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Vitamin A mediates FABP4 to regulate 2
intramuscular fat production: a new target
and strategy for optimizing beef quality
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Abstract

Beef quality is critically determined by intramuscular fat (IMF) deposition. Retinoic acid (RA), the active metabolite
of vitamin A, plays an essential regulatory role in IMF development. To systematically investigate RA-mediated
regulation of IMF formation in cattle, we established a concentration gradient of RA supplementation and
employed a systematic screening approach to identify the optimal dosage for modulating bovine intramuscular
adipocytes (IMAs) proliferation and differentiation. Subsequently, leveraging integrated multi-omics approaches,
we screened the key downstream molecular targets through which RA governs IMF biosynthesis, and clarified the
potential regulatory mechanism of this target. Our experimental data establish that RA promotes the proliferation
of IMAs through modulation of G1/S phase progression. Concurrently, RA enhances triglyceride biosynthesis in
IMAs by activating PPARy-mediated cell differentiation and LPL-mediated intracellular lipid accumulation. Integrated
transcriptomics and metabonomics analyses identified FABP4, CD36, EBF2, LRP1 and CAV1 as key candidate genes
involved in RA-mediated IMF production. Functional interrogation revealed that FABP4 knockdown markedly
attenuated lipid accumulation in IMAs, a phenotype rescued through RA supplementation, confirming FABP4

as the critical effector mediating vitamin A's regulation of bovine IMF deposition. These results provide a new
understanding of how nutritional factors affect beef quality at the molecular level.
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Introduction

Beef serves as a globally consumed nutrient-rich food
prized for its characteristic flavor profile, provides abun-
dant high-quality protein, essential amino acids, micro-
nutrients, and vitamins [1, 2]. The persistent domestic
supply-demand imbalance for premium-grade beef has
established genetic optimization of meat quality attri-
butes as a strategic priority in modern bovine breeding
programs [3]. IMF content, a primary determinant of
beef palatability and nutritional value [4], arises through
precisely regulated preadipocytes proliferation and ter-
minal differentiation into lipid-accumulating mature
adipocytes [5, 6]. Systematic elucidation of molecular
regulation mechanisms governing IMAs development
thus constitutes an essential foundation for enhancing
beef quality via genetic improvement strategies.

Vitamin A and related dietary nutrients critically regu-
late IMF (marbling) deposition in cattle [7]. As an essen-
tial liposoluble micronutrient obtained by ruminants
through dietary sources, including plant-based diets,
vitamin premix or feed additives containing precursor
forms (e.g. beta-carotene) [4, 8]. Vitamin A exhibits para-
doxical regulatory effects across developmental stages.
Previous research indicates that injecting vitamin A into
newborn calves could increase fat progenitor cells in
skeletal muscle, thus improving growth performance and
marbling potential [9, 10]. Conversely, vitamin A could
inhibit IMAs differentiation and maturation in adult
cattle through RA and its derivatives, consequently sup-
pressing IMF deposition [11]. As the principal bioactive
metabolite of vitamin A [12], RA biosynthesis involves
sequential enzymatic oxidation catalyzed by alcohol
dehydrogenase and aldehyde dehydrogenase [13]. In vivo,
vitamin A mainly performs its physiological role through
RA [4], which operates by binding to the retinoic acid
receptor (RAR) and retinoic acid X receptor (RXR) [14].
Current evidence reveals that RA has varying effects on
adipocyte development, it can either enhance preadipo-
cyte proliferation and differentiation or inhibit 3T3-L1
cell differentiation at low concentrations (1 x 10~ mol/L
or 5x107® mol/L) [15, 16]. Despite these mechanistic
insights, the molecular circuitry governing RA-medi-
ated adipocyte regulation in bovine systems remains
insufficiently characterized. Existing investigations have
predominantly focused on phenotypic outcomes, with
limited exploration of RA-associated transcriptional net-
works and epigenetic modifiers. Elucidating the RA-reg-
ulated molecular landscape of lipid accumulation could
enable identification of targeted intervention strategies.
Such advancements would facilitate precision enhance-
ment of meat quality parameters and marbling char-
acteristics while maintaining rigorous animal welfare
standards.
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Therefore, this study systematically delineates dose-
dependent effects of RA on bovine IMAs prolifera-
tion and differentiation, identifying optimal regulatory
concentration for adipogenesis modulation. Integrated
transcriptomic and metabonomic profiling revealed
FABP4 as a pivotal mediator of RA-regulated the lipid
accumulation in IMAs, with functional validation con-
firming its regulatory dominance. Mechanistic analyses
elucidated RA-FABP4 signaling axis coordination in con-
trolling intramuscular lipogenesis and lipid droplet matu-
ration, establishing a molecular framework for precision
modulation of IMF deposition. These findings provide
actionable insights for strategic development of genetic
selection markers and nutritional interventions targeting
marbling enhancement in beef production systems.

Methods

Ethics and consent to participate

The animal experiments were conducted in strict accor-
dance with the ethical guidelines established by the Chi-
nese Association for Laboratory Animal Sciences, with
experimental protocols receiving prior approval from the
Animal Ethics Committee at Ningxia University (NXU-
2023-108). All experimental animals used have obtained
the informed consent of their owners, and there are no
conflicts of interest.

Sample collection

IMAs isolation specimens were obtained from the lon-
gissimus dorsi muscle of six neonatal (one-week-old)
Guyuan yellow cattle, selected from distinct genetic
lineages within the breeding population of the Fu Min
Agricultural Science and Technology Co., Ltd. (Ningxia,
China). All procedures were conducted in accordance
with institutional animal care protocols, with euthanasia
performed via intravenous administration of pentobar-
bital sodium (80 mg/kg) following established welfare
guidelines. The samples were aseptically collected, thor-
oughly rinsed with a 75% alcohol solution followed by
Phosphate Buffered Saline solution (PBS; Hyclone, Logan,
Utah, USA) to minimize contamination, before being
immediately transported to the cell culture laboratory.

Isolation, culture, and differentiation of IMAs

IMAs were isolated according to the established enzy-
matic digestion protocol [17]. Briefly, longissimus dorsi
muscle samples were aseptically cut into approximately 1
mm? pieces and subjected to digestion with collagenase
type II (Solarbio, Beijing, China). Sequential filtration
through 40 pm and 70 pm cell sieves in turn to remove
impurities, followed by centrifugation (1,000 rpm,
10 min) to pellet viable cells. Pellet resuspension in Dul-
becco’s Modified Eagle Medium/high glucose (DMEM/
high glucose) medium (Hyclone) and differential
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adhesion was employed to reduce impurities. IMAs dif-
ferentiation was induced at 100% confluence using dif-
ferentiation medium containing DMEM/high glucose
supplemented with 0.5 mmol/L isobutylmethylxanthine
(IBMX), 10 pg/mL insulin, 1 pmol/L rosiglitazone, and
1 umol/L dexamethasone, all sourced from Sigma. After
48 h induction, cultures were maintained in DMEM/
high glucose with insulin and rosiglitazone [18]. In
addition, phenotype identification (lipid droplets stain-
ing), immunofluorescence staining (PPARy) and marker
genes expression profile identification (PPARy and C/
EBPa) were used to identify the purity and differentiation
potential of purified IMAs. Following rigorous purifica-
tion and characterization, the third generation of IMAs
were utilized in a series of subsequent experiments.

Lipid droplets staining

IMAs (n=3) were seeded in 6-well culture plates at a
desity of 1x10* cells/well, achieving uniform mono-
layer confluence prior to differentiation induction. Cells
were treated with RA (Solarbio) at six concentrations
(0, 107%, 1078, 1077, 107° and 107> mol/L). dissolved in
0.1% DMSO (v/v). On day 6 of differentiation, cells were
fixed with 4% paraformaldehyde for 1 h and subsequently
washed with PBS. Cells were stained for 20 min using
either Bodipy (5 pM; Amgicam, Wuhan, China), Nile
red (1 pg/mL; Amgicam) or oil red O (3 pg/mL; Solar-
bio) working solutions. Cells stained with oil red O were
counterstained with hematoxylin (1 mg/mL; Solarbio)
for 2 min, while those stained with Bodipy or Nile red
were counterstained with DAPI (5 pg/mL; Solarbio) for
10 min. All stained cells were examined using inverted
fluorescent microscope (OLYMPUS, Tokyo, Japan).

Immunofluorescence staining

The IMAs (n=3) were inoculated into 24-well plates
(2.5x10% per well). Upon reaching approximately 80%
confluence, cells were fixed with 4% paraformaldehyde
(30 min) and permeabilized with 0.3% Triton X-100
(15 min). Following blocking with 5% BSA (Solarbio),
samples were incubated overnight with PPARy antibody
(1: 100) at 4°C. After washing, the secondary antibod-
ies (1: 500) were incubated for 1 h in the dark at room
temperature, followed by stained with DAPI for 10 min.
Specimens underwent three PBS washes before imag-
ing on an inverted microscope. Antibody information in
Supplementary Table S1.

Total RNA extraction and real-time quantitative PCR
(RT-qPCR)

Total RNA extraction and cDNA synthesis were per-
formed using the Takara’s kit (Takara Bio, Shiga, Japan)
[18]. RT-qPCR was conducted using the 2 x M5 HiPer
SYBR Premix EsTaq Fluorescence Quantitative PCR
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Kit (Mei5bio, Beijing, China) on a Bio-Rad CFX96 Real-
Time PCR Detection System (California, USA). Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) served
as the endogenous control for normalization [19], with
relative gene expression quantified via the 274" method
[20]. Primers information were shown in Supplementary
Table S2.

EdU staining

IMAs (n=3) were seeded onto 24-well plates (2.5x 103
per well) and treated with varying concentrations of RA.
After 48 h, cells were incubated with 20 uM EdU (Beyo-
time, Shanghai, China) at 37 °C for 1 h. Post-incubation,
cells were fixed with 4% paraformaldehyde (30 min)
and membrane permeabilized using 0.3% Triton X-100
(15 min). After washing, cells were incubated with Click
reaction solution in the dark (30 min), followed by nuclei
counterstainng with Hoechst33342 solution (Beyotime)
for 10 min. Fluorescent imaging was performed on an
inverted fluorescent microscope.

Cell cycle detection

IMAs (n=3) were were enzymatically detached using
0.25% trypsin and collected in 1.5 mL Eppendorf (EP)
tubes. Cells were fixed in 70% ethanol at 4 °C for 12 h,
then stained with propidium iodide and incubated in the
dark at 37 °C for 30 min. Finally, the cell cycle was ana-
lyzed by flow cytometry (BD Bio sciences, New Jersey,
USA).

Western blot (WB)

Total protein extraction from IMAs (n=3) was per-
formed using the kit of KeyGEN (Jiangsu, China). Ali-
quots (10 pg per channel) underwent electrophoretic
separation on 10% SDS-PAGE gels (200 V, 30 min) fol-
lowed by transfer to PVDF membrane (Millipore Cor-
poration, USA). The membrane was blocked with fast
protein blocking solution (Yazyme Biotechnology Shang-
hai; China) for 15 min at room temoerature prior to
overnight incubation with primary antibody (4 °C; dilu-
tions in Supplementary Table S1) Following three TBST
washes (10 min each), membranes were incubated with
secondary antibody for 2 h at room temperature. Chemi-
luminescent detection was performed using the Tanon-
5200 imaging system (Tanon, Shanghai, China).

Determination of triglyceride (TG)

IMAs (n=3) were harvested at differentiation day 6 and
pelleted in 1.5 mL centrifuge tubes. Subsequently, cell
pellets were homogenized in 200 pL buffer by ultrasonic
disruption. Cellular TG content were measured using a
triglyceride determination kit (Nanjing Chengjian Insti-
tute of Bioengineering, Nanjing, China).
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RNA-seq and UHPLC-MS/MS analysis

IMAs were seeded onto 6-well plates (1x10* per well)
and differentiated at full confluence. Cells were treated
with either 0 mol/L or 10~> mol/L RA. On the sixth
day of differentiation, total RNA (n=3) was extracted
and sequenced on an Illumina NovaSeq 6000 platform
(Denovo Biotechnology, Guangzhou, China). Differ-
entially expressed genes (DEGs) were identified using
thresholds of P<0.05 and a fold change greater than
1.5 [3]. A randomly selected subset of DEGs underwent
technical validation via RT-qPCR (primers sequences
in Supplementary Table S2). Under identical treatment
conditions, cellular metabolites (n=6) were analyzed
using LC-MS/MS (1290 Infinity LC, Agilent Technolo-
gies) [18]. Differentially expressed metabolites (DEMs)
were identified using thresholds of VIP>1 and P<0.05.
To clarify how RA influences fat formation, an integrated
analysis of transcriptomic and metabolomic data was
conducted. This involved the construction of pathway
function models, O2PLS models and correlation coeffi-
cient models using gene expression and metabolite abun-
dance data [18].

Synthesis and transfection of small interfering RNA
targeting bovine FABPA4 (si-FABP4)

The si-FABP4 and a negative control (NC) were synthe-
sized (Table S3). IMAs were seeded onto 6-well plates
at a density of 10,000 cells per well. Upon reaching
80% confluence, the medium was replaced with opti-
MEM™ (Invitrogen) and transfected with si-FABP4 or
NC using Lipofectamine 3000 reagent (Invitrogen). Fol-
lowing 6-hour transfection, medium was replaced with
adipogenic induction cocktail containing either 0 (NC)
or 10~ mol/L RA for experimental groups (NC+RA,
si-FABP4+RA).

Data analysis and statistics

Cell proliferation rates were determined using Image]
software (Bethesda, Maryland, USA) by calculating the
ratio of EdU-positive cells to total nuclei. FlowJo_v 10.6.2
software (BD Biosciences) was utilized to analyze the cell
cycle. The relative expression of lipid droplets was quan-
tified using Image Pro Plus software (MEDIA CYBER-
NETICS, Maryland, USA). Significance was assessed
via a t-test using GraphPad Prism 8.0 (San Diego, CA,
USA), ** denotes a highly significant difference (P<0.01),
and * denotes a significant difference (P<0.05). Princi-
pal Component Analysis (PCA) was performed using R
(http://www.r-project.org/). DEGs between two groups
of samples was analyzed by DESeq2. Additionally, DEGs
were comprehensively associated with the Gene Ontol-
ogy (GO) database (http://www.geneontology.org/), and
the quantity of DEGs within each functional category
was systematically enumerated. Using hypergeometric
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test strategy, KEGG pathway is used as the basic unit to
identify the signal pathways enriched by DEGs. With the
help of Ropls software package in R, OPLS-DA analysis
is carried out. DEMs between comparison groups were
identified by integrating the VIP value from OPLS-DA
with multivariate statistical analysis and the P value from
a univariate ¢-test. The enrichment of pathways identi-
fies key biochemical and signal transduction pathways
involving DEMs.

Results

Isolation and identification of bovine IMAs

In this study, IMAs were successfully isolated by enzyme
digestion, with the obtained cells displaying robust viabil-
ity, uniform morphology, and characteristic elongated
spindle-shape features (Fig. 1A). Lipid droplets accumu-
lation became evident by differentiation day 8 through oil
red O staining, manifested as distinct bright red spherical
formations (Fig. 1B). Bodipy staining further confirmed
the high lipid content of IMAs, indicated by intense
fluorescence (Fig. 1C). Immunofluorescence staining
detected strong expression of the adipogenic marker
PPARy (Fig. 1D). Additionally, RT-qPCR analysis dem-
onstrated that compared with the Oth day, PPARy and C/
EBPa were significantly up-regulated during the differen-
tiation of IMAs (Fig. 1E-F). These findings demonstrate
that the isolated IMAs are highly pure and capable of
differentiation.

Vitamin A influences the proliferation of IMAs

To assess the effect of Vitamin A on IMAs prolifera-
tion, cells were treated with RA at concentrations ran-
ing from 0 to 10~°mol/L. EdU staining revealed reduced
proliferation at 10~® mol/L RA compared to untreated
control (0 mol/L RA), whereas 10”7 and 10~° mol/L RA
significantly enhanced proliferation activity (2<0.05 and
P<0.01, respectively; Fig. 2A-B). Flow cytometry analy-
sis revealed that 10~ mol/L RA significantly elevated the
percentage of cells in the G1 phase (P<0.01, Fig. 2C-I),
while 107> mol/L RA reduced the percentage of cells in
the G1 phase and elevated the percentage in the S phase
(P<0.05, Fig. 2I). RT-qPCR results demonstrated that
1078 mol/L RA suppressed PCNA and CDK1 expression
(P<0.01), whereas higher concentrations RA (1077 ~
107° mol/L) induced pronounced upregulation of PCNA
(P<0.01, Fig. 2J). CDK1 expression increased signifi-
cantly at 107%, 10”7 and 10~° mol/L RA (P<0.01, Fig. 2K),
while CDK2 expression were elevated at 10~%, 10~ and
107° mol/L RA (P<0.05, Fig. 2L). The results of WB con-
firmed elevated that PCNA and CDK2 protein expres-
sion levels following 10~ mol/L RA exposure (P<0.01,
Fig. 2M, Fig. S1). Collectively, these findings suggest that
1078 mol/L RA inhibits IMAs proliferation by impeding
G1/S phase transition, whereas 10~> mol/L RA promotes
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Fig. 1 Morphological and molecular characterization of IMAs. (A) Representative image of IMAs at 100% confluence; (B) Oil Red O staining of IMAs on 8th
day of differentiation; (C) Bodipy staining of IMAs on 8th day of differentiation; (D) Immunofluorescence staining for PPARy; (E-F) The mRNA expression
levels of adipogenic markers PPARy and (/EBPa were analyzed in IMAs at different differentiation stages (0, 2, 4, 6, 8, and 10 days)

IMAs proliferation through transcriptional upregula-
tion of PCNA, CDK1 and CDK?2, accelerating cell cycle
progression.

Vitamin A enhances the differentiation and lipid
metabolism of IMAs

To investigate the regulatory role of vitamin A in IMAs
differentiation and lipid metabolis, cells were treated
with RA across a concentration gradient (107 to 107°
mol/L). Phenotypic analysis revealed that RA-induced
dose-dependent lipid droplets accumulation and elevated
TG levels in all treatment groups (Fig. 3A-C). Addition-
ally, the expression of key lipogenic marker genes, includ-
ing PPARy and LPL, was upregulated in IMAs upon RA
treatment (Fig. 3D-E, Fig. S1). The findings indicate that
RA concentrations between 107° mol/L to 107> mol/L
enhance IMAs differentiation and lipid metabolism, with
the highest lipid accumulation at 10~° mol/L RA.

Screening of DEGs and its functional analysis

To further elucidate the molecular mechanism under-
lying Vitamin A-mediated IMF formation, IMAs were
treated with the optimal RA concentration (10~> mol/L).
PCA analysis (Fig. 4A) and sample correlation heatmap
analysis (Fig. 4B) confirmed the reproducibility of the
samples. RNA-seq revealed 344 DEGs in the RA-treated
group compared to the control group, with 171 DEGs
up-regulated and 173 down-regulated (Fig. 4C-D). RNA-
seq reliability was corroborated by RT-qPCR, which
showed consistent expression patterns for selected genes
(Fig. 4E). Among the screened DEGs, 17 genes were
closely related to lipogenesis, including FABP4, CD36,
ELOVL2 and FADS2B (Fig. 4C and F). PPI network
analysis revealed that FABP4 directly interacted with
CD36 and ELOVL2 (Fig. 4G). GO enrichment analysis
revealed significant enrichment of DEGs in biological
processes associated with fat formation, including fatty
acid metabolic process (GO:0006631), unsaturated fatty
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Fig. 2 The regulatory effect of different concentrations of RA on the proliferation of IMAs. (A) Representative images show EdU (red) and Hoechst 33,342
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acid metabolic process (GO:0033559) and fat cell differ-
entiation (GO:0045444) (P<0.05, Fig. 4H). Furthermore,
KEGG enrichment analysis revealed that the DEGs were
significantly associated with adipogenesis-related path-
ways, including adipocytes lipolysis regulation (ko04923),
PPAR signaling pathway (ko03320), and calcium signal-
ing pathway (ko04020) (P <0.05, Fig. 4I).

Screening for DEMs and its functional analysis

Non-targeted metabonomic profiling of RA-treated
IMAs was performed to investigate the mechanism vita-
min A-mediated metabolites in the regulation of IMF
formation. Multivariate statistical analysis, including
OPLS-DA, validated model robustness (Fig. S2). Differ-
ential expression analysis identified 262 DEMs, with 128
in POS mode (91 up-regulated and 37 down-regulated)

and 134 in NEG mode (32 up-regulated and 102 down-
regulated) (Fig. 5A-C). Heatmap visualization highlighted
17 metabolites exhibiting significant associatlONS with
lipogenesis, including M285T85_NEG (Androstendione),
M465T28 2 _NEG (Cholesteryl sulfate), M349T27_2_
NEG (Tetrahydrocorticosterone), M362T126_1_POS
(D-erythro-sphingosine-1-phosphate), M302T66_POS
(Pro-Trp), M444T38_POS (Psychosine), and others
DEMs (P<0.05, Fig. 5D-E). KEGG pathway enrichment
analysis of POS mode DEMs revealed significant enrich-
ment in adipogenesis-associated pathways, including
sphingolipid metabolism (ko00600), glycophorophos-
pholipid metabolism (ko00564), steroid hormone bio-
synthesis (ko00140) and fatty acid metabolism (ko01212)
(Fig. 5F). NEG mode DEMs predominantly mapped to
steroid hormone biosynthesis (ko00140), biosynthesis of
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unsaturated fatty acids (ko01040), and fatty acid biosyn-
thesis (ko00061) (Fig. 5G). These findings suggested that
vitamin A modulates multiple metabolic pathways to reg-
ulate IMF formation.

Integrated analysis of transcriptomic and metabolomic
data

To further identify key DEGs and metabolites influenc-
ing adipogenesis, three analytical model were employed
to jointly analyze transcriptomic and metabolomic data.
Cross-omics analysis revealed co-enriched of DEGs
and DEMs in multiple adipogenesis-related pathways,
including the calcium signaling pathway (ko04020),

biosynthesis of unsaturated fatty acids (ko01040), insulin
resistance (ko04931), fatty acid metabolism (ko01212),
glycerophospholipid metabolism (ko00564), and steroid
hormone biosynthesis (ko00140)(Table S4). The top 10
DEMs and DEGs with significant loading values were
presented in Fig. 6A. Multivariate integration of DEGs
and DEMs, weighted by squared loading values, identi-
fied 25 hub features for network mapping. This analysis
demonstrated strong associations between metabolites
(e.g, M532T30_POS, M891T348 NEG, acetildenafil)
and adipogenesis-linked genes, with PTPRN2, EBF2, and
KIAA2012 exhibiting the strongest correlations. Notably,
EBF2 emerged as a pivotal transcriptional regulator of
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adipogenic differentiation (Fig. 6B, Supplementary Table
S5).

Furthermore, heatmap and network diagram analyses
identified significant correlations between adipogene-
sis-associated genes and metabolites (P< 0.05, Table S6,
Fig. 6C-D). Specifically, the adipogenic marker FABP4
(ENSBTAG00000037526) was significantly correlated
with M362T126_1_POS (D-erythro-sphingosine-1-phos-
phate) and M400T78_POS (L-palmitoylcarnitine). The

CD36 (ENSBTAGO00000017866) was significantly asso-
ciated with M444T38_POS (4-androsten-17p-ol-3-one
glucosiduronate), M362T126_1_POS (D-erythro-sphin-
gosine-1-phosphate), M465T462_POS (4-androsten-
17B-ol-3-one glucosiduronate), M400T78_POS
(L-palmitoylcarnitine) and M465T28 2 _NEG (Choles-
teryl sulfate). Similarly, LRP1 (ENSBTAG00000010830)
was significantly associated with M444T38_POS
(4-androsten-17(3-ol-3-one glucosiduronate),
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M362T126_1 POS (D-erythro-sphingosine-1-phos-
phate) and M465T28_2_NEG (Cholesteryl sulfate). CAV1
(ENSBTAG00000017869) was also significantly associ-
ated with M444T38_POS (4-androsten-17B-ol-3-one
glucosiduronate), M362T126_1_POS (D-erythro-sphin-
gosine-1-phosphate) and M465T28_2_NEG (Cholesteryl
sulfate). Integrative multi-model analysis prioritized
FABPA, CD36, EBF2, LRP1 and CAV1 as central media-
tors of vitamin A’s adipogenic regulation.

FABP4 functions as a primary target gene of RA in
mediating IMF formation regulation

To identify moleculer targets mediating vitamin A’s
regulation of IMF formation in cattle, transcriptomic
and metabonomic datasets were integrated through
interaction network analysis. A coordinated regula-
tory axis emerged between lipogenesis-associated DEGs
and DEMs, revealing a multi-layered network govern-
ing adipogenic processes (Fig. 7A). Network analysis
identified FABP4 as a central hub, functionally linked to
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the lipid metabolite behenic acid and transcriptionally
regulated by EBF2 (Fig. 7B). Temporal expression profil-
ing confirmed FABP4’s progressive upregulation during
IMAs differentiation, with significant increases observed
at days 2, 4, and 6 (Fig. 7C; P < 0.01). These integrative
analyses establish FABP4 as a pivotal mediator of vitamin
A-driven adipogenesis in bovine.

Vitamin a mediates FABP4 to positive regulate the
formation of IMF

This study synthesized siRNA (FABP4-118, FABP4-
405, and FABP4-254) targeting FABP4 to investigate the
mechanism by which RA-regulated FABP4 influences
IMF production. Subsequently, FABP4-405, the most

effective siRNA for bovine FABP4 in terms of interfer-
ence efficiency, was employed in further functional
studies (Fig. S3). Finding from RT-qPCR and WB analy-
ses indicated a significant reduction in FABP4 in IMAs
following interference, while a substantial increase in
FABP4 expression was observed following the addition of
RA (P<0.01, Fig. 8A and L, Fig. S1). Lipid droplets stain-
ing revealed a significant reduction in lipid droplet accu-
mulation in si-FABP4 IMAs compared to the NC group,
whereas RA treatment in si-FABP4 IMAs reinstated lipid
droplet accumulation (Fig. 8B-H). TG quantification
confirmed this phenotype, showing 57.76% lipid deple-
tion in FABP4-knockdown cells (P<0.01 vs. NC) that
was recovered to the basic level after RA intervention
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(Fig. 8I). The RT-qPCR analysis demonstrated a 39.0%
reduction in PPARy and 28.52% decrease in LPL tran-
script levels in FABP4-silenced IMAs versus controls
(P<0.01; Fig. 8J-K). RA intervention not only reversed
transcriptional suppression but elevated PPARy/LPL
expression to supraphysiological levels (1.58-fold and
1.67-fold above baseline, respectively; P<0.01). The WB
quantification corroborated these findings, demonstrat-
ing parallel depletion (49.07% reduction) and subse-
quent RA-induced recovery of PPARY protein abundance
(P<0.01; Fig. 8L, Fig. S1). These findings establish that
vitamin A governs bovine IMF deposition via RA-depen-
dent modulation of the FABP4 signaling axis (Fig. 9).

Discussion

IMF content serves as a critical determinant of meat
quality [21], governed by IMAs proliferation and differ-
entiation [22]. Notably, research indicates that vitamin
A supplementation enhances IMF deposition in calves
while maintaining systemic adiposity homeostasis [10].
After being ingested by the body, vitamin A is absorbed
mainly in the form of retinol in the small intestine, com-
bined with chylous particles, and enters the blood cir-
culation through the lymphatic system [23]. A part of

retinol will be transported to the liver, where it will com-
bine with retinol binding protein to form a complex for
transportation to various parts of the body [23]. Retinol
is first oxidized to retinol aldehyde by retinol oxidase
in cells [24, 25]. It is further catalyzed by retinaldehyde
dehydrogenase to form RA [24]. The process is irrevers-
ible. As an active form of vitamin A, RA regulates gene
expression by combining with its receptors RAR and
RXR, thus affecting the growth and differentiation of
cells and maintaining the normal function of tissues [26].
Elucidating the role of RA in regulating fat formation in
cattle and its underlying molecular mechanisms is crucial
for improving meat quality.

Existing investigations of vitamin A-mediated lipo-
genesis regulation have predominantly examined two
paradigms: systemic administration of retinoids to mod-
ulate fat deposition in vivo [10, 27], and RA-mediated
adipocytes differentiation in vitro [10, 28, 29]. Notably,
the impact of vitamin A on IMF formation and deposi-
tion differs between calves and adult cattle, with varying
effects depending on dosage and developmental stage.
For example, vitamin A supplementation (6,000 IU) can
inhibit IMAs proliferation and marbling in adult cattle
[7], while supplementation in fetal and juvenile calves
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transfected with NC and si-FABP4, with or without RA treatment. (M) Protein expression of FABP4 and PPARy in IMAs transfected with NC or si-FABP4, with

or without RA treatment

(<250 days postnatal) promote IMAs proliferation [30].
Furthermore, a previous study has shown that injecting
300,000 IU vitamin A into newborn calves can increase
IMF deposition by upregulating the lipogenic regulator
ZFP423, without affecting PPARy and C/EBPa expres-
sion [27]. A separate neonatal bovine model receiving
150,000 IU vitamin A increaseed the production of fat
progenitor cells in skeletal muscle, accompanied by coor-
dinated induction of ZFP423 and PPARy [10]. In vitro

research reveal RA enhances IMF formation via VEGFA/
VEGER2 signaling pathway while suppressing PPARy and
C/EBPa expression during the terminal phase of adipo-
genesis. Additionally, physiological concentrations of RA
have been shown to have no effect on porcine IMAs dif-
ferentiation [31], whereas pharmacological concentra-
tion exhibit an anti-adipogenic effect, inhibiting IMAs
differentiation. The variability in experimental outcomes
in previous studies may be attributed to differences in
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Fig. 9 Proposed model illustrating the regulation of lipogenesis in cattle by Vitamin A through FABP4. Within physiological systems, vitamin A is en-
zymatically oxidized by alcohol dehydrogenase and aldehyde dehydrogenase to generate RA. RA binds to RAR and RXR, forming heterodimers that
transcriptionally regulate ZFP423, a master adipogenic determinant. ZFP423 directly governs EBF2 expression, which in turn activates FABP4 via behenic
acid-mediated signaling cascades. FABP4 upregulates lipid metabolism and lipogenesis markers, thereby driving IMAs differentiation. Concurrently, RA
accelerates G1/S phase progression in IMAs by elevating CDK2 and PCNA expression, enhancing mitotic activity. These dual regulatory axes-differentiation
via FABP4 and proliferation via CDK2/PCNA—collectively establish RA as a critical modulator of bovine IMF deposition. Solid lines represent established
mechanisms, while dotted lines indicate potential or unknown interactions

vitamin A concentration, the stage of IMAs prolifera-
tion and differentiation, and the species of preadipocytes
used. This study demonstrate that treatment with 107°
mol/L RA increases the proliferation and differentiation
of IMAs, contributing to the existing body of knowledge
and providing novel insights that could be leveraged in
future mechanistic investigations.

To delineate vitamin A’s molecular regulation of adipo-
genesis, transcriptomic and metabolomic profiling was
conducted on IMAs treated with 0 or 10~® mol/L RA at
differentiation day 6. Transcriptomic analysis identi-
fied 344 DEGs, including 18 lipogenesis-associated tar-
gets, such as FABP4, CD36, ELOVL2, EBF2, LRP1 and
CAV1. FABP4 is crucial for lipogenesis regulation and
lipid metabolism control [32]. It can promote adipo-
cyte hypertrophy by binding free fatty acids, leading to
increased lipid accumulation and release of free fatty
acids and other fat-derived factors [33]. Its dual role in

fatty acid uptake [34] and PPARy-dependent transcrip-
tional activation underscores its necessity for adipo-
genesis [32, 34, 35]. CD36, an insulin resistance-linked
receptor modulates PPARy-driven lipogenesis programs
[36, 37], while ELOVL2 amplifies lipid synthesis through
FABP4 and DEGT?2 induction [38]. EBF2, regulated by
FABP4 and ZFP423, further fine-tunes PPARy activ-
ity [39, 40]. Metabolomic profiling revealed RA-induced
alterations in metabolites implicated in fatty acid bio-
synthesis, metabolism, and insulin resistance, including
cholesteryl sulfate, D-erythro-sphosphorite-1-phosphate,
psychosine, 4-androsten-17f3-ol-3-one glucosiduronate
and L-palmitoylcystine [41-44]. LRP1 emerged as a dual
regulator of lipolysis and PPARy coactivation, modu-
lating cholesterol homeostasis via ACC targeting and
Wnt5a signal pathway [45, 46]. CAVl,a caveolae scaf-
fold protein, suppressed fatty acid oxidation by enhanc-
ing SREBP1 expression [47—49]. Importantly, integrated
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transcriptomic and metabonomic analyses once again
confirmed the central regulatory roles of FABP4, CD36,
EBF2,1RP1 and CAV1 in RA-mediated bovine adipogen-
esis. And, we found that FABP4 can be directly or indi-
rectly associated with CD36, EBF2, LRP1 and CAV1, and
it plays a core role in this network (Fig. 7). In addition,
molecular experiments also found that RA can regulate
the expression of lipogenesis markers by affecting the
expression of FABP4, and then positively regulate the
lipogenesis of cattle.

Integrated transcriptome and metabolomic analysis
identified that RA-affected DEGs and metabolites were
enriched in the calcium signaling pathway (ko04020),
unsaturated fatty acid biosynthesis (ko04020), biosyn-
thesis of unsaturated fatty acids (ko01040), insulin resis-
tance (ko04931), and fatty acid metabolism (ko01212).
Calcium signaling, a pivotal regulator of adipocyte dif-
ferentiation and lipid metabolism [50], exerts pleiotropic
effects through Ca®-dependent modulation of cellu-
lar proliferation, differentiation, and apoptosis [51, 52].
Elevated extracellular Ca®* concentrations (>5 mmol/L)
suppress preadipocyte differentiation [51], while dietary
calcium supplementation reduces adiposity and enhances
weight loss independent of caloric intake [53]. Further-
more, RA-driven perturbations in unsaturated fatty acids
biosynthesis [54], insulin resistance [55], and fatty acid
metabolism [56] further implicate these pathways in IMF
production and deposition. This suggests that RA may
significantly influence these metabolic pathways related
to fatty acid biosynthesis and metabolism, contributing
to its effects on IMF production.

Conclusion

In summary, this study establishes that vitamin A poten-
tiates IMF formation through its bioactive metabolite
RA, which transcriptionally activates FABP4 to orches-
trate lipogenic marker expression, driving adipocyte dif-
ferentiation and lipid droplet deposition. However, the
precise molecular network formed by RA regulating
IMF through FABP4 needs to be further investigated,
and these findings need to be verified at the in vivo level.
Future research dissecting this network may reveal new
molecular targets to improve cattle meat quality.
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