours. All calves with serum total 
protein levels exceeding 5.6 g/dL at 24 hours of birth were selected, confirming the 
successful transfer of passive immunity (Hernandez et al., 2016). The calves were 
gradually transitioned from colostrum to bucket-fed milk replacer (MR) beginning at 
three days of age before being transferred to the SUT farm. Upon arrival, they received 
an immediate intramuscular injection of vitamin B12 (CatosalTM, OLIC Co. Ltd, 
Ayutthaya, Thailand) at a 5% (mL/kg) dosage. All calves were blocked into 2 groups by 
body weight (37.34 ± 3.19 kg, and 28.83 ± 2.92 kg; mean ± SD), and randomly assigned 
to 2 treatments (7 per treatment). Namely, CON group (without postbiotic) and TRT 
group with 1 g/d of postbiotic LIC37 (108 CFU/g). The dosage was determined based 
on conversions from previous studies (Thorsteinsson et al., 2020; McNeil et al., 2024). 
Each calf was kept in an individually pen (2.2 m × 2.4 m) equipped with rubber mats 
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and wood pellets. The soiled wood pellets were removed daily, and fresh wood pellet 
was provided weekly. 

 Commercial MR was procured from Dairy-Rich Co. Ltd (Bangkok, Thailand), 
with its nutrient composition detailed in Table 3.1 (Chapter III). The MR for calves was 
provided twice daily at 08:00 and 16:00 at a concentration of 15%, equivalent to 1.75% 
of BW (base on air-dry). The feeding amount was adjusted weekly based on BW. The 
postbiotic was mixed into the morning MR feeding, while fresh and clean water was 
available ad libitum. As the sole solid feed, the commercial starter (Charoen Pokphand 
Foods, Bangkok, Thailand) was provided ad libitum from day 33 of the experiment.  

 The 90-day feeding trial began on the day the calves arrived at SUT farm. 
The weaning process was completed within one week. Specifically, it started on day 
82, with the MR solution reduced to 50% of the previous week's allocation. Calves 
were completely weaned by day 89. This feeding strategy was intended to induce 
weaning stress (Van Niekerk et al., 2021). On day 90, prior to the morning feeding, all 
calves were euthanized by captive bolt stunning and exsanguination. The liver tissue 
was taken from the caudate lobe into sterile RNase-free tubes, snap-frozen in liquid 
nitrogen, and then stored at -80°C for future RNA extraction. 

4.4.3 RNA extraction and RNA-seq library construction 
 According to the manufacturer`s instructions, total RNA was obtained from 

liver tissue using TRIzol reagent (Molecular Research Center, Cincinnati, Ohio, USA). The 
quality and quantity of the extracted RNA were analyzed using spectrophotometry 
(NanoDrop 2000 spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA) and 
assessed by 1% agarose (w/v) gel electrophoresis, with 0.5 × TAE buffer and an applied 
electric current of 100 V for 20 minutes. RNA integrity was further evaluated using capillary 
electrophoresis on the QIAxcel Connect (Qiagen) to determine the RNA integrity number 
(RIN). RNA samples with a RIN > 8 were selected for the construction of RNA libraries. 

 RNA reverse transcription, library preparation, and RNA sequencing (RNA-seq) 
were carried out at BGI Co., Ltd. (Shenzhen, China). Briefly, total RNA was enriched for 
mRNA by poly(A) selection using oligo(dT) magnetic beads, followed by reverse 
transcription and cDNA synthesis. The resulting double-stranded cDNA underwent end 
repair, 5'-phosphorylation, and 3'-adenylation to prepare for adapter ligation. The adapter-
ligated products were then PCR amplified, denatured, and circularized using bridging 
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primers to create single-stranded circular DNA libraries. Sequencing was performed on the 
DNBSEQ platform with PE500 (BGI Co., Ltd., Shenzhen, China). The raw sequencing data 
were processed using SOAPnuke (v1.5.6, RRID:SCR_015025) to eliminate low-quality and 
adapter-contaminated reads. The filtering criteria were as follows: 1) removal of reads 
containing adapter sequences, 2) exclusion of reads with more than 5% unknown bases 
(N), and 3) discarding low-quality reads, defined as those in which more than 20% of the 
bases had a quality score below 15. 

4.4.4 Transcriptome sequencing, data analysis, and functional enrichment 
analyses 

 The high-quality reads were retained as clean data and subsequently 
analyzed using the online multi-omics data mining platform (biosys.bgi.com). In brief, The 
sequencing reads were mapped to the Bos taurus reference genome (GeneBank Assembly 
ID: GCA_002263795.2) using HISAT2 (version 2.2.1) with default settings (Kim et al., 2015). 
Cleaned data were then aligned to the reference transcriptome using Bowtie (version 
2.3.4.3) (Langmead and Salzberg, 2012). Gene expression levels were quantified with RSEM 
(version 1.3.1) (Li and Dewey, 2011). Differential gene expression analysis between the two 
groups was performed using DESeq2 (version 1.4.5) (Love et al., 2014). The transcripts were 
filtered for sufficient normalized read depth, requiring transcripts per million greater than 
0 (TPM > 0) in at least 5 samples per group. 

 Transcripts with a fold-change (FC) of ≥ 1 and an adjusted P value < 0.05 were 
considered differentially expressed genes (DEGs). Gene Ontology (GO) annotation and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses for DEGs were 
performed using the Phyper function in R software. GO terms and KEGG pathways with a P 
value < 0.05 were performed regarded as significantly enriched. All sequencing data have 
been deposited in the Gene Expression Omnibus (GEO) of the National Center for 
Biotechnology Information (NCBI) database under the accession number GSE293736. 

4.4.5 Quantitative polymerase chain reaction to validate DEGs 

 To confirm the reliability and precision of gene expression data obtained from 
RNA-Seq, quantitative PCR (qPCR) was conducted on the same RNA samples. The RNA was 
reverse transcribed into cDNA using SweScript All-in-One RT SuperMix (G3337, Servicebio 
Technology Co., Ltd., Wuhan, China) according to the manufacturer's instructions. Using 
Primer3 software (https://primer3.ut.ee/) designed primers (Table 4.1), and subsequently 

https://scicrunch.org/resolver/RRID:SCR_015025
https://biosys.bgi.com/
https://primer3.ut.ee/


68 

 

synthesized by Servicebio Technology Co., Ltd. (Wuhan, China). Five target genes were 
Endothelial lipase (LIPG), Acyl-CoA oxidase 1 (ACOX1), Family with sequence similarity 107 
member A (FAM107A), 4-Hydroxy-2-Oxoglutarate aldolase 1 (HOGA1), and Farnesyl 
diphosphate synthase (FDPS). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
housekeeping gene in this study. The qPCR was performed on CFX ConnectTM Real-Time 
PCR System (Bio-Rad, California, USA) in a reaction solution (15 μL) contained 2 μL of cDNA 
template, 1.5 μL of each primer (10 μM), 7.5 μL of 2×Universal Blue SYBR Green qPCR 
Master Mix (G3326, Wuhan Servicebio Technology Co., Ltd), and 4 μL of nuclease-free water. 
The qPCR conditions were as follows: predegeneration at 95°C for 30 seconds, followed by 
40 cycles of denaturation at 95°C for 15 seconds, annealing at 60°C for 15 seconds, and 
extension at 60°C for 30 seconds. Relative expression levels were determined using the 
2−∆∆CT method (Love et al., 2014), and the resulting values were transformed into fold 
change (FC) to enable comparison with RNA-Seq data. 

 
Table 4.1 Primer sequences used in quantitative PCR. 

Gene Primer sequences (5’ to 3’) Accession 
number LIPG (F): TCA AGC CCC TTC ACA TTC CC XM_002697766 

 (R): CTC TCG AAG TTT CCA GCG GT  

ACOX1 (F): GCG TTA CGA GGT GGC TGT TA NM_001035289 

 (R): GGC CCA CAG GTT CCA CAA AA  

FAM107A (F): CTG AGA ACG CAG GAC CCG XM_024982918 

 (R): AGC AGC TTC TTG GGC TTG AT  

HOGA1 (F): GAG GTG GAC TAT GGG AAA CTG G XM_024985530 

 (R): CCT CTG AAC TTC TCT TGC CTG T  

FDPS (F): GAG GCA GGG GCT AGA AAC TC XM_024984593 

 (R): ATT CCC AAA ACG GGG GAA CA  

LIPG, Endothelial lipase; ACOX1, Peroxisomal Acyl-CoA oxidase 1; FAM107A, Family 
with sequence similarity 107 member A; HOGA1, 4-hydroxy-2-oxoglutarate aldolase 1; 
FDPS, Farnesyl diphosphate synthase. 
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4.5 Results 
 4.5.1   RNA-Seq data processing and quality control 

According to the results presented in Table S4.1. RNA sequencing generated an 
average of 46.82 million raw reads from 14 libraries, with minimum of 45.44 million to 
a maximum of 47.19 million. After quality control, an average of 45.03 million clean 
reads were obtained, with the number of clean reads ranging from a minimum of 43.84 
million to a maximum of 45.51 million. A minimum of 95.74% of the reads 
demonstrated a sequence quality score above Q30. The total Mapping rates ranged 
from 98.29% to 98.66%, and the average unique mapping rate was 95.01%. 

 

 
 

Figure 4.1  Volcano plot of differentially expressed genes in the liver tissue of calves. 
The red and green dots representing upregulated and downregulated 
transcripts, respectively. Gray dots represent insignificant DEGs. The x and 
y axes of the volcano plots show the log2 fold changes and –log10 q value, 
respectively. 
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 4.5.2   Detection of DEGs 
 As presented in Figure 4.1. A total of 33 DEGs were identified in liver 
tissue, with 16 upregulated and 17 downregulated transcripts. Detailed information 
about the identified DEGs is provided in Table S 4.2.  

 Among these, Endothelial Lipase (LIPG), Peroxisomal Acyl-CoA oxidase 1 
(ACOX1), Solute carrier family 27 member 6 (SLC27A6), Elongation of very long chain 
fatty acids protein 6 (ELOVL6), Glycerate kinase (GLYCTK), 4-Hydroxy-2-oxoglutarate 
aldolase 1 (HOGA1), Exostosin like glycosyltransferase 1 (EXTL1), and Farnesyl 
diphosphate synthase (FDPS) were indentified. The top 10 upregulated and down 
regulated DEGs shown in Table 4.2. 

 
Table 4.2  Top 10 upregulated and downregulated differentially expressed genes in 

the liver tissue of calves. 
Gene ID Gene Symbol log2 fold change Qvalue1 Regulated2 

509808 LIPG 4.22 0.0155 Up 

781161 FREM3 3.14 0.0330 Up 

513996 ACOX1 1.69 0.0092 Up 

537062 SLC27A6 1.55 0.0017 Up 

613923 DYM 1.53 0.0266 Up 

533333 ELOVL6 1.47 0.0158 Up 

534842 ROBO2 1.45 0.0266 Up 

524334 L3MBTL3 1.34 0.0016 Up 

507949 GLYCTK 1.32 0.0012 Up 

525346 NCOA1 1.22 0.0414 Up 

538515 FAM107A -2.38 0.0000 Down 

506001 HOGA1 -2.25 0.0397 Down 

782061 LOC782061 -1.92 0.0387 Down 

281156 FDPS -1.83 0.0033 Down 

505584 FXYD5 -1.68 0.0444 Down 

785762 DDH3 -1.60 0.0448 Down 
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Table 4.2  Continue. 
Gene ID Gene Symbol log2 fold change Qvalue1 Regulated2 

112442367 - -1.59 0.0202 Down 

786492 LGALS3 -1.55 0.0143 Down 

507550 - -1.47 0.0155 Down 

281240 IGF2 -1.47 0.0099 Down 
1 LIPG, Endothelial lipase; FREM3, FRAS1 related extracellular matrix protein 3; ACOX1, 
Peroxisomal Acyl-CoA oxidase 1; SLC27A6, Solute Carrier Family 27 Member 6; DYM, 
Dymeclin; ELOVL6, Elongation of very long chain fatty acids protein 6; ROBO2, Roundabout 
guidance receptor 2; L3MBTL3, L3MBTL transcriptional repressor 3; GLYCTK, Glycerate 
kinase; NCOA1, Nuclear receptor coactivator 1; FAM107A, Family with sequence similarity 
107 member A; HOGA1, 4-hydroxy-2-oxoglutarate aldolase 1; LOC782061, Aldo-keto 
reductase family 1, member C1-like; FDPS, Farnesyl diphosphate synthase; FXYD5, FXYD 
domain containing ion transport regulator 5; DDH3, Dihydrodiol dehydrogenase 3; LGALS3, 
Galectin 3; IGF2, Insulin-like growth factor 2.  
2 Q value is adjusted of P value. 
 
 4.5.3   GO and KEGG pathway enrichment of DEGs 

 Gene Ontology (GO) analysis categorized these DEGs into three functional 
groups: biological processes (BP), molecular functions (MF), and cellular components 
(CC). Specifically, the significant DEGs were annotated into 50 CC terms, among which 
12 were significantly enriched (Figure 4.2). Additionally, they were mapped to 193 BP 
terms, with 116 showing significant enrichment (Figure 4.2), and 97 MF terms, of which 
50 were significantly enriched (Figure 4.3). 
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Figure 4.2  Top 20 GO cellular component terms enriched in differentially expressed 
genes in liver tissue in calves. The circle size in each term corresponds to 
the number of genes. The circle's color goes from blue to red, indicating a 
lower P value. 

 
Figure 4.3  Top 20 GO biological process terms enriched in differentially expressed 

genes in liver tissue in calves. 
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Figure 4.4  Top 20 GO Molecular function terms enriched in differentially expressed 
genes in liver tissue in calves. 
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A total of 47 KEGG pathways were identified from 33 DEGs, among which 11 
pathways were significant enriched (Table 4.3). These include the PPAR signaling pathway 
(bta03320, P = 0.0109), Fatty acid metabolism (bta01212, P = 0.0037), Carbon metabolism 
(bta01200, P = 0.0105), Biosynthesis of unsaturated fatty acids (bta01040, P = 0.0005), 
Terpenoid backbone biosynthesis (bta00900, P = 0.0294), Glyoxylate and dicarboxylate 
metabolism (bta00630, P = 0.0007), alpha-Linolenic acid metabolism (bta00592, P = 
0.0357), Glycerolipid metabolism (bta00561, P = 0.0058), Glycosaminoglycan biosynthesis 
- heparan sulfate / heparin (bta00534, P = 0.0315), Fatty acid elongation (bta00062, P = 
0.0310), and the Pentose phosphate pathway (bta00030, P = 0.0456). 

 
Table 4.3  Kyoto encyclopedia of genes and genomes pathways possibly affected by 

postbiotic in liver tissue of calves. 
Pathway Term Count P value Gene Symbols1 

bta03320: PPAR signaling pathway 2 0.0109 ACOX1↑, SLC27A6↑ 
bta01212: Fatty acid metabolism 2 0.0037 ACOX1↑, ELOVL6↑ 
bta01200: Carbon metabolism 2 0.0105 ACOX1↑, GLYCTK↑ 
bta01040: Biosynthesis of unsaturated 
fatty acids 

2 0.0005 ACOX1↑, ELOVL6↑ 
bta00900: Terpenoid backbone 
biosynthesis 

1 0.0294 FDPS↓ 
bta00630: Glyoxylate and 
dicarboxylate metabolism 

2 0.0007 GLYCTK↑, HOGA1↓ 
bta00592: alpha-Linolenic acid 
metabolism 

1 0.0357 ACOX1↑ 
bta00561: Glycerolipid metabolism 2 0.0058 LIPG↑, GLYCTK↑ 
bta00534: Glycosaminoglycan 
biosynthesis - heparan sulfate / 
heparin 

1 0.0315 EXTL1↓ 
bta00062: Fatty acid elongation 1 0.0310 ELOVL6↑ 
bta00030: Pentose phosphate 
pathway 

1 0.0456 GLYCTK↑ 
Up and down arrows indicate the upregulated and downregulated genes, respectively, 
in liver tissue of calves fed postbiotic LIC37. 
 
 4.5.4   qPCR validated RNA-seq results 

 We validated the expression levels of five transcripts, including two 
upregulated transcripts (e.g. ACOX1 and LIPG) and three downregulated transcripts (e.g. 
FAM107A, HOGA1, and FDPS), were quantified in liver tissue. All transcripts showed similar 
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expression trends in both qPCR and RNA-seq (Figure 4.3). These results validate the 
accuracy of the identified transcripts and support the reliability of the RNA-seq results. 

 

 
Figure 4.5  Quantitative PCR (qPCR) was employed to validate five DEGs in RNA-seq 

analysis. The x-axis denotes the genes, while the y-axis shows their mRNA 
expression levels as fold-change (FC) values. Expression levels obtained from 
RNA-seq and qPCR are illustrated by blue and red bars, respectively. LIPG， 
Endothelial lipase; ACOX1， Peroxisomal Acyl-CoA oxidase 1; FAM107A， 
Family with sequence similarity 107 member A; HOGA1，4-hydroxy-2-
oxoglutarate aldolase 1; FDPS，Farnesyl diphosphate synthase. 
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4.6    Discussion 
LIPG, ACOX1, and SLC27A6 are key regulators of lipid metabolism, contributing 

to fatty acid hydrolysis, oxidation, and transport. These genes contribute collectively 
to lipid homeostasis and energy metabolism. LIPG, a member of the triglyceride lipase 
family, is one of the key regulators of glyceride hydrolysis while directly facilitating the 
release of free fatty acids from phospholipids (Zhou et al., 2021) and high density 
lipoproteins (Strauss et al., 2003), playing a crucial role in maintaining cell structure, 
regulating cytokine expression, and providing energy (Hong et al., 2021). In the present 
study, LIPG expression in the TRT group had a FC of 4.22 greater than the CON group, 
suggesting that postbiotic LIC37 potentially enhanced glyceride hydrolysis and 
increased the release of free fatty acids. This may imply that postbiotic potentially 
enhances lipid mobilization and contributes to energy homeostasis in weaned calves.  

ACOX1 is an essential enzyme in the acyl-CoA oxidase family and a key rate-
limiting enzyme in peroxisomal β-oxidation (Shi et al., 2025). It facilitates the 
degradation of long-chain, branched-chain, and medium-chain fatty acids by promoting 
peroxisomal β-oxidation (He et al., 2020). The upregulation of ACOX1 in the TRT group 
observed in the present study suggests that postbiotic LIC37 may activate peroxisomal 
β-oxidation, which in turn promotes fatty acid degradation and enhances liver energy 
production in weaned calves. This result is consistent with previous finding by Wang 
et al. (2019), who demonstrated that L. frumenti administration upregulated ACOX1 
protein, highlighting its role in activating fatty acid β-oxidation in the liver of early-
weaned piglets. Thus, the upregulation of ACOX1 suggests a beneficial effect of 
postbiotic LIC37 on fatty acid metabolism, which may support the energy demands 
during the weaning process.  

SLC27A6, is a member of the fatty acid transport family, and plays specific roles 
in fatty acid homeostasis (Bonen et al., 2007). As a membrane-associated fatty acid-
binding protein, it regulates fatty acid transport, thereby influencing its utilization for 
triglyceride synthesis within the cell (Zhang et al., 2021). Additionally, SLC27A6 impacts 
lipid accumulation in tissues and cells by modulating fatty acid lipidation and oxidation 
(Huang et al., 2021). This finding is in line with previous reports by Nafikov et al. (2013), 
who reported that increased SLC27A6 expression promoted the uptake of fatty acids 
from plasma and the intracellular transport of fatty acids by mammary epithelial cells. 
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Collectively, these findings indicate postbiotic LIC37 may promote fatty acid absorption 
and intracellular transport, potentially influencing lipid metabolism and energy 
distribution. 

FDPS and HOGA1 are involved in lipid storage and adipogenesis. FDPS is a key 
enzyme involved in cholesterol and sterol biosynthesis (Claire D’Andre et al., 2013), 
playing a critical role in cholesterol and steroid metabolism by producing farnesyl 
diphosphate (Szkopińska and Płochocka, 2005). Downregulation of FDPS has been 
shown to suppress adipocyte differentiation in chickens (Zhu et al., 2023). The 
downregulation of FDPS inhibits intramuscular adipose differentiation and reduces 
energy storage, suggesting that postbiotic LIC37 may regulates energy redistribution in 
calves during weaning period. Similarly, HOGA1 is involved in glyoxylate and 
dicarboxylic acid metabolism, arginine and proline metabolism and other pathways to 
promote adipogenesis (Ye et al., 2024). Inhibition of HOGA1 has been shown to 
downregulate the expression of PPARγ, C/EBPα, AP2, CD36, and adiponectin during 
mouse adipocyte differentiation, thereby suppressing intracellular fat deposition (Kim 
et al., 2022). The downregulation of HOGA1 in the TRT group suggests that postbiotic 
LIC37 may inhibit adipogenesis and reduce liver fat accumulation, potentially shifting 
energy utilization away from lipid storage toward other metabolic processes.  

FREM3 and FAM107A contribute to cell integrity and metabolic adaptation. 
FREM3 is a basement membrane protein of the Fras1-related extracellular matrix 
family, playing a crucial role in maintaining embryonic epithelial–mesenchymal 
integrity (Pavlakis et al., 2011). The upregulation of FREM3 by postbiotic LIC37 suggests 
that postbiotic LIC37 contributes to the maintenance of cell integrity. FAM107A has 
been shown to regulate the expression of CRYAB (Manigandan et al., 2021), which in 
turn modulates the CRYAB/PI3K/AKT signaling axis, a critical pathway involved in cell 
survival and metabolism (Ke et al., 2022). Ming and Zhang (2025) demonstrated that 
FAM107A depletion reduces CRYAB expression and increases PI3K and AKT 
phosphorylation, while FAM107A overexpression disrupts metabolic processes, 
decreasing glucose uptake, lactate production, and ATP levels. The downregulation of 
FAM107A in the TRT group observed in this study may suggest that postbiotic LIC37 
supplementation enhances cellular metabolism, improving glucose uptake and ATP 
levels, thereby alleviating the insufficient energy supply in calves during weaning. 
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FXYD5 is implicated in inflammation and extracellular matrix regulation. As a type 
I plasma membrane protein, can promotes inflammation through TNFα signaling in 
normal cells (Lubarski-Gotliv et al., 2016). Its expression is associated with cytoskeletal 
reorganization (Schüler et al., 2012), altered cell shape (Shimamura et al., 2004), and 
the disruption of tight and adherence junctions (Miller and Davis, 2008; Lee et al., 
2012). Furthermore, increased FXYD5 expression may exacerbate inflammation, 
oxidative stress, and extracellular matrix degradation by activating the NF-κB signaling 
pathway (Song et al., 2022). In the present study, a lower expression of FXYD5 in the 
TRT group compared with CON group, suggests a potential associated with a reduction 
in inflammation, oxidative stress, and extracellular matrix degradation during the 
weaning process in calves. This reduction in FXYD5 expression may indicate a less 
severe inflammatory response, lower oxidative stress levels, and improved tissue 
integrity in the TRT group. This finding is further supported by the observed increase 
in plasma antioxidant enzyme activity. 

At the transcriptomic level, activation of the PPAR signaling pathway plays a 
crucial role in fatty acid biosynthesis and metabolism (Zhou et al., 2016), the 
maintenance of energy balance (Dupont et al., 2012), and the regulation of fatty acid 
oxidation (Nakagawa et al., 2016). Xu et al. (2022) found that glycyrrhizic acid and 
compound probiotics improved intestinal fat digestion and absorption by regulating 
PPAR signaling pathway in weaned piglets. Similarly, Cao et al. (2019) demonstrated 
that L. plantarum WW fermented soybean extract could improve fatty liver in rats via 
PPAR signaling pathway. Additionally, Zang et al. (2024) suggested that PPAR may be a 
potential target of Lactobacillus plantarum, which exerts anti-inflammatory effects by 
binding to p65/p50 to inhibit NF-κB activity. Similarly, the present study indicates that 
the PPAR/ACOX1/SLC27A6 may serve as a key regulatory target of a postbiotic LIC37 
in liver lipid metabolism. Specifically, the postbiotic upregulates the transcription of 
ACOX1 and SLC27A6 via activating PPAR signaling pathway. ACOX1 enhances β-
oxidation, promoting lipid degradation to meet the metabolic energy demands of 
weaned calves, while SLC27A6, a fatty acid transport protein, facilitates the uptake and 
utilization of long-chain fatty acids, further optimizing energy supply. Besides, lipid 
metabolism-related pathways, including fatty acid metabolism, biosynthesis of 
unsaturated fatty acids, fatty acid elongation, which function in fatty acid modification, 



79 

 

elongation, and energy production. Furthermore, we found that the postbiotic LIC37 
may regulate fatty acid production and energy supply by activating fatty acid 
metabolism, biosynthesis of unsaturated fatty acids, and fatty acid elongation 
pathways. Additionally, we found that DEGs were enriched in oxidative stress-related 
pathways such as alpha-linoleic acid metabolism, glycerolipid metabolism, glyoxylate 
and dicarboxylate metabolism, and pentose phosphate pathway. Among these, 
pentose phosphate pathway is the central glucose catabolic pathways that link glucose 
metabolism to ribose synthesis and NADPH production (Huang et al., 2019), providing 
reducing power to the glutathione antioxidant system to scavenge reactive oxygen 
species (ROS) and protect cells from oxidative damage (Winkler et al., 1986).  

Overall, we speculated that postbiotic LIC37 may improve energy supply by 
regulating lipid metabolism through PPAR signaling pathway, fatty acid metabolism, 
biosynthesis of unsaturated fatty acids, and the fatty acid elongation. Additionally, the 
postbiotic may alleviate oxidative stress damage through activation of alpha-linoleic 
acid metabolism, glycerolipid metabolism, glyoxylate and dicarboxylate metabolism, 
and pentose phosphate pathway, thereby mitigating the negative effects of weaning 
stress on calves. 

 
4.7   Conclusion 

In conclusion, RNA-seq analysis showed that 33 DEGs with 16 upregulation and 
17 downregulation. KEGG pathway analysis revealed 11 significantly enriched pathways, 
among which heat killed Limosilactobacillus ingluviei C37 may regulate lipid 
metabolism via PPAR signaling pathway, and mitigate oxidative stress through pentose 
phosphate pathway. These findings highlight the potential of heat killed 
Limosilactobacillus ingluviei C37 to improve lipid metabolism and alleviate oxidative 
stress in calves during weaning. 
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