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Abstract
Vitamin A is a key factor influencing lipid metabolism in animal tissues. This
review summarizes the effects of vitamin A on animal lipid metabolism and elu-
cidates its potential mechanisms of action from the perspectives of expression of
lipid metabolism-related genes and their signaling pathways, adipocyte number,
adipocytokine secretion, and participation in epigenetic modifications, thereby
providing a theoretical foundation for further investigation into the mechanisms
by which vitamin A influences animal lipid metabolism and for the regulation
of animal fat metabolism through vitamin A.
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Abstract: Vitamin A is a key regulator influencing lipid metabolism in animal
tissues. This review synthesizes current knowledge on the effects of vitamin
A on animal lipid metabolism and explores the underlying mechanisms from
multiple perspectives: regulation of lipid metabolism-related gene expression
and signaling pathways, control of adipocyte number, modulation of adipocy-
tokine secretion, and involvement in epigenetic modifications. This comprehen-
sive overview provides a theoretical foundation for further investigation into
vitamin A’s regulatory mechanisms and for developing strategies to modulate
animal lipid metabolism through vitamin A supplementation.
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1. Effects of Vitamin A on Fat Synthesis in Animals

Recent studies have demonstrated that vitamin A generally inhibits fat synthe-
sis in animals, suggesting that obesity resulting from excessive fat accumula-
tion may be physiologically linked to vitamin A nutritional status. Ayuso et
al. [1] found that vitamin A restriction increased monounsaturated fatty acid
content in porcine backfat, leg fat, and intramuscular fat while decreasing sat-
urated fatty acids and n-6/n-3 polyunsaturated fatty acid (PUFA) ratios. Pigs
subjected to long-term vitamin A restriction showed higher intramuscular fat
content in the semimembranosus muscle compared to control groups and those
with late-finishing vitamin A restriction. In adult mice, supplementation with
all-trans retinoic acid (ATRA) at various doses and through different adminis-
tration methods reduced body weight and fat synthesis while improving glucose
tolerance and insulin sensitivity [2]. In vivo experiments revealed that mice
lacking retinaldehyde dehydrogenase 1 were resistant to diet-induced obesity,
and treatment with retinaldehyde or retinaldehyde dehydrogenase inhibitors re-
duced fat mass while increasing insulin sensitivity in ob/ob mice, indicating
that retinaldehyde, a precursor of retinoic acid, also possesses anti-adipogenic
properties [3]. Notably, ATRA-induced weight loss and fat reduction occurred
despite unchanged or even increased energy intake, accompanied by elevated
body temperature and increased circulating glycerol concentrations, while free
fatty acid levels remained constant [4]. These findings suggest that ATRA’s anti-
obesity effects stem from enhanced fat mobilization and efficient oxidation of
lipolysis-derived fatty acids, thereby increasing energy expenditure. The impact
of dietary vitamin A on fat synthesis also appears stage-dependent: long-term
oral 𝛽-carotene supplementation in young ferrets increased body weight and
subcutaneous fat mass [5], whereas short-term ATRA treatment in adulthood
showed a tendency to reduce obesity [6].

However, contradictory findings have also been reported. Yehya et al. [7] ob-
served that excessive vitamin A intake in humans caused hypertriglyceridemia
and elevated serum low-density lipoprotein levels. Studies in rodents demon-
strated that high doses of retinol or vitamin A palmitate induced hepatic accu-
mulation of fatty acids and triglycerides while enhancing hepatic fatty acid oxi-
dation, whereas vitamin A deficiency reduced serum triglycerides, high-density
lipoprotein, and body fat content [8]. Some reports suggest that vitamin A
promotes fat synthesis more strongly than fat oxidation, leading to hepatic fat
accumulation [9].

2.1. Effects on Hepatic Lipid Metabolism

The liver plays a crucial role in maintaining lipid metabolism homeostasis as a
primary site for de novo fatty acid synthesis, converting excess dietary carbo-
hydrates into fatty acids. Research indicates that vitamin A and retinoids can
promote fatty acid oxidation or inhibit fat synthesis in the liver. Vitamin A
supplementation enhances expression of genes encoding enzymes involved in mi-
tochondrial and peroxisomal 𝛽-oxidation, thereby increasing hepatic fatty acid
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oxidation [10]. Conversely, other studies report that vitamin A deficiency in
rats reduces fat synthesis due to decreased activity and gene expression of acetyl-
CoA carboxylase (ACC), the rate-limiting enzyme in fatty acid synthesis. Since
ACC inhibits carnitine palmitoyltransferase-1 (CPT-1), vitamin A deficiency
increases hepatic mitochondrial CPT-1 activity and gene expression, enhancing
fatty acid oxidation by 30% [11]. Some studies attribute retinoid-induced hyper-
triglyceridemia to increased hepatic triglyceride synthesis and secretion rather
than enhanced fat mobilization [12].

2.2. Effects on Lipid Metabolism in Adipose Tissue

Mammalian adipose tissue comprises two distinct types: white adipose tissue
(WAT) with low oxidative capacity that primarily stores energy, and brown
adipose tissue (BAT) with high oxidative capacity that generates ATP through
fatty acid oxidation. Uncoupling protein 1 (UCP1) serves as the molecular ef-
fector of BAT thermogenesis. Both in vitro brown adipocyte cultures and in
vivo rodent studies demonstrate that vitamin A promotes UCP1 expression, re-
ducing both lipid content and brown adipocyte mass [13]. Rodent feeding trials
confirm that vitamin A regulates BAT thermogenesis, as vitamin A-deficient
diets decrease thermogenic capacity while vitamin A supplementation increases
heat production [14].

In vivo studies in mice show that ATRA reduces body fat by promoting fatty
acid oxidation and energy expenditure while inhibiting fat synthesis in WAT.
Brown adipocytes exhibit three characteristic features: high oxidative capacity,
efficient UCP1 expression, and multilocular lipid distribution. ATRA treatment
induces morphological changes in WAT adipocytes, including reduced cell size
and increased multilocular adipocyte numbers, suggesting ATRA can promote
“browning”of white fat. In vitro treatment of differentiated mature adipocytes
(3T3-L1 or 3T3-F442A) with ATRA enhances lipolysis and fatty acid oxidation
while reducing triglyceride concentrations [4].

2.3. Effects on Lipid Metabolism in Skeletal Muscle

Skeletal muscle possesses high oxidative capacity and represents a major organ
for fatty acid metabolism. Muscle cells can store intramuscular fat, synthe-
size triglycerides, and perform de novo fatty acid synthesis. Accumulation of
intramuscular fat, particularly bioactive lipid intermediates such as long-chain
acyl-CoA, diacylglycerol, and ceramide, impairs skeletal muscle oxidative capac-
ity and insulin sensitivity, contributing to type II diabetes in mammals. Studies
show that ATRA treatment in mice enhances fatty acid oxidation, respiration,
and thermogenesis in skeletal muscle, inducing expression of numerous genes
related to oxidative metabolism and reducing intracellular fat content [14].
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3.1. Regulation of Lipid Metabolism-Related Gene Expression via
Transcription Factors

In the liver, liver X receptor (LXR) 𝛼, a transcription factor regulating fat
synthesis, exerts dual promotional effects on lipogenic genes such as fatty acid
synthase (FAS) because the FAS promoter contains binding sites for both LXR
and sterol regulatory element-binding protein-1c (SREBP-1c), which is itself in-
duced by LXR𝛼 [15]. Peroxisome proliferator-activated receptors (PPARs) are
lipid-activated transcription factors belonging to the nuclear receptor superfam-
ily, with three isoforms (𝛼, 𝛽, 𝛾). PPAR𝛾 specifically induces adipocyte differ-
entiation and plays a crucial role in adipogenesis, while PPAR𝛼 is the primary
transcription factor regulating hepatic fatty acid catabolism, controlling expres-
sion of genes encoding proteins involved in fatty acid oxidation in peroxisomes,
mitochondria, and microsomes. Vitamin A deficiency reduces PPAR𝛼 transcrip-
tion, decreasing expression of genes for acyl-CoA ligase, CPT-1, medium-chain
acyl-CoA dehydrogenase, 3-ketoacyl-CoA thiolase, citrate synthase, acyl-CoA
oxidase 1, and peroxisomal thiolase, while increasing hepatic triglyceride syn-
thesis and fat accumulation. Concurrently, reduced 𝛽-oxidation in vitamin
A-deficient rat livers leads to increased polyunsaturated fatty acids including
linoleic acid, linolenic acid, arachidonic acid, and docosahexaenoic acid [16], in-
dicating that vitamin A regulates fatty acid composition. PPAR𝛼 activation
can downregulate lipogenic gene expression by inhibiting the LXR-SREBP-1c
pathway, while LXR activation suppresses PPAR𝛼-induced fatty acid oxidation
[17]. PPAR𝛽/𝛿 plays similar roles in skeletal muscle as PPAR𝛼, and ATRA
exhibits high affinity for PPAR𝛽/𝛿, enhancing its transcriptional activity [18].
PPAR𝛽/𝛿 activation promotes fat breakdown in skeletal muscle, slows obesity
development in WAT, and improves insulin sensitivity in obesity-prone mice
[19].

The CCAAT/enhancer-binding protein (C/EBP) family was the first transcrip-
tion factor family demonstrated to play important roles in adipocyte differentia-
tion, expressed temporally during adipogenesis. Growth-arrested preadipocytes
3T3-L1, when induced by adipogenic hormones (such as cAMP inducers and
glucocorticoids), cease proliferation and initiate differentiation. During this
process, C/EBP𝛽 expression transiently increases in early differentiation, fol-
lowed by transcriptional activation of C/EBP𝛼 and PPAR𝛾 accompanied by ex-
pression of adipocyte-specific genes such as 422/aP2 and phosphoenolpyruvate
carboxykinase (PEPCK) [20]. Studies show that ATRA inhibits adipogenesis
by reducing C/EBP transcription factor activity, and interfering with C/EBPs
is a prerequisite for ATRA’s anti-adipogenic effects [21].

3.2. Regulation of Lipid Metabolism-Related Gene Expression via
Signaling Pathways

Vitamin A also influences fat metabolism through multiple signaling pathways.
Retinoic acid receptors (RARs) bind ATRA and 9-cis-retinoic acid with high
affinity in vitro, while retinoid X receptors (RXRs) specifically bind 9-cis-retinoic

chinarxiv.org/items/chinaxiv-201711.00914 Machine Translation

https://chinarxiv.org/items/chinaxiv-201711.00914


acid. RAR:RXR heterodimers regulate transcription of retinoic acid target
genes by binding to specific retinoic acid response elements in their promot-
ers. RAR-dependent signaling pathways may transcriptionally regulate protein-
coding genes involved in lipid metabolism, including PEPCK [22], stearoyl-CoA
desaturase (SCD) [23], UCP1 [13], and medium-chain acyl-CoA dehydrogenase
[24]. Both in vivo and cellular studies demonstrate upregulation of these genes
by retinoids. ATRA, RAR agonists, and PPAR𝛽/𝛼-specific agonists can induce
expression of hormone-sensitive lipase (HSL), the rate-limiting enzyme in lipol-
ysis, suggesting HSL may be a RAR target. The intracellular distribution of
ATRA between RARs and PPAR𝛽/𝛿 depends on relative expression levels of cel-
lular retinoic acid-binding protein II (CRABP-II) and fatty acid-binding protein
5 (FABP5), which deliver ATRA to RARs and PPAR𝛽/𝛿 respectively, thereby
determining ATRA’s biological effects. RXR target gene apolipoprotein C-III
(Apo C-III) is crucial for plasma triglyceride metabolism. ATRA promotes Apo
C-III expression through RXR pathways, which inhibits lipoprotein lipase gene
expression [25] and causes weight gain and increased plasma triglyceride concen-
trations. Taniguchi et al. [26] reported that vitamin A reduces transcription of
genes related to intramuscular fat formation in bovine preadipocytes through
RAR and RXR pathways. The net effect of vitamin A on fat metabolism
likely depends on the balance of activation among PPAR:RXR, RAR:RXR, and
LXR:RXR heterodimers.

The Janus kinase (JAK)-signal transducer and activator of transcription (STAT)
pathway is an important intracellular signaling cascade that transduces lipid
metabolism-related signals to maintain homeostasis. STATs, including STAT
1-4, 5A, 5B, and 6, are the primary transcription factors in the JAK-STAT
pathway and exhibit cell- and tissue-specific functions. Vitamin A, when bound
to retinol-binding protein 4 (RBP4), can activate membrane protein STRA6,
subsequently activating the JAK2-STAT5 signaling pathway and promoting ex-
pression of STAT5 target genes including suppressor of cytokine signaling 3
(SOCS3) and PPAR𝛾. Since SOCS3 inhibits insulin receptors, this pathway
suppresses insulin signaling and promotes fat synthesis [27]. Kang et al. [28]
demonstrated that increased plasma RBP4 concentrations reduce insulin sensi-
tivity in mice, while RBP4 knockout improves insulin sensitivity, both effects
related to JAK2-STAT5 pathway activation.

The p38 mitogen-activated protein kinase (p38 MAPK) is a member of the
MAPK signaling family. ATRA can rapidly activate p38 MAPK in various
cell types. p38 MAPK inhibits hepatic fat synthesis by downregulating tran-
scription of SREBP-1c and its coactivator PGC-1𝛽 [29], and promotes fatty
acid 𝛽-oxidation and energy metabolism by catalyzing phosphorylation and ac-
tivation of PPAR𝛼 and PGC-1𝛼 [30]. AMP-activated protein kinase (AMPK)
acts as an energy sensor regulating lipid metabolism. ATRA treatment induces
phosphorylation of acetyl-CoA carboxylase (ACC), an AMPK target, in skele-
tal muscle cells, downregulating ACC expression and reducing malonyl-CoA
concentrations, thereby stimulating fatty acid breakdown and inhibiting syn-
thesis. Thus, retinoic acid, particularly ATRA, may influence fat metabolism
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in skeletal muscle and other tissues including liver through activation of the
AMPK-p38 MAPK pathway, though the precise regulatory mechanisms remain
unclear and require further investigation.

3.3. Regulation of Adipocyte Number

Adipocyte number is a primary determinant of total body fat, and retinoids
regulate fat synthesis by controlling adipocyte number through effects on adi-
pogenesis and preadipocyte proliferation. The Wnt/𝛽-catenin signaling pathway
maintains preadipocytes in an undifferentiated state and inhibits adipogenesis.
Recent studies show that treating 3T3-L1 cells with 1 �mol/L ATRA for 1-2
days did not significantly alter 𝛽-catenin mRNA levels by semi-quantitative
PCR, indicating ATRA does not directly upregulate 𝛽-catenin at the transcrip-
tional level. However, Western blot analysis revealed that while ATRA did not
markedly change expression of the Wnt/𝛽-catenin negative regulator glycogen
synthase kinase 3𝛽 (GSK3𝛽), it could phosphorylate GSK3𝛽 by activating the
phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway, thereby prevent-
ing 𝛽-catenin degradation and ultimately activating Wnt/𝛽-catenin signaling
to affect fat synthesis [31]. Kim et al. [32] demonstrated that ATRA inhibits
3T3-L1 preadipocyte differentiation through 𝛽-catenin transcriptional activa-
tion, thereby affecting fat synthesis. Other studies indicate that Wnt5𝛼 inhibits
adipocyte differentiation and suppresses PPAR𝛾 function by regulating histone
methyltransferases [33]. However, some results show that retinoic acid signaling
can inhibit Wnt/𝛽-catenin activity or have no significant effect [34]; these in-
consistencies may be attributed to differences in retinoic acid dosage, cell type,
and differentiation stage.

Bone morphogenetic proteins (BMPs) can induce stem cells or preadipocytes to
differentiate into osteoblasts or mature adipocytes. Retinoic acid promotes os-
teogenic differentiation through the BMP2-Smad-Runx2/Msx2 pathway while
inhibiting BMP2-induced adipocyte differentiation by suppressing expression
of the key adipogenic transcription factors PPAR𝛾, C/EBP𝛼, and C/EBP𝛿,
thereby reducing adipocyte number [35]. Liu [31] reported that ATRA en-
hances BMP9’s osteogenic activity while inhibiting its adipogenic differenti-
ation in preadipocytes, decreasing adipocyte number. Retinoic acid-dependent
pathways also induce Smad3 expression and nuclear accumulation, which phys-
ically interacts with C/EBP𝛽 to impair its binding to downstream target gene
promoters and inhibit fat synthesis [36].

3.4. Regulation of Adipocytokine Secretion via Signaling Pathways

White adipose tissue secretes signaling factors that regulate energy balance,
insulin sensitivity, and other physiological functions, produced by adipocytes
themselves or stromal vascular cells. Vitamin A supplementation reduces body
weight and fat synthesis in animals, likely by affecting adipocyte secretory func-
tion. Resistin and leptin exert paracrine effects in WAT, resisting insulin signals
and promoting fat synthesis within adipose tissue [37]. ATRA treatment in vivo
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or in adipocyte models inhibits secretion of leptin and resistin [2,38], possibly
because retinoic acid suppresses C/EBP activity while activating PPAR𝛾:RXR
heterodimers, and leptin and resistin gene expression are positively regulated
by C/EBP𝛼 and negatively regulated by PPAR𝛾 [39].

3.5. Involvement in Epigenetic Modification of Adipogenesis

Some studies suggest vitamin A promotes fat synthesis through epigenetic mod-
ifications, which include DNA methylation, histone acetylation and methyla-
tion, and RNA-associated silencing. Zinc finger protein 423 (Zfp423) is a key
transcription factor in progenitor cells that promotes adipogenesis by inducing
PPAR𝛾 expression and driving differentiation into adipocytes. Huang et al. [40]
demonstrated Zfp423’s important role in bovine fat synthesis. Polycomb re-
pression complexes (PRCs) primarily suppress target gene expression through
histone methylation. PRC2 can bind to CpG sites in the Zfp423 gene promoter,
causing histone methylation within the promoter region. In the presence of vita-
min A, PRC2 rapidly dissociates from the Zfp423 promoter, leading to histone
demethylation and Zfp423 expression, thereby promoting fat synthesis [41].

4. Summary and Future Perspectives

In summary, vitamin A generally inhibits fat synthesis while promoting fat
mobilization and oxidation of lipolysis-derived fatty acids in animals. Current
research has analyzed vitamin A’s regulatory mechanisms primarily through
transcription factors and signaling pathways controlling fat synthesis and oxida-
tion, adipocyte number, adipocytokine secretion, and epigenetic modifications.
However, the effects of vitamin A on animal lipid metabolism remain inconsis-
tent, the mechanisms are highly complex, and tissue-specific differences exist.
Therefore, further in-depth research should focus on elucidating vitamin A’s
mechanisms of action in different tissues to better understand its role in animal
lipid metabolism.
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