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Introduction: The molecular regulation mechanism of fat deposition in bovine and
its improvement on beef quality are important research directions in the livestock
industry. The research of molecular mechanisms that govern the regulation and
differentiation of adipocytes may conduct to understand the mechanism of obesity,
lipid disorders, and fat deposition. In the recent decade, small-molecule compounds
have been widely used in reprogramming and transdifferentiation fields, which can
promote the induction efficiency, replace exogenous genes, or even induce cell fate
conversion alone. Furthermore, small-molecule compound induction is expected to
be a novel approach to generate new cell types from somatic cells in vitro and in vivo.

Methods: In this study, we established rapid chemically induced platform for
transdifferentiation of bovine ear fibroblasts into adipocyte-like cells using a small-
molecule cocktail (Repsox, VPA, TTNPB). The chemically induced adipocytes (CiADCs)
were characterized by lipid staining, qRT-PCR andWB. Bovine natural adipocytes were
used as positive control, and the expression of adipocyte-related marker genes in
CiADCs were analyzed. Moreover, RNA-Seq explore the mechanism of RVB in the
regulation of Bovine adipocyte transdifferentiation.

Results: In this study, the chemically induced adipocytes (CiADCs) could be identified
as early as day 6. The CiADCs appeared to be circular and rich of lipid droplets. The
adipocyte-specific genes of LPL, PPARγ, IGF1, GPD1, C/EBPδ, ADIPOQ, PCK2, FAS, C/
EBPβ, PPARGC1A, C/EBPα, and CFD were detected to be significantly upregulated in
bothCiADCs and natural adipocytes. Western blot analysis also confirmed the increase
C/EBPα and PPARγ protein level in induced adipocytes (CiADCs-6d) treated with RVB.
In addition, we also found that the signaling pathways (PPAR signaling pathway, PI3K-
Akt signaling pathway, p53 signaling pathway, MAPK signaling pathway, and ECM-
receptor interaction) regulated by the DEGs played a vital role in adipogenesis.

Discussion: In the present study, a combination of small-molecule compounds RVB
was used to transdifferentiate bovine ear fibroblasts into the chemically-induced
adipocyte cells (CiADCs) that have a large number of lipid droplets. Importantly, the
small-molecule cocktail significantly shortened the reprogramming turnaround
time. The morphology of CiADCs is close to the “ring type” of natural
differentiated adipocytes on sixth day. And, the CiADCs showed similar
adipocyte-specific gene expression patterns to natural adipocytes. Furthermore,
RVB increased protein expression of PPARγ and C/EBPα in the chemically-induced
adipocytes (CiADCs-6d). Our findings reveal that the signaling pathways of C/EBPα
and PPARγ play pivotal roles in this transdifferentiation process. In addition, we also

OPEN ACCESS

EDITED BY

Shelley Bhattacharya,
Visva-Bharati University, India

REVIEWED BY

Da-Wei Wei,
Ningxia University, China
Yun Ma,
Ningxia University, China

*CORRESPONDENCE

Deshun Shi,
ardsshi@gxu.edu.cn

Ben Huang,
arihuangben@yahoo.com

SPECIALTY SECTION

This article was submitted to
Cellular Biochemistry,
a section of the journal
Frontiers in Cell and
Developmental Biology

RECEIVED 16 August 2022
ACCEPTED 16 January 2023
PUBLISHED 02 February 2023

CITATION

Sun L, Zhang D, Qin L, Liu Q, Wang G, Shi D
and Huang B (2023), Rapid direct
conversion of bovine non-adipogenic
fibroblasts into adipocyte-like cells by a
small-molecule cocktail.
Front. Cell Dev. Biol. 11:1020965.
doi: 10.3389/fcell.2023.1020965

COPYRIGHT

©2023 Sun, Zhang, Qin, Liu, Wang, Shi and
Huang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology frontiersin.org01

TYPE Original Research
PUBLISHED 02 February 2023
DOI 10.3389/fcell.2023.1020965

https://www.frontiersin.org/articles/10.3389/fcell.2023.1020965/full
https://www.frontiersin.org/articles/10.3389/fcell.2023.1020965/full
https://www.frontiersin.org/articles/10.3389/fcell.2023.1020965/full
https://www.frontiersin.org/articles/10.3389/fcell.2023.1020965/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2023.1020965&domain=pdf&date_stamp=2023-02-02
mailto:ardsshi@gxu.edu.cn
mailto:ardsshi@gxu.edu.cn
mailto:arihuangben@yahoo.com
mailto:arihuangben@yahoo.com
https://doi.org/10.3389/fcell.2023.1020965
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2023.1020965


found that the signaling pathways (PPAR signaling pathway, PI3K-Akt signaling
pathway, p53 signaling pathway, MAPK signaling pathway, and ECM-receptor
interaction) regulated by the DEGs played a vital role in adipogenesis. In general,
this study provides valuable evidence to deepen our understanding of the molecular
mechanism of small molecule cocktails in regulating adipogenesis.
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1 Introduction

The palatability profile of marbled beef is mainly determined by
the content of intramuscular fat (IMF) (Joo et al., 2017; Choi et al.,
2019). Relative to the long breeding cycle and the problem of diet-
mediated fat deposition effects, direct regulating the differentiation of
intramuscular fat cells may be more effective in improving the amount
of intramuscular fat (Li et al., 2011; Li et al., 2018). As hotpot, the
research of molecular mechanisms that govern the regulation and
differentiation of adipocytes may conduct to understand the
mechanism of obesity, lipid disorders, and fat deposition (Guo
et al., 2020; Sun et al., 2020; Zhou et al., 2021). Transdifferentiation
is the conversion of one type of differentiated cell to another type of
normally differentiated cells (Cieślar-Pobuda et al., 2017). At present,
many types of functional cells have been obtained by
transdifferentiation techniques, which have practical value in the
design of novel therapies for the treatment of diseases and studying
the mechanism of cell differentiation (Yamanouchi et al., 2007; Jia
et al., 2019; Zhang et al., 2021).

In the recent decade, small-molecule compounds have been widely
used in reprogramming and transdifferentiation fields, which can
promote the induction efficiency, replace exogenous genes, or even
induce cell fate conversion alone (Cao et al., 2017; Bansal et al., 2019;
Zhou and Sun, 2019). Furthermore, small-molecule compound
induction is expected to be a novel approach to generate new cell
types from somatic cells in vitro and in vivo (Kim et al., 2020). Previous
studies have shown the direct conversion of fibroblasts [human
(Takeda et al., 2017; Sowa et al., 2021), mouse (Tu et al., 2019),
and pig (Zhu et al., 2012)] into adipocytes using small-molecular
compounds. Until now, it has not been well characterized yet about the
mechanism of adipose differentiation by transdifferentiation of bovine
fibroblasts into adipocyte using small chemical molecules.

In this study, we established a highly efficient and rapid chemically
induced platform for transdifferentiation of bovine fibroblasts into
adipocyte-like cells using a small-molecule cocktail (Repsox, VPA,
TTNPB). The adipocyte-like cells appeared to be circular and rich of
lipid droplets and expressed adipocyte-specific genes. RepSox, a small-
molecule inhibitor of transforming growth factor-beta receptor I
(TGF-β-RI), has been reported to enhance both mouse and human
reprogramming (Zhou and Sun, 2019). Repsox can induce
adipogenesis in primary mouse fibroblasts and sheep fibroblasts
(Tu et al., 2019; Guo Y et al., 2021). The histone deacetylase
valproic acid (VPA) is a short-chain carboxylic acid. In MEFs, it
increases the expression of pluripotency-related genes which improves
four TFs as well as OSK reprogramming efficiency (Zhou and Sun,
2019). TTNPB acts as a potent retinoic acid analogue with RARα/β/γ
affinity. It is a component of a set of small molecules for factor-free
reprogramming. TTNPB has been shown to enhance the chemical
reprogramming efficiency up to a factor of 40 (Baranek et al., 2017). As

a differentiated cell model of adipocyte in vitro, this study laid the
theoretical foundation for subsequent studies on the mechanisms of
adipocyte deposition and adipocyte developmental differentiation.
Moreover, the method for conversion of fibroblasts into adipocytes
induced by small-molecule compounds may provide a novel strategy
to increase intramuscular fat for improving beef meat quality.

2 Materials and methods

2.1 Ethics statement

This study was approved and monitored by the animal experiments
ethical review committee of Guangxi University, Nanning, China.

Animal experiments were carried out in accordance with the
guidelines on animal care and use established by the Guangxi
University Animal Care and Use Committee.

2.2 Cell culture

2.2.1 Bovine ear fibroblasts and induced
transdifferentiation

The ear margin tissue of bovine was collected from the Siye Farm of
Guangxi Animal Husbandry. The ear tissue was minced into pieces
(1 mm3) and then stuck evenly to the bottom of the 100mmdish.When
the tissue block is firm, 10 mL DMEM containing 10% fetal bovine
serum (FBS) was added into dishes. While the bovine fibroblasts (BEFs)
grow out from around the tissue block, we removed the tissue block and
then the BEFs were seeded in a ratio of 1:3. The BEFs were passaged at
least twice for removing tissue and magazines cell at 37°C, 5% CO2

incubator. The culture medium for the BEFs was composed of DMEM
supplemented with 10% FBS, penicillin, and streptomycin.

BEFswere seeded into 60-mmdish at 80% confluence. After 24 h, cells
were treated for 6 days with inductionmedium (N2B27 +VBR: 500ug/mL
VPA, 1 μM TTNPB, 10 μM RepSox) and subsequently transferred
to adipocyte maintenance medium (DMEM/F12 contain insulin,
rosiglitazone) for another 6 days. The medium was changed every 2 days.

2.2.2 Isolation of natural adipocytes
Pre-adipocytes were cultured from bovine abdomen as described

in a previous study (Grant et al., 2008). The pre-adipocyte culture
medium was DMEM/F12 supplemented with 20% FBS, penicillin, and
streptomycin. The pre-adipocytes were re-suspended in the pre-
adipocyte culture medium and seeded on 12-well plates. After 24 h,
the pre-adipocytes were induced differentiation with a differentiation
medium (DMEM/F12 containing insulin, DEX, IBMX, and
Rosiglitazone) for 2 days. Then, the adipocyte maintenance
medium (DMEM/F12 containing insulin, and Rosiglitazone) was
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changed to continue the culture, and the medium was changed every
2 days until the tenth day.

2.3 Oil red O staining

The cells were fixed with 4% paraformaldehyde for 15 min and
then stained for 15 min with Oil Red O staining solution (Sigma,
O0625). Then, the cells were rinsed with 60% isopropyl alcohol
solution and washed three times with sterile water.

2.4 qRT-PCR

Total RNA was extracted using Trizol reagent (Life Technologies,
149112) and was reverse transcripted into cDNA using SuperMix
(Vazyme, R323-01). The cDNA was mixed with Real-Time PCR
Master Mix (Vazyme, Q711-02) and matching probes and primers

specific for Bovine β-actin, LPL, PPARγ, IGF1, GPD1, C/EBPδ,
ADIPOQ, PCK2, FAS, C/EBPβ, PPARGC1A, C/EBPα and CFD
(Table 1). The level (average S.D.) was normalized with respect to
the β-actin mRNA level in each sample, and is expressed as a value
relative to the control group (BEFs). Data analyses were performed
using the 2−ΔΔCT method.

2.5 RNA-seq

Total RNA was extracted using Trizol reagent kit (Invitrogen,
Carlsbad, CA, United States) according to the manufacturer’s
protocol. RNA quality was assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
United States) and checked using RNase free agarose gel
electrophoresis. After total RNA was extracted, eukaryotic mRNA
was enriched by Oligo (dT) beads, while prokaryotic mRNA was
enriched by removing rRNA by Ribo-Zero TM Magnetic Kit

TABLE 1 Primers.

Gene Sequence (5′to 3′) Product length (bp)

β-Actin (NM_173979.3) Forward ACCGCAAATGCTTCTAGG 199

Reverse ATCCAACCGACTGCTGTC

LPL (NM_001075120.1) Forward CAGCCCCGGCTTTGATATTG 177

Reverse AGCTTTGCCAAGTTTCAGCC

C/EBPβ (NM_176788.1) Forward TTCCTCTCCGACCTCTTCTC 79

Reverse CCAGACTCACGTAGCCGTACT

C/EBPδ (NM_174267.2) Forward GTCCGCCATGTACGACGAC 134

Reverse CGCCCGCTTTGTGGTTGC

PPARγ (NM_181024.2) Forward AAGAGCTGACCCGATGGTTG 152

Reverse TGAGGGAGTTGGAAGGCTCT

C/EBPα (NM_176784.2) Forward ATCTGCGAACACGAGACG 73

Reverse CCAGGAACTCGTCGTTGAA

FAS (NM_001012669.1) Forward TAAGGTTCAAATTGCTGCGT 138

Reverse TCCAGAGCGAAGGAGAGATT

ADIPOQ (NM_174742.2) Forward CCGTTCTCTTCACCTACGAC 150

Reverse CATTGACATTATCTGCATAGACCC

CFD (NM_001034255.2) Forward TACTCCTGCCGGTGCTCGAC 184

Reverse CCGCAGATCCGTGAACCC

IGF1 (XM_005206497.4) Forward CATCTCCCATCTCCCTGGATT 163

Reverse ATGTGATGGGCATCTTCACCTTC

GPD1 (NM_001035354.1) Forward CAACGAGGTGGCTGATGAGA 173

Reverse CCCCAACGGCCACTATATTCTTT

PCK2 (NM_001205594.1) Forward CTAAGTACAACAATTGCTGGCTGG 101

Reverse CACCGTGTCCCGTTGAGAA

PPARGC1A (XM_024993060.1) Forward GCAGAAGGCAATTGAAGAGCG 186

Reverse GCAGCAAAAGCATCACAGGT
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(Epicentre,Madison,WI, United States). Then, the enrichedmRNAwas
fragmented into short fragments using fragmentation buffer and reverse
transcripted into cDNA with random primers. Second-strand cDNA
were synthesized by DNA polymerase I, RNase H, dNTP, and buffer.
Then, the cDNA fragments were purified using QiaQuick PCR
extraction kit (Qiagen, Venlo, the Netherlands), end repaired, a base
added, and ligated to Illumina sequencing adapters. The ligation
products were size-selected by agarose gel electrophoresis, PCR
amplified, and sequenced using Illumina Novaseq6000 by Gene
Denovo Biotechnology Co(Guangzhou, China). The paired-end reads
were assigned quality scores and aligned to the reference genome using
TopHat v2.1.1. Then, counter files were generated with HTSeq v0.6.1,
with a |log2Fold- Change| 1 and an adjusted p-value < 0.05 considered
to indicate statistical significance. Biological process analysis (GO
analysis) (1) and KEGG (2) pathway analysis were performed using
differentially expressed genes, and the results were visualized with
Blast2GO (3) (http://www.BLAST2go.org/), a Cytoscape plug-in.

2.6 Western blot analysis

The cells were lysed in denaturing lysis buffer containing protease
inhibitors (RIPA, Bioteke, Beijing, China) for 30 min on ice and
centrifuged (12,000 × g) for 10 min at 4°C. Protein concentrations
in the lysates were determined by using a BCA protein assay kit
(Solarbio, Beijing, China). Exactly, 30 μg of protein were separated on
a 12% SDS-PAGE and transferred to a nitrocellulose filter membrane
that was blocked with 5% non-fat dried milk in tris-buffered saline
containing 0.05% Tween 20 (pH 7.6) for 1 h at 25°C. Subsequently, the

membranes were incubated overnight at 4°C with GAPDG (abcam),
PPARγ (Bioss), C/EBPα(Abmart). Then, the blot was incubated with a
horseradish peroxidase-conjugated secondary anti-body for 1 h at
25°C. The signals were visualized by enhanced chemiluminescence
(Bio-Rad, California, United States).

2.7 Data analysis

The data were presented as themean SEM. The statistical analysis was
performed using SPSS 15.0 software. p< 0.05 was considered significant.

3 Results

3.1 Small-molecule compounds induce the
conversion of BEFs into adipocyte-like cells

In the process of screening small-molecule compounds to induce
dedifferentiation of BEFs, we surprisingly obtained adipocyte-like cells
with circular in shape by using small-molecule compound combination,
including (10 μM RepSox, 500 ug/mL VPA, and 1 μM TTNPB), which
had similar phenotype with bovine natural adipocytes.

The obvious small lipid droplets appeared within induced BEFs for
3 days of post VBR induction. Then, the cell morphology gradually
became round and contained a large number of lipid droplets in the
cytoplasm at 6 days of post VBR induction. Subsequently, the CiADCs
could continue to be cultured with adipocyte maintenance medium.
The lipid droplets were positive in oil red O staining (Figure 1).

FIGURE 1
Small-molecule compounds induce the conversion of BEFs into chemically induced adipocyte cells (CiADCs). (A) Diagrammatic sketch of CiADC
formation. Induction medium was applied from day 0 to day 6, subsequently adipocyte maintain medium was applied. Induced cells were obtained at day
6 termed adipocyte-like cells. (B) Phase contrast image and oil red O staining of adipocyte-like cells generated from BEFs during the induction process. I.
Morphological changes of CiADCs cells from day 0 to day 12 and differentiated adipocytes; II. The oil red O staining for different induction time points.
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3.2 CiADCs exhibit similar biological
properties to natural adipocytes

In order to support the abovementioned observations, the
expression of adipocyte-specific genes was quantified in the CiADCs-
3d, CiADCs-6d, and natural adipocytes. Bovine adipocytes were used as
positive control, and the expression of adipocyte-related marker genes
in CiADCs was analyzed by qRT-RCR. The results showed that the
adipocyte-specific genes of LPL, PPARγ, IGF1, GPD1, C/EBPδ,
ADIPOQ, PCK2, FAS, C/EBPβ, PPARGC1A, C/EBPα, and CFD
were detected to be significantly upregulated in both CiADCs and
natural adipocytes (Figure 2A).Western blot analysis also confirmed the
increase C/EBPα and PPARγ protein level in induced adipocytes
(CiADCs-6d) treated with RVB (Figure 2B).

3.3 Identification of differentially expressed
genes enriched in the transdifferentiation into
adipocytes

To explore the differences in the transdifferentiation process of
BEFs induced by small-molecule compounds, we examined chemically
induced adipocytes on day 3(CiADCs-3d) and day 6(CiADCs-6d).
Correlation analysis proves that the biological repetition is better, and
the average value can be used for subsequent analysis. Sequencing
results showed that CiADCs-3d/CiADCs-6d has a difference in gene
expression pattern from the initial BEFs (Figure 3A). This also
reminded that the cell fate of BEFs has changed.

Figure 3B is a heat map of differentially expressed genes, showing
the fibroblast genes highly expressed in BEFs and the adipocyte
marker genes highly expressed in CiADCs-3d/CiADCs-6d.

Moreover, the marker genes of LPL, PPARγ(PPARG), IGF1,
GPD1, C/EBPβ(CEBPB), and ADIOPQ have more higher
expression in CiADCs-3d. The mRNA levels of marker genes of
PCK2, FAS, C/EBPβ(CEBPB), PPARGC1A, C/EBPα(CEBPA), CFD
were significantly higher than CiADCs-6d.

GO and KEGG enrichment analysis were conducted to uncover
the gene function and biological pathways of DEGs. The GO
enrichment analysis (Figure 3C) showed that response to
lipopolysaccharide, response to hypoxia, regulation of inflammatory
response, positive regulation of MAPK cascade, extracellular matrix
organization were significantly enriched in CiADCs-3d/CiADCs-6d.
The GO analysis results revealed that the upregulated DEGs were
significantly enriched in tissue remodeling, cell-substrate adhesion,
and cell chemotaxis in CiADCs-3d. GO of CiADCs-6d analysis
revealed that fat adipose specific genes of upregulated were
significantly enriched in long-chain fatty acid metabolic process,
fatty acid metabolic process, fat cell differentiation, and cell fate
commitment. KEGG pathway analysis of CiADCs-3d/CiADCs-6d
both annotated significant features related to PPAR signaling
pathway, PI3K−Akt signaling pathway, p53 signaling pathway,
MAPK signaling pathway, and ECM-receptor interaction,
indicating that these substances could also be involved in the
mechanism of adipogenesis. When the CiADCs-3d was compared
to CiADCs-6d, the significant pathways were fatty acid biosynthesis,
fatty acid metabolism, and cell cycle (Figure 3D).

Gene set enrichment analysis (GSEA) revealed that numerous
adipogenesis-related KEGG pathways were significantly upregulated,
which included adipocytokine, arachidonic acid metabolism, MAPK
and PPAR signaling pathway (Figure 4). Furthermore, fat digestion
and absorption pathways were only upregulated in CiADCs-6d
(Figure 4B). Altogether, these findings indicated that the signal

FIGURE 2
Characterization of adipogenesis induced by RVB in BEFs. (A) qRT-PCR analysis the expression of adipogenic marker genes of PPARγ, C/EBPα, LPL, C/
EBPβ, C/EBPδ, ADIPOQ, IGF1, GPD1, PCK2, FAS, PPARGC1A, and CFD among CiADCs-3d, CiADCs-6d and natural adipocytes. Values (mean ± SD) are
normalized with respect to the β-actin mRNA level in each sample. Significant differences *p < 0.05; **p < 0.01; ***p < 0.001. (B). Western blot analysis of
PPARγ and C/EBPα protein levels in induced adipocyte-like cells (CiADCs-6d).
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pathways of regulating adipose differentiation have been turned on in
CiADCs-3d (Figure 4A).

4 Discussion

In the present study, a combination of small-molecule compounds
RVB was used to transdifferentiate bovine ear fibroblasts into the
chemically-induced adipocyte cells (CiADCs) that have a large
number of lipid droplets. Importantly, the small-molecule cocktail
significantly shortened the turnaround time and enhanced
reprogramming efficiency. The morphology of CiADCs is close to
the “ring type” of natural differentiated adipocytes on sixth day. qRT-
PCR analyses revealed that the adipocyte-specific genes were
significantly upregulated. Through the analysis from CiADCs-3d to
CiADCs-6d by transcriptome, we found some signaling pathways that
regulate the adipose differentiation were switched on continuous.
Collectively, our results showed a chemical induction method that
efficient induction of conversion into CiADCs, which could contribute
to study the mechanisms of adipocyte transdifferentiation and
adipocyte developmental differentiation.

Adipocyte-like cell could be identified as early as 6 days and their
numbers increased modestly after. Since, the morphology is more
similar to that of naturally differentiated adipocytes, we compared the
expression level of adipocyte-specific genes (PPARγ, C/EBPα, LPL,
C/EBPβ, C/EBPδ, and ADIPOQ) among CiADCs-3d, CiADCs-6d and
natural adipocytes by qRT-PCR. In the results, the CiADCs showed
similar adipocyte-specific gene expression patterns to adipocytes.
These data indicate that BEFs have been transdifferentiated into
adipocyte-like cells after 6 days of induction. Lipoprotein lipase
(LPL), a key enzyme controlling lipid accumulation adipocyte, is
highly expressed in fat cells (Bouraoui et al., 2012). PPARγ is
abundant in adipose tissue and is induced before many adipocyte
genes are transcribed, which plays an important role in adipocyte
differentiation (Yang et al., 2017). C/EBPβ and C/EBPδ are regulatory
factors in the early stage of adipocyte differentiation, which initiates
adipocyte refinement by inducing the expression of PPARγ and
C/EBPα (Darlington et al., 1998; Fajas et al., 1998). RVB increased
protein expression of PPARγ and C/EBPα in the chemically-induced
adipocytes (CiADCs-6d). These results suggested that PPARγ and
C/EBPα play an important role in the mechanisms of conversion from
BEFs to CiADCs.

FIGURE 3
Identification of differentially expressed genes enriched in the transdifferentiation into adipocytes (A)Heatmap of BEFs, CiADCs-3d, and CiADCs-6d cells
gene expression correlation coefficients in mRNA-seq data. (B) Heatmap of the differentially expressed genes. (C) GO functional enrichment analysis of the
upregulated DEGs. (D) KEGG adipogenesis pathway analysis of CiADCs-3d and CiADCs-6d.
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In our sequencing data, the gene expression pattern of initial
fibroblasts has changed significantly after experiencing the induction
culture by small-molecule compound. Furthermore, analysis on gene
enrichment proved that the genes of regulatory factors in the early stage
of adipocyte differentiation (LPL, PPARγ, and C/EBPδ) (Macdougald
and Lane, 1995) in CiADCs-3d were higher expression than that in
CiADCs-6d. On the contrary, the later marker genes of adipocyte
differentiation (C/EBPA, FAS, PCK2) (Macdougald and Lane, 1995)
were more significantly upregulated in CiADCs-6d. This result not only
indicated that CiADCs-6d tended to complete transdifferentiation of

adipocytes, but also suggested that adipose-induced differentiation had
started at the early stage of induction on the third day. According to GO
analysis, there are many GO categories about adipocyte differentiation
and lipid synthesis was enriched in biological processes and molecular
function. It is important that highly expressed genes in CiADCs-3d/
CiADCs-6d are enriched fat cell differentiation and cell fate
commitment, which means that the cell fate of fibroblasts have
changed. The upregulated expression trend of genes related to the
adipocyte differentiation implied the trans-differentiation into
adipocytes (Guo H et al., 2021). Gene set enrichment analysis

FIGURE 4
Gene set enrichment analysis (GSEA) of CiADCs-3d/6d revealed several signaling pathways that were either activated (A) CiADCs-3d: adipocytokine,
arachidonic acid metabolism, MAPK and PPAR signaling pathway. (B) CiADCs-6d: adipocytokine, arachidonic acid metabolism, fat digestion and absorption,
MAPK and PPAR signaling pathway. Color scaled within each row. Red color indicates high expression level, while blue color indicates low expression level.
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(GSEA) showed the signaling pathway PPAR (Wenjing et al., 2016),
PI3K-Akt (Wang et al., 2017), p53 (Molchadsky et al., 2013), andMAPK
(Makdissy et al., 2015; Wu et al., 2017) of regulating adipocyte
differentiation is already turned on by 3 days of induction. Also,
these signaling pathways will still be detected when the cells were
induced for 6 days. In addition, the fatty acid metabolism and fatty
acid biosynthesis were clearly captured in CiADCs-3d. The upregulation
FAS and LPL were key genes that regulate fatty acid metabolism (Kim
and Spiegelman, 1996). Meanwhile, the fatty acid biosynthesis increases
lipid accumulation (Horton and Shimomura, 1999).

In this study, the bovine adipocyte-like cells induced by pure small-
molecule cocktails were appeared only for 6 days. In another research, the
porcine embryonic fibroblasts were directly reprogrammed into
adipocytes with the treatment of SB431542 and Thiazovivin. The
adipocytes were observed for 10–15 days (Zhu et al., 2012).
Afterwards, Sowa et al. (2021) revealed that human dermal fibroblasts
can be directly converted into adipocytes by adding a single chemical
compound, STK287794, for 14 days. Moreover, Xie’s team reported that
RepSox in the fibroblast growth medium (MDI free) for 10 days was
sufficient to induce adipogenesis in MEFs (Tu et al., 2019). However, we
reported a method for transdifferentiating bovine fibroblasts into
adipocytes and shortening the time of induction. This may be due to
our culture system and combination of small-molecule compounds.

As a potent and selective TGFβRI/ALK5 inhibitor, Repsox inhibits
the binding of ATP to ALK5 and the autophosphorylation of ALK5, and
then inhibits TGF-β signaling (Tu et al., 2019; Guo Y et al., 2021). TGFβ
signaling pathway regulates the differentiation program of a variety of cell
types, including mesenchymal cell (Zhao and Hantash, 2011; Massagué
and Xi, 2012; Grafe et al., 2017). R has crucial effect on the induction of
mouse embryonic fibroblasts/sheep fibroblasts adipogenesis (Tu et al.,
2019; Guo Y et al., 2021). It is worth noting that the TGF-β pathway has
differing effects on pluripotency between species. Larsen et al. (2013)
found when bovine embryonic fibroblasts were treated by a single small
molecule (Repsox), only the gens of Actc1, BGLAP, and Fzd4 were
significant upregulation without the generation of adipocytes. In our
experiment, we showed for the first time that the bovine adipocyte-like
cells which induced by the cocktail of small molecules (RVB) and
N2B27 medium. We speculate that reprogramming of bovine
fibroblasts to adipose differentiation was rapidly initiated by the
synergistic effects of the small-molecule cocktail (RVB) compared to
the single use of Repsox. Among the small-molecule combinations we
selected, the VPA of HDAC inhibitors can greatly improve the
reprogramming efficiency (Taniguchi et al., 2008; Yang et al., 2017).
In addition, the research showed that VPA transforms cells into a state
more suitable for altering cell fate through epigenetic modification
(Huangfu et al., 2008). Unlike our study, a previous trial showed that
TTNPB inhibits porcine pre-adipocyte differentiation by decreasing the
expression of PPARγ and SREBP-1c (Brandebourg and Hu, 2005).
However, the previous data in our study showed that the PPARG was
upregulation.While TTNPB is a retinoic acid receptor (RAR) agonist that
has been used for chemical reprogramming as a small-molecule booster
(Chen et al., 2003). It was reported that TTNPB enhanced chemical
reprogramming efficiency up to a factor of 40 times (Qin et al., 2017).
TTNPB could induce the differentiation of embryonic carcinoma stem
cells into adipocytes. Also, gene expression of the adipocyte marker of
PPARγ and LPL were significantly upregulated (Bouchard and Paquin,
2013). The greater role of TTNPB is to help initiate reprogramming than
to inhibit adipocyte differentiation in our experiments. On the other side,

the N2B27 medium was reported that substantially boosts
reprogramming (P Hou et al., 2013). This also helps explain the
shortened time and increased efficiency of adipogenesis in our
induction protocol. In this study, we demonstrated the feasibility of
directly reprogramming bovine ear fibroblasts into adipocytes-like cells
using RVB in N2B27 medium.

In conclusion, this study is the first to rapidly convert bovine ear
fibroblasts into adipocyte-like cells in vitro. The induced adipocytes were
very similar to natural fat cells. This result provides a cell model to further
study the adipocyte differentiation and mechanism of adipocyte
deposition of bovine and offers a new strategy to improve the beef quality.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: GEO Submission (GSE215910).

Ethics statement

The animal study was reviewed and approved by the animal
experiments ethical review committee of Guangxi University,
Nanning, China. Written informed consent was obtained from the
owners for the participation of their animals in this study.

Author contributions

LS and BH designed and supervised the study. LS performed the
experiments. LS, DZ, and LQ analyzed data. DZ, QL, and GW
conducted parts of experiments. LS drafted manuscript; DS and
BH revised the manuscript and provided critical comments. All
authors read and approved the final manuscript.

Funding

This research was supported by grants from the Chinese National
Natural Science Foundation (grant nos. 31960160 and 31660342) and
Guangxi Natural Science Foundation (grant no. 2017GXNSFDA198035).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors, and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Frontiers in Cell and Developmental Biology frontiersin.org08

Sun et al. 10.3389/fcell.2023.1020965

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1020965


References

Bansal, V., De, D., An, J., Tong, M., Jeong, H-J., Kang, J-S., et al. (2019). Chemical
induced conversion of mouse fibroblasts and human adipose-derived stem cells into
skeletal muscle-like cells. Biomaterials 193, 30–46. doi:10.1016/j.biomaterials.2018.11.037

Baranek, M., Belter, A., Naskręt-Barciszewska, M., Stobiecki, M., Markiewicz, W., and
Barciszewski, J. (2017). Effect of small molecules on cell reprogramming. Mol. Biosyst. 13
(2), 277–313. doi:10.1039/c6mb00595k

Bouchard, F., and Paquin, J. (2013). Differential effects of retinoids and inhibitors of
ERK and p38 signaling on adipogenic and myogenic differentiation of P19 stem cells. Stem
Cells Dev. 22 (14), 2003–2016. doi:10.1089/scd.2012.0209

Bouraoui, L., Cruz-Garcia, L., Gutiérrez, J., Capilla, E., and Navarro, I. (2012).
Regulation of lipoprotein lipase gene expression by insulin and troglitazone in
rainbow trout (Oncorhynchus mykiss) adipocyte cells in culture. Comp. Biochem.
Physiology Part A 161 (1), 83–88. doi:10.1016/j.cbpa.2011.09.008

Brandebourg, T. D., and Hu, C. Y. (2005). Regulation of differentiating pig
preadipocytes by retinoic acid. J. Animal Sci. 83 (1), 98–107. doi:10.2527/2005.83198x

Cao, S., Yu, S., Chen, Y., Wang, X., Zhou, C., Liu, Y., et al. (2017). Chemical
reprogramming of mouse embryonic and adult fibroblast into endoderm lineage.
J. Biol. Chem. 46, 19122–19132. doi:10.1074/jbc.M117.812537

Chen, W. C., Yang, C. C., Sheu, H. M., Seltmann, H., and Zouboulis, C. C. (2003).
Expression of peroxisome proliferator-activated receptor and CCAAT/enhancer binding
protein transcription factors in cultured human sebocytes. J. Investigative Dermatology
121, 441–447. doi:10.1046/j.1523-1747.2003.12411.x

Choi, Y. M., Garcia, L. G., and Lee, K. (2019). Correlations of sensory quality
characteristics with intramuscular fat content and bundle characteristics in bovine
longissimus thoracis muscle. Food Sci. Animal Resour. 39 (2), 197–208. doi:10.5851/
kosfa.2019.e15

Cieślar-Pobuda, A., Knoflach, V., Ringh, M. V., Stark, J., Łos, M., Siemianowicz, K., et al.
(2017). Transdifferentiation and reprogramming: Overview of the processes, their
similarities and differences. Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1864
(7), 1359–1369. doi:10.1016/j.bbamcr.2017.04.017

Darlington, G. J., Ross, S. E., and Macdougald, O. A. (1998). The role of C/EBP genes in
adipocyte differentiation. J. Biol. Chem. 273, 30057–30060. doi:10.1074/jbc.273.46.30057

Fajas, L., Fruchart, J. C., and Auwerx, J. (1998). Transcriptional control of adipogenesis.
Curr. Opin. Cell Biol. 10 (2), 165–173. doi:10.1016/S0955-0674(98)80138-5

Grafe, I., Alexander, S., Peterson, J. R., Snider, T. N., Mishina, Y., Lee, B., et al. (2017).
TGF-β family signaling in mesenchymal differentiation. Cold Spring Harb. Perspect. Biol.
10 (5), a022202. doi:10.1101/cshperspect.a022202

Grant, A. C., Ortizcoln, G., Doumit, M. E., and Buskirk, D. D. (2008). Optimization of
in vitro conditions for bovine subcutaneous and intramuscular preadipocyte
differentiation. J. Animal Sci. 86 (1), 73–82. doi:10.2527/jas.2007-0379

Guo, H., Khan, R., Raza, S., Nurgulsim, K., Zan, L., Rahman, A., et al. (2020).
Transcriptional regulation of adipogenic marker genes for the improvement of
intramuscular fat in Qinchuan beef cattle. Anim. Biotechnol. 33 (6), 776–795. doi:10.
1080/10495398.2020.1837847

Guo, H., Khan, R., Raza, S., Suhail, S. M., Zan, L., Khan, S. B., et al. (2021). RNA-seq
reveals function of bta-miR-149-5p in the regulation of bovine adipocyte differentiation.
Animals open access J. MDPI 11 (5), 1207. doi:10.3390/ani11051207

Guo, Y., Zhu, H., Li, X., Ma, C., Li, Y., Sun, T., et al. (2021). RepSox effectively promotes
the induced differentiation of sheep fibroblasts into adipocytes via the inhibition of the
TGF-β1/Smad pathway. Int. J. Mol. Med. 48 (2), 148. doi:10.3892/ijmm.2021.4981

Horton, J. D., and Shimomura, I. (1999). Sterol regulatory element-binding proteins:
Activators of cholesterol and fatty acid biosynthesis. Curr. Opin. Lipidol. 10 (2), 143–150.
doi:10.1097/00041433-199904000-00008

Hou, P., Li, Y., Zhang, X., Liu, C., Guan, J., Li, H., et al. (2013). Pluripotent stem cells
induced from mouse somatic cells by small-molecule compounds. Science 341 (6146),
651–654. doi:10.1126/science.1239278

Huangfu, D., Maehr, R., Guo, W., Eijkelenboom, A., Snitow, M., Chen, A. E., et al.
(2008). Induction of pluripotent stem cells by defined factors is greatly improved by small-
molecule compounds. Nat. Biotechnol. 26 (7), 795–797. doi:10.1038/nbt1418

Jia, Y., Chang, Y., Guo, Z., and Li, H. (2019). Transcription factor Tbx5 promotes
cardiomyogenic differentiation of cardiac fibroblasts treated with 5-azacytidine. J. Cell.
Biochem. 120 (10), 16503–16515. doi:10.1002/jcb.28885

Joo, S-T., Hwang, Y-H., and Frank, D. (2017). Characteristics of Hanwoo cattle and
health implications of consuming highly marbled Hanwoo beef. Meat Sci. 132, 45–51.
doi:10.1016/j.meatsci.2017.04.262

Kim, J. B., and Spiegelman, B. M. (1996). ADD1/SREBP1 promotes adipocyte
differentiation and gene expression linked to fatty acid metabolism. Genes Dev. 10 (9),
1096–1107. doi:10.1101/gad.10.9.1096

Kim, Y., Jeong, J., and Choi, D. (2020). Small-molecule-mediated reprogramming: A
silver lining for regenerative medicine. Exp. Mol. Med. 52, 213–226. doi:10.1038/s12276-
020-0383-3

Larsen, D. M. (2013). “Evaluation of the TGF-beta inhibitor RepSox on the expression of
pluripotency pathways in murine and bovine cells,”. Dissertations & Theses - Gradworks.

Li, H. X., Zhang, Z., Xuan, Z., Wang, Z. Y., Wang, G. L., and Han, Z. Y. (2011). Effects of
MicroRNA-143 in the differentiation and proliferation of bovine intramuscular
preadipocytes. Mol. Biol. Rep. 38 (7), 4273–4280. doi:10.1007/s11033-010-0550-z

Li, F., Li, D., Zhang, M., Sun, J., Li, W., Jiang, R., et al. (2018). miRNA-223 targets the
GPAM gene and regulates the differentiation of intramuscular adipocytes. Gene 685,
106–113. doi:10.1016/j.gene.2018.10.054

Macdougald, O. A., and Lane, M. D. (1995). Adipocyte Differentiation: When
precursors are also regulators. Curr. Biol. CB 5 (6), 618–621. doi:10.1016/s0960-
9822(95)00125-4

Makdissy, N., Haddad, K., Mouawad, C., Popa, I., Younsi, M., Valet, P., et al. (2015).
Regulation of SREBPs by sphingomyelin in adipocytes via a caveolin and ras-ERK-MAPK-
CREB signaling pathway. Plos One 10, e0133181. doi:10.1371/journal.pone.0133181

Massagué, J., and Xi, Q. (2012). TGF-β control of stem cell differentiation genes. Febs
Lett. 586 (14), 1953–1958. doi:10.1016/j.febslet.2012.03.023

Molchadsky, A., Ezra, O., Amendola, P. G., Krantz, D., Kogan-Sakin, I., Buganim, Y.,
et al. (2013). p53 is required for Brown adipogenic differentiation and has a protective role
against diet-induced obesity. Cell Death Differ.

Qin, H., Zhao, A., and Fu, X. (2017). Small molecules for reprogramming and
transdifferentiation. Cell. Mol. Life Sci. 74, 3553–3575. doi:10.1007/s00018-017-2586-x

Sowa, Y., Kishida, T., Louis, F., Sawai, S., Mazda, O., Numajiri, T., et al. (2021). Direct
conversion of human fibroblasts into adipocytes using a novel small molecular compound:
Implications for regenerative therapy for adipose tissue defects. Cells 10 (3), 605. doi:10.
3390/cells10030605

Sun, W., Yu, Z., Yang, S., Jiang, C., Zhu, T., Xiao, L., et al. (2020). A transcriptomic
analysis reveals novel patterns of gene expression during 3T3-L1 adipocyte differentiation.
Front. Mol. Biosci. 7, 564339. doi:10.3389/fmolb.2020.564339

Takeda, Y., Harada, Y., Yoshikawa, T., and Dai, P. (2017). Direct conversion of human
fibroblasts to Brown adipocytes by small chemical compounds. Sci. Rep. 7 (1), 4304. doi:10.
1038/s41598-017-04665-x

Taniguchi, M., Guan, L. L., Bing, Z., Dodson, M. V., Okine, E., and Moore, S. S. (2008).
Adipogenesis of bovine perimuscular preadipocytes. Biochem. Biophysical Res. Commun.
366 (1), 54–59. doi:10.1016/j.bbrc.2007.11.110

Tu, W. Z., Fu, Y. B., and Xie, X. (2019). RepSox, a small molecule inhibitor of the TGFβ
receptor, induces Brown adipogenesis and browning of white adipocytes. Acta Pharmacol.
Sin. 1, 1523–1531. doi:10.1038/s41401-019-0264-2

Wang, J., Hu, X., Ai, W., Zhang, F., Yang, K., Wang, L., et al. (2017). Phytol increases
adipocyte number and glucose tolerance through activation of PI3K/Akt signaling
pathway in mice fed high-fat and high-fructose diet. Biochem. Biophysical Res.
Commun. 432, 432–438. doi:10.1016/j.bbrc.2017.05.160

Wenjing, W., Yunmei, S., Chen, Z., Zhao, C., Chen, X., Wang, G., et al. (2016).
Lipogenesis in myoblasts and its regulation of CTRP6 by AdipoR1/Erk/PPARγ
signaling pathway. Acta Biochimica Biophysica Sinica 48, 509–519. doi:10.1093/abbs/
gmw032

Wu, W., Zhang, J., Zhao, C., Sun, Y., Wei-Jun, P., and Yang, G. (2017). CTRP6 regulates
porcine adipocyte proliferation and differentiation by the AdipoR1/MAPK signaling
pathway. J. Agric. Food Chem. 65, 5512–5522. doi:10.1021/acs.jafc.7b00594

Yamanouchi, K., Ban, A., Shibata, S., Hosoyama, T., Murakami, Y., and Nishihara,
M. (2007). Both PPARgamma and C/EBPalpha are sufficient to induce
transdifferentiation of goat fetal myoblasts into adipocytes. J. Reprod. Dev. 53 (3),
563–572. doi:10.1262/jrd.18169

Yang, W., Yang, C., Luo, J., Wei, Y., Wang, W., and Zhong, Y. (2017). Adiponectin
promotes preadipocyte differentiation via the PPARγ pathway. Mol. Med. Rep. 17,
428–435. doi:10.3892/mmr.2017.7881

Zhang, Y., Cai, Z., Hu, G., Hu, S., Xie, Y., Li, N., et al. (2021). Transcription factor
4 controls positioning of cortical projection neurons through regulation of cell adhesion.
Mol. Psychiatry 26, 6562–6577. doi:10.1038/s41380-021-01119-9

Zhao, L., and Hantash, B. M. (2011). TGF-β1 regulates differentiation of bone marrow
mesenchymal stem cells.Vitamins Hormones-advances Res. Appl. 87 (87), 127–141. doi:10.
1016/B978-0-12-386015-6.00042-1

Zhou, J., and Sun, J. (2019). A revolution in reprogramming: Small molecules. Curr. Mol.
Med. 19, 77–90. doi:10.2174/1566524019666190325113945

Zhou, J., Zhang, J., Li, J., Guan, Y., Hu,W., Li, F., et al. (2021). Ginsenoside F2 suppresses
adipogenesis in 3T3-L1 cells and obesity in mice via the AMPK pathway. J. Agric. Food
Chem. 69, 9299–9312. doi:10.1021/acs.jafc.1c03420

Zhu, J., Pang, D., Yang, Z., Tang, X., Ouyang, H., Xie, W., et al. (2012). Direct conversion
of porcine embryonic fibroblasts into adipocytes by chemical molecules. Cell. Reprogr. 14
(2), 99–105. doi:10.1089/cell.2011.0074

Frontiers in Cell and Developmental Biology frontiersin.org09

Sun et al. 10.3389/fcell.2023.1020965

https://doi.org/10.1016/j.biomaterials.2018.11.037
https://doi.org/10.1039/c6mb00595k
https://doi.org/10.1089/scd.2012.0209
https://doi.org/10.1016/j.cbpa.2011.09.008
https://doi.org/10.2527/2005.83198x
https://doi.org/10.1074/jbc.M117.812537
https://doi.org/10.1046/j.1523-1747.2003.12411.x
https://doi.org/10.5851/kosfa.2019.e15
https://doi.org/10.5851/kosfa.2019.e15
https://doi.org/10.1016/j.bbamcr.2017.04.017
https://doi.org/10.1074/jbc.273.46.30057
https://doi.org/10.1016/S0955-0674(98)80138-5
https://doi.org/10.1101/cshperspect.a022202
https://doi.org/10.2527/jas.2007-0379
https://doi.org/10.1080/10495398.2020.1837847
https://doi.org/10.1080/10495398.2020.1837847
https://doi.org/10.3390/ani11051207
https://doi.org/10.3892/ijmm.2021.4981
https://doi.org/10.1097/00041433-199904000-00008
https://doi.org/10.1126/science.1239278
https://doi.org/10.1038/nbt1418
https://doi.org/10.1002/jcb.28885
https://doi.org/10.1016/j.meatsci.2017.04.262
https://doi.org/10.1101/gad.10.9.1096
https://doi.org/10.1038/s12276-020-0383-3
https://doi.org/10.1038/s12276-020-0383-3
https://doi.org/10.1007/s11033-010-0550-z
https://doi.org/10.1016/j.gene.2018.10.054
https://doi.org/10.1016/s0960-9822(95)00125-4
https://doi.org/10.1016/s0960-9822(95)00125-4
https://doi.org/10.1371/journal.pone.0133181
https://doi.org/10.1016/j.febslet.2012.03.023
https://doi.org/10.1007/s00018-017-2586-x
https://doi.org/10.3390/cells10030605
https://doi.org/10.3390/cells10030605
https://doi.org/10.3389/fmolb.2020.564339
https://doi.org/10.1038/s41598-017-04665-x
https://doi.org/10.1038/s41598-017-04665-x
https://doi.org/10.1016/j.bbrc.2007.11.110
https://doi.org/10.1038/s41401-019-0264-2
https://doi.org/10.1016/j.bbrc.2017.05.160
https://doi.org/10.1093/abbs/gmw032
https://doi.org/10.1093/abbs/gmw032
https://doi.org/10.1021/acs.jafc.7b00594
https://doi.org/10.1262/jrd.18169
https://doi.org/10.3892/mmr.2017.7881
https://doi.org/10.1038/s41380-021-01119-9
https://doi.org/10.1016/B978-0-12-386015-6.00042-1
https://doi.org/10.1016/B978-0-12-386015-6.00042-1
https://doi.org/10.2174/1566524019666190325113945
https://doi.org/10.1021/acs.jafc.1c03420
https://doi.org/10.1089/cell.2011.0074
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1020965

	Rapid direct conversion of bovine non-adipogenic fibroblasts into adipocyte-like cells by a small-molecule cocktail
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Cell culture
	2.2.1 Bovine ear fibroblasts and induced transdifferentiation
	2.2.2 Isolation of natural adipocytes

	2.3 Oil red O staining
	2.4 qRT-PCR
	2.5 RNA-seq
	2.6 Western blot analysis
	2.7 Data analysis

	3 Results
	3.1 Small-molecule compounds induce the conversion of BEFs into adipocyte-like cells
	3.2 CiADCs exhibit similar biological properties to natural adipocytes
	3.3 Identification of differentially expressed genes enriched in the transdifferentiation into adipocytes

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


