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ABSTRACT Excessive fat deposition affects the effi-
ciency and quality of broiler meat production. To under-
stand the molecular mechanism underlying abdominal fat
content of broiler lines under divergent selection, we have
attempted multiple genetics and genomics methods previ-
ously. However, the molecular mechanism of hepatic fat
deposition remains largely unknown. On broiler lines
divergently selected for abdominal fat content, we per-
formed integrated mRNA and lncRNA sequencing on
liver tissues. Key genes and signaling pathways related to
the biosynthesis, elongation and metabolism of fatty
acids, metabolic pathways, and folate biosynthesis were
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revealed. Then, primary hepatocytes (sex determined)
were isolated and cultured, and treatment concentrations
of folate and palmitic acid were optimized. Expression
profiling on primary hepatocytes treated by folate and/or
palmitic acid revealed that folic acid inhibited lipid depo-
sition in a sex-dependent way, through regulating tran-
scriptional and protein levels of genes related to DNA
methylation, lipid metabolism (mTOR/SREBP-1c/
PI3K), and autophagy (LAMP2/ATG5) pathways.
Taken together, folate could interfere with hepatic lipid
deposition possibly through the involvement of the
autophagy pathway in broilers.
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INTRODUCTION

Broilers (the meat-type chicken) have been intensively
selected for growth rate and feed efficiency. However,
excessive fat deposition comes along, and affects broiler
production efficiency and product quality
(Claire D’Andre et al., 2013; Siegel, 2014; Liu et al., 2017;
Kim and Voy, 2021). To study the genetic architecture
and molecular mechanism underlying abdominal fat con-
tent in broiler lines under divergent selection, we previ-
ously employed integrated genetics and omics methods
(Zhang et al., 2020). In chickens, liver is the major site of
lipid synthesis (Noble and Cocchi, 1990) and previous
work on hepatic lipid deposition at the embryo stage has
been reported (Na et al., 2018). There are numerous other
studies designed to reveal the molecular changes during
hepatic de novo lipogenesis (Cogburn et al., 2018;
Liu et al., 2020; Surugihalli et al., 2022).
Folate (vitamin B9) is stored and processed mainly in
the liver (Hu et al., 2016; Zhang et al., 2021). Folic acid
is closely involved in mitochondrial one-carbon metabo-
lism, providing the methyl group important for nucleic
acid methylation and synthesis, amino acid, and antioxi-
dant homeostasis (Tibbetts and Appling, 2010;
Ducker and Rabinowitz, 2017; Lyon et al., 2020;
Annibal et al., 2021). Folate affects lipid metabolism in
both adipose and liver tissues (Da Silva et al., 2014). In
obese/diabetic mice, consumption of folic acid modu-
lates the b-adrenoceptor-related lipolysis, and improves
hepatic lipid metabolism, by up-regulating SIRT1-
dependent PPARa levels, and restoring hepatic one-car-
bon metabolism (Lam et al., 2009; Xin et al., 2020).
Maternal restrictive or excessive supplementation of
folic acids all produces offsprings of increased visceral
adiposity, or impaired hepatic fat metabolism
(Kumar et al., 2013; Kintaka et al., 2020). High-level
consumption even disturbs hepatic cholesterol homeo-
stasis, leading to hepatocyte degeneration and liver
injury (Christensen et al., 2015; Leclerc et al., 2021).
Folic acid dietary supplementation can increase folate

content in eggs (Hebert et al., 2005) and potentially
increase body weight gain and feed efficiency of broilers
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(Rao et al., 2022; Savaram et al., 2022). Folate perfusion
can decrease hepatic lipogenesis, suppress adipogenesis,
and reduce abdominal fat content in broilers, the under-
lying molecular mechanism of which was revealed by
transcriptome sequencing (Liu et al., 2019; Zhang et al.,
2021). It was further discovered that paternal folate
treatment could trans-generationally regulate lipid and
glucose metabolism in broiler offsprings (Wu et al.,
2019), as demonstrated by in ovo folate feeding experi-
ments as well (Li et al., 2016; Liu et al., 2016). Folate
can enhance proliferation, but inhibit lipid deposition of
chicken preadipocytes, by increasing one-carbon metab-
olism-related gene expression (Yu et al., 2014). Folate
also reduced triglycerides deposition in primary chicken
hepatocytes (Liu et al., 2018), potentially by affecting
antioxidant function and lipid metabolism (Liu et al.,
2018). Fatty acid treatment on hepatocytes demon-
strated the steatogenic and cytotoxic effects (Moravcov�a
et al., 2015). Palmitic acid (PA) is a saturated fatty
acid, the most abundant in the diet and serum as
reported, and widely used in goose, mouse, human hepa-
tocyte, and fatty liver disease studies (Pan et al., 2011;
Moravcov�a et al., 2015; Lee et al., 2017; Zeng et al.,
2020). However, the detailed molecular mechanism of
folate and/or fatty acid treatments on hepatocytes
remains less explored.

To investigate the molecular mechanism underlying
hepatic lipid metabolism, here we performed transcrip-
tome sequencing on livers from broiler lines divergently
selected for abdominal fat content. Based on the poten-
tial involvement of folate biosynthesis in fat deposition,
effects of folate and palmitic acid treatment on lipid syn-
thesis in primary hepatocytes isolated from chicken
embryos were further investigated. Folate showed sex-
specific effects on expression levels of genes related to
DNA methylation, lipid metabolism, and also autoph-
agy. Protein abundances related to autophagy (LAMP2
and ATG5) and lipid synthesis (mTOR and SREBP-1c)
were also evaluated.
MATERIALS AND METHODS

Experimental Animals

Broiler lines under divergent selection for abdominal
fat content at Northeast Agricultural University
(NEAUHLF) were used, and striking difference existed
between the fat and lean broiler lines (Na et al., 2018;
Zhang et al., 2020). Liver tissues from 10 birds at 7 wk
of age (5 for each line) at generation 19 were used for
transcriptome sequencing (lncRNA and mRNA).
RNA-Seq

Total RNAs for all tissues and cells were extracted
using 1 mL Trizol Reagent (Invitrogen Life Technolo-
gies, Carlsbad, CA) according to the manufacturer’s
instructions. Briefly, hepatic tissues from 10 birds were
used, and after quality control, a total of 3 mg RNA per
sample was submitted as the input materials for lncRNA
and mRNA sequencing. Ribosomal RNAs were removed
by the Epicentre Ribo-zero rRNA Removal Kit (Epi-
centre, Madison, WI).
Sequencing libraries were constructed by the NEB-

Next Ultra Directional RNA Library Prep Kit for
Illumina (NEB, Ipswich, MA) following the manufac-
turer’s recommendations. Using divalent cations
under elevated temperature in NEBNext First Strand
Synthesis Reaction Buffer (5X), fragmentation was
carried out, and the first-strand cDNA was synthe-
sized, using random hexamer primers. M-MuLV
Reverse Transcriptase DNA Polymerase I and RNase
H were added to synthesize the second-strand cDNA.
Overhangs were converted into blunt ends via exonu-
clease/polymerase activities, and adenylation of 30
ends of DNA fragments was performed. Then, liga-
tion of NEBNext Adaptors with hairpin loop struc-
ture was done for hybridization. Fragments of 350 bp
were purified with the AMPure XP system (Beckman
Coulter, Beverly), and 3 mL USER Enzyme (NEB,
USA) was used with size-selected, adaptor-ligated
cDNA at 37°C for 15 min, followed by 5 min at 95°C,
before performing PCR with Phusion High-Fidelity
DNA polymerase, Universal PCR primers and Index
(X) Primers. PCR products were purified (AMPure
XP system), and the clustering of the index-coded
samples was performed on a cBot Cluster Generation
System using the TruSeq PE Cluster Kit v3-cBot-HS
(Illumina, San Diego, CA) according to the manufac-
turer’s instructions. Library quality was checked on
the Agilent Bioanalyzer 2100 system, and sequenced
on the Illumina Hiseq 4000 platform, to generate
150 bp paired-end reads.
Clean reads were obtained by removing raw reads

containing adapter, reads containing poly-N, and low-
quality reads, and Q20, Q30, and GC contents were cal-
culated. Reference genome and transcript annotation
files (Galgal 6.0) were downloaded directly from
Ensembl (http://www.ensembl.org/index.html). Bow-
tie2 and TopHat v2.0.9 were used to align the paired-
end clean reads to the reference genome (Trapnell et al.,
2009; Langdon, 2015). The mapped reads were assem-
bled by Cufflinks (v2.1.1) in a reference-based approach
(Trapnell et al., 2012). Cuffdiff was used to determine
transcripts or genes with a P-adjust <0.05 to be signifi-
cantly differentially expressed.
Coding Potential Calculator (CPC) (Wang et al.,

2013) and phylogenetic codon substitution frequency
(PhyloCSF) (Lin et al., 2011) were used to predict
transcripts without coding potential as candidate
lncRNAs. Gene ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway
analyses were conducted using DAVID (Huang da
et al., 2009), to analyze the cellular component,
molecular function, and biological process of mRNAs
targeted by DE lncRNAs. Although lncRNA may
have regulatory effects on nearby protein-coding
genes, target mRNAs were selected by setting the co-
location threshold to 100 kb upstream and down-
stream of lncRNAs.

http://www.ensembl.org/index.html
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Primary Hepatocyte Isolation and Culture

Eggs from Arbor Acres (AA) broiler breeders were
incubated according to the standard procedure. On
embryonic day (ED) 14, livers were dissected from
embryos, and washed 3 times with precold D-PBS solu-
tion. Sexing was performed by examining the sexual
gland. Hepatic tissues were cut into 0.5 to 1 mm3 pieces,
washed three times with cold D-PBS solution again, and
then, mixed with 0.12% Collagenase Type II solution,
kept at 37°C for 10 min. Red blood cells were treated
with the lysis solution (139.6 mM NH4Cl, 16.96 mM
Tris, and pH calibrated to 7.2 by 1 M HCl). After filter-
ing, supernatant was centrifuged at 1000 r/min for
5 min, and cells at the upper level in yellow were hepato-
cytes. Hepatocytes were transferred into the Leibovitz’s
L-15 adherent medium (10% fetal bovine serum, 10 mg/
mL human transferrin, 10 mg/mL vitamin C, 10-6 M
dexamethasone, 5 mg/mL bovine insulin, 100 U/mL
penicillin, and 100 mg/mL streptomycin). Hepatocytes
at 1 £ 106 cell/mL were seeded in 6-well plates, and cul-
tured at 37°C and 100% humidity. After 24 h, the basal
medium was replaced to continue culture (removal of
fetal bovine serum).
Hepatocyte Glycogen Content, Viability, and
Activity Test

To detect the glycogen content, the Periodic Acid-
Schiff (PAS) kit (D004-1-2, Nanjin, China) was used
according to the manufacturer’s protocol. Equal amount
of 0.4% Trypan Blue solution was mixed with cell sus-
pension, and live and dead hepatocytes were counted, to
calculate the cell viability rate. Activity of lactate dehy-
drogenase (LDH) was assayed using the LDH kit
(A020-2-2, Nanjin, China) according to the manufac-
turer’s protocol.
Folate and Palmitic Acid Treatments

Screening of optimal folic acid and palmitic acid con-
centrations were performed. After 24 h treatment, cul-
ture media were collected to test the hepatocyte LDH
activity, continuously from day 2 to day 7. Folate at 5
concentrations (0, 5, 10, 15, and 20 mM) were used, 6
replicates for each concentration. For palmitic acid, 5
preliminary concentrations (0, 50, 75, 100, and 125 mM)
were used, also 6 replicates for each concentration. Next,
6 concentrations (0, 10, 20, 30, 40, and 50 mM) were set,
to find the optimal concentration.
Oil Red O Staining

Cells were washed 2 times with cold PBS, and fixed for
30 min by 4% paraformaldehyde solution. In each well,
500 mL Oil red O were added, and incubated in dark at
37°C for 20 min. Then, we discarded Oil red O dye,
added 500 mL 60% isopropyl alcohol to each well, dis-
carded isopropyl alcohol after 15 s, and rinsed with
1 £ PBS 3 times. Cells were viewed under a microscope
and photographed. Next, PBS was discarded, added
100% isopropyl alcohol to dissolve Oil red O, and mea-
surement was performed at 510 nm.
Quantitative Real-Time PCR

Total RNAs for primary hepatocytes were extracted
using the Trizol reagent (Invitrogen Life Technologies,
Carlsbad, CA). Reverse transcription was performed, and
qRT-PCR was done on a 7500 Real-Time PCR System
(Applied Biosystems, Carlsbad, CA), using the Roche
FastStart Universal SYBR Green Master Mix (Roche
Molecular Systems, Basel, Switzerland) (Primer sequen-
ces in Additional file 1: Table S1). GAPDH was chosen as
the internal control, and the relative quantitative DCt
methodwas used for differential expression analysis.
Western Blots

Hepatocyte samples were treated with RIPA Lysis
Buffer (Beyotime, Shanghai, China). Proteins quantified
using BCA Protein Assay Kit (Beyotime, Shanghai,
China) were separated by SDS-PAGE and transferred
onto PVDF membranes (Beyotime, Shanghai, China).
The membranes were blocked with 5% skimmed milk/
5% BSA in phosphate buffer solution with Tween-20
(PBST) for 1 h and then incubated with antibody
against mTOR (AP0115, ABclonal, Boston, MA),
SREBP-1c (14088-1-AP, Proteintech, Chicago, IL),
LAMP2 (66301-1-Ig, Proteintech), ATG5 (A0203,
ABclonal), or b-actin (20657-1-AP, Proteintech) over-
night at 4°C. On next day, membranes were probed with
an HRP-conjugated secondary antibody (ZSGB-BIO,
Beijing, China). Target protein bands were visualized
using BeyoECL Plus kit (Beyotime, Shanghai, China),
and quantified with ImageJ (NIH, Bethesda, MD).
Statistical Analysis

All results were expressed as mean § SEM, and ana-
lyzed by the Student’s t test, or ANOVA using SPSS
19.0 (SPSS Inc., Chicago, IL). Differences were consid-
ered to be statistically significant at * (P< 0.05), **
(P< 0.01), and *** (P < 0.001) levels.
RESULTS

Transcriptome Sequencing of Liver Tissues

To further investigate the molecular mechanism of
hepatic lipid metabolism, and help better understand
the strikingly different abdominal fat deposition
between broiler lines under divergent selection, tran-
scriptome profiling (both mRNA and lncRNA) on
chicken livers was conducted. A total of 722 signifi-
cantly differentially expressed mRNAs (444 up-regu-
lated and 278 down-regulated, respectively) were
found (Figure 1A). Gene enrichment analysis



Figure 1. Differentially expressed mRNAs and lncRNAs, and gene enrichment analyses (GO and KEGG). (A) Volcano plot of differentially
expressed mRNAs (DEMs). (B) KEGG pathway analysis of DEMs. (C) Gene ontology (GO) analysis. (D) Volcano plot of differentially expressed
lncRNAs (DELs). (E) KEGG pathway analysis of genes targeted by DELs.
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identified a number of signaling pathways, such as
fatty acid metabolism and elongation, folate biosyn-
thesis and metabolic pathways (KEGG pathway,
Figure 1B), and lipid, sterol, cofactor, and coenzyme
metabolic processes (GO, Figure 1C). Moreover, 102
novel lncRNAs were characterized, to be without cod-
ing potential, relatively short, with less numbers of
exons and typical pattern of genomic distribution



Figure 2. Integrative lncRNA and mRNA network analysis. (A) The largest sub-network, with hub genes (NEDD4 and DHFR) and signaling
pathways (folate biosynthesis, fatty acid metabolism, and metabolic pathways) identified. (B) The second largest sub-network, with hub gene
ELOVL6, and fatty acid metabolism and metabolic pathways. (C) Multiple small sub-networks. In all sub-networks, mRNAs were positioned in the
middle, and surrounded by lncRNAs.
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(Additional file 2: Figures S1A−S1D), of which 18
were significantly differentially expressed (10 up- and
8 down-regulated, Figure 1D). After KEGG pathway
analysis, enrichment of fatty acid metabolism and
elongation, folate biosynthesis, and metabolic path-
ways were also found (Figure 1E). Furthermore, both
significantly differentially expressed mRNAs and
lncRNAs could clearly cluster the liver samples into 2
groups (Additional file 2: Figures S1E−S1F). Integra-
tive lncRNA and mRNA network analysis revealed
hub genes and signaling pathways related to the bio-
synthesis, elongation and metabolism of fatty acids,
metabolic pathways, and folate biosynthesis
(Figure 2). Expression levels (FPKM) of genes related
to folate and lipid metabolism were retrieved from
hepatic RNA-seq data, significantly different between
the fat and lean broiler lines (Additional file 3: Figure
S2). Therefore, apart from other signaling pathways,
folate biosynthesis could be related to hepatic lipid
metabolism in broilers.
Folate and Palmitic Acid Treatments on
Primary Hepatocytes

To understand how folate affects hepatic lipid deposi-
tion, we further cultured primary hepatocytes, isolated
from single broiler embryos and examined the effects of
folic acid (FA) and/or palmitic acid (PA) treatments
on hepatocytes. Hepatocytes were sexed by checking
sexual glands for each embryo. Morphology and charac-
teristics of hepatocytes were examined by PAS staining
and LDH activity assays (Additional file 4: Figure S3).
The optimal FA concentration (15 mM) was determined
by treating hepatocytes with 5 concentrations (0, 5, 10,
15, and 20 mM), and then measuring the LDH activity
(highest at 15 mM) (Additional file 5: Figure S4). A pre-
liminary 5 concentrations (0, 50, 75, 100, and 125 mM)
were set for PA, and at 50 mM, LDH activity was found
to be the highest (Additional file 6: Figure S5). Then, in
the range of 0−50 mM, another 5 concentrations (10, 20,
30, 40, and 50 mM) were set, and 40 mM was found to be



Figure 3. Optimal concentrations of folate and palmitic acid treatment on primary hepatocytes. (A) Oil red O staining. (B) OD values of differ-
ent concentration combinations.
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the optimal concentration. Furthermore, the effect of
PA treatment on hepatocytes was checked by the Oil
red O assay, and 40 mM PA was also found to have the
largest number of lipid droplets (Additional file 7: Figure
S6). Combined treatments of FA and PA on hepatocytes
were also assayed, which gave the optimal combination
of 15 mM FA + 40 mM PA (Figure 3).
Gene Expression Profiling

Sex-specific effects of FA and/or PA treatment were
found for most of the genes examined. First, expression
levels of the folate transporter PCFT and key metabo-
lism enzyme DHFR (Crider et al., 2012), DNA methyla-
tion-related genes (MTHFD2, MTHFR, and DNMT1),
and 2 genes (GCK and PGC-1a) related to glucose and
energy metabolism were examined (Figure 4). FA treat-
ment significantly increased PCFT levels, and addi-
tional PA supplementation only slightly modified the
expression trend (Figure 4A). However, DHFR seemed
to have sex-specific response to FA/PA treatments, and
until day 4, expression level significantly increased in
female hepatocytes. FA seemed to have also sex-specific
effects on the expression of DNA methylation-related
genes (Figure 4B). FA treatment could significantly
increase the expression levels of MTHFD2 and MTHFR
in males and females, respectively, but DNMT1 in both
sexes. Further PA supplementation seemed to suppress
their expression levels. Moreover, GCK levels in both
sexes decreased significantly, whereas PGC-1a increased
its expression level significantly by FA treatment
(Figure 4C). Additional PA treatments further signifi-
cantly increased their expression levels.

Next, although GCK and PGC-1a significantly
changed their expression levels when treated by FA and
PA, indicating lipid metabolism might be involved, we
further profiled genes related to lipid synthesis and lipol-
ysis. For genes related to lipid synthesis, FA treatment
had different effects on females and males, relatively
higher in males (Figure 5A). FA could elevate FAS but
inhibit ACC expression levels significantly in both
female and male hepatocytes, and suppress SCD in
males, but ELOVL6 in females, with highly significant
effects, respectively. Simultaneous FA + PA treatments
only affected FAS and ACC expression levels in males,
inhibited significantly SCD expression, and had nearly
no effect on ELOVL6.
In contrast, for genes related to lipolysis, FA treat-

ment seemed to increase expression levels of FABP1,
CREB, PPARa, and ACOX1, significantly for all male
hepatocytes, and for CREB in female hepatocytes, too
(Figure 5B). Further addition of PA didn’t change fur-
ther their expression patterns.
mTOR-SREBP1-PI3K and Autophagy
Pathways

Although expression patterns of genes related to
lipid metabolism showed significant difference, we
evaluated first the mTOR-SREBP-1-PI3K pathway,
fundamentally involved in the regulation of nutrient
metabolism. Gene expression demonstrated that FA
could highly significantly enhance the levels of
mTOR, SREBP-1c, and PI3K in both male and
female hepatocytes (Figure 6A). Co-treatments with
PA suppressed significantly the expression levels of
mTOR and PI3K expression, but enhance that of
SREBP-1c. Furthermore, protein concentrations of
female hepatocytes treated by FA and FA + PA
were quantified, respectively (Additional file 8: Figure
S7). Western blots on mTOR and SREBP-1c in
female hepatocytes further confirmed their signifi-
cantly elevated protein abundances, similar to their
gene expression patterns (Figures 6B and 6C).
As for the autophagy pathway, we profiled tran-

scriptional levels of ATG5 and LAMP2, and found



Figure 4. Expression profiling of genes in hepatocytes. (A) Folate transporters. (B) Folate metabolism and DNA methylation. (C) Lipid metab-
olism.
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that FA treatment could significantly enhance ATG5
expression in females, and LAMP2 expression in both
females and males (Figure 7A). Further PA treat-
ment increased highly significantly the expression
level of ATG5, but not for LAMP2, of which the sig-
nificance level was not changed. Western blotting
analysis confirmed the significantly elevated levels of
ATG5 and LAMP2 (FA + PA treatments on female
hepatocytes), with a pattern similar to their gene
expression dynamics (Figure 7B).
DISCUSSION

The liver is the major organ for folate metabolism and
lipogenesis in chickens (Noble and Cocchi, 1990;
Zhang et al., 2021). Abdominal fat deposition is a com-
plex trait, under the regulation of multiple genetic and
environmental factors. Using the broiler lines under
divergent selection for abdominal fat content, we
attempted to understand the genetic underpinnings
through a combination of molecular, genetic, and



Figure 5. Gene expression profiles related to lipogenesis after folate and/or palmitic acid treatments. (A) Lipid synthesis. (B) Lipid catabolism.

Figure 6. The mTOR-SREBP-1c-PI3K pathway. (A) Expression profiling. Western blots on mTOR (B) and SREBP-1c (C) in female hepato-
cytes.
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Figure 7. The autophagy pathway. (A) Transcriptional profiling on ATG5 and LAMP2. (B) Western blots on ATG5 (B) and LAMP2 (C) in
female hepatocytes.
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quantitative efforts (Na et al., 2018; Zhang et al., 2020).
Through liver transcriptome sequencing, in the present
study, we found that besides a number of other signaling
pathways, folate biosynthesis could be important to
lipogenesis.

PCFT, the newly discovered folate transporter, is in
charge of the intracellular FA homeostasis (Crider et al.,
2012), and found here to be highly expressed after FA
supplementation. For FA metabolism, three key
enzymes (DHFR, reduction of dietary folic acid or dihy-
drofolate to tetrahydrofolic acid (THF); MTHFR, irre-
versible conversion of 5,10-methylenetetrahydrofolate to
5-methyltetrahydrofolate; and MTHFD2, catalyzing the
NAD+ dependent 5,10-methylene-THF dehydrogenase
and 5,10-methenyl-THF cyclohydrolase reactions within
the mitochondria) were also disturbed (Tibbetts and
Appling, 2010; Zhang et al., 2021). In addition, as a
methyl donor, FA supplementation affected DNMT1
expression, in line with previous reports that FA partici-
pates in DNA and RNAmethylation, and epigenetic reg-
ulation (Crider et al., 2012). Furthermore, FA seems to
have sex-specific regulatory effects on gene expression as
found in the present study, which provides additional
information on maternal FA supplementation and its
effect on embryo development (Fan et al., 2021).
Though research interests on sex-specific phenomena
have been brought into attention, the underlying molec-
ular mechanism still awaits further investigation.
Folate deficiency or over-supplementation could have
detrimental effects (Kumar et al., 2013; Kintaka et al.,
2020). Folic acid increased the expression
of LPL and IGF2 genes and decreased the methylation
level of IGF2 gene in liver of broilers (Liu et al., 2018). A
previous transcriptome sequencing study found that
folate treatment reduced not only PPARg and FAS
expression levels, and lipid droplets in abdominal fat,
but also LPL, PPARg, and FAS protein levels in livers
(Zhang et al., 2021; Surugihalli et al., 2022). In addition,
signaling pathways associated with folate
biosynthesis, PPAR signaling pathway, TGF-beta were
also enriched (Zhang et al., 2021). Here, we profiled the
expression dynamics of genes related to lipid synthesis
and lysis on hepatocytes treated by folate, also indicat-
ing lipid deposition was suppressed. These results sug-
gest that folic acid could potentially regulate lipid
metabolism, but the detailed molecular mechanism
remains to be studied.
Autophagy is recently discovered to be involved in

lipid metabolism, and since has been extensively studied
(Kouroumalis et al., 2021; Trivedi et al., 2021). Here, we
found that mTOR (the key regulator of nutrient and
energy metabolism) and the downstream SREBP-1-
PI3K and ATG2/LAMP2 (autophagy effectors) path-
ways were disturbed by folate treatment on hepatocytes.
The primary role of autophagy is as an important com-
ponent of the recycling system, elimination of unwanted
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materials (metabolites, organelles, etc.) and renovation/
rejuvenation of cellular building blocks
(Kouroumalis et al., 2021). Autophagy is also found to
be implicated in regulation of metabolism (e.g., lipid,
sugar, and amino acid), and fundamental to hepatic
lipogenesis and related diseases (e.g., NAFLD)
(Kouroumalis et al., 2021; Trivedi et al., 2021;
Zhou et al., 2022). Few studies focus on the relationship
between folate and autophagy, especially on lipid
metabolism in hepatocytes. Two studies on reproduction
reported that dietary folate supplementation could
improve rooster spermatogenesis and semen quality
through autophagy in testis (Ye et al., 2022), and
autophagy could be involved in abnormal mouse placen-
tation due to folate deficiency (Yin et al., 2019). Another
study found that folate supplementation could reduce
LC3B expression in experimental NAFLD (Youssry and
Kamel, 2019). Therefore, autophagy could play a role in
the inhibition of hepatic lipogenesis by folate treatment.
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