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Abstract
Background  Intramuscular fat refers to the white adipose tissue deposited between muscle fibers, and its quantity 
and distribution directly impact the quality and value of beef. Compared to subcutaneous fat, intramuscular fat 
develops later and accumulates more slowly in cattle. The reasons for the delayed development and slower growth of 
intramuscular fat in cattle remain unclear.

Results  Histological analysis showed that adipocytes in intramuscular fat were smaller than those in subcutaneous 
fat from the same mature cattle, indicating a delayed development or slower growth of intramuscular fat compared 
to subcutaneous fat. Intramuscular fat had a lower capacity for retaining or incorporating long-chain fatty acids into 
triglycerides than subcutaneous fat. Comparing the transcriptomes of intramuscular and subcutaneous fat by RNA 
sequencing identified more than 1,000 genes differentially expressed (DEGs) between the two adipose depots. Genes 
upregulated in intramuscular fat included FOXO6, SLC27A1, HDAC9, WWTR1, and PIK3C2A, which are known to inhibit 
adipose tissue development and growth. Genes downregulated in intramuscular fat included FABP4, AGPAT2, ADIG, 
ADIRF, and PLIN2, which are known to promote adipose tissue development and growth. Functional enrichment 
analyses of these DEGs suggested that intramuscular fat may have a lower capacity for fatty acid binding and 
adipogenesis compared to subcutaneous fat. Furthermore, genes downregulated in intramuscular fat were enriched 
in signaling pathways such as the PPAR signaling pathway, whereas genes upregulated in intramuscular fat were 
enriched in pathways including the Wnt signaling pathway. Stromal vascular fraction (SVF) cells from intramuscular fat 
exhibited a lower adipogenic potential than those from subcutaneous fat.

Conclusions  Multiple factors may contribute to the delayed and slower deposition of intramuscular fat compared to 
subcutaneous fat in cattle, including reduced fatty acid binding capacity, lower triglyceride synthesis, and decreased 
adipogenesis in intramuscular fat. These differences are possibly driven by lower expressions of genes such as AGPAT2, 
FABP4, and ADIG, higher expression of genes such as FOXO6, HDAC9, and SLC27A1, reduced activation of the PPAR 
signaling pathway, and increased activation of the Wnt signaling pathway in intramuscular fat.
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Background
White adipose tissue plays an important role in regulating 
energy homeostasis, storing lipids through lipogenesis 
during energy surplus and releasing lipids through lipoly-
sis during energy deficiency [1]. Intramuscular fat (IMF) 
and subcutaneous fat (SF) in cattle are defined as white 
adipose tissue deposited between the skeletal muscle 
fibers and beneath the skin, respectively [2]. The deposi-
tion of IMF in cattle, also known as marbling, determines 
the flavor, juiciness, tenderness, and hence the overall 
quality of beef, and is thus regarded as a highly valuable 
fat by the meat industry. In contrast, SF is considered less 
valuable than IMF due to its limited contribution to meat 
quality [3]. Compared to subcutaneous fat, intramuscular 
fat develops later and grows more slowly in cattle [4–8]. 
As such, feeding energy-rich diets during the finishing 
stage is a common method to increase IMF deposition in 
cattle and hence the quality and value of beef [9]. How-
ever, creating a calorie surplus also increases the depo-
sition of SF and other fat depots. A strategy to enhance 
IMF deposition without increasing the deposition of SF 
or other less-valuable fat depots in cattle would be more 
attractive than feeding cattle energy-rich diets. Devel-
oping such a strategy requires a better understanding of 
why IMF develops later and grows more slowly than SF 
or other fat depots in cattle.

Adipocytes are formed from adipose progenitor cells 
(APCs) or mesenchymal stem cells (MSCs) [10]. Adipo-
genesis involves the sequential steps of commitment of 
APCs or MSCs to preadipocytes, proliferation of pre-
adipocytes, and terminal differentiation of preadipocytes 
into adipocytes [11, 12]. Multiple proteins control the 
adipogenic commitment in APCs, including bone mor-
phogenetic protein 2 (BMP2) and BMP4 that activate the 
SMAD family member 4 (SMAD4) transcription factor 
and subsequently induce the expression of peroxisome 
proliferator-activated receptor-gamma (PPARG) gene 
[13]. The transcription factor zinc finger protein 423 
(ZFP423) is preferentially expressed in adipogenic fibro-
blasts and sensitizes these cells to pro-adipogenic BMP 
signaling [14]. Kruppel-like factor 5 (KLF5) serves as a 
co-activator of CCAAT/enhancer-binding protein beta 
(CEBPB), which promotes the transcription of PPARG 
and CEBPA [15]. Conversely, transcription factors such 
as GATA binding protein 2 (GATA2) and GATA3 and the 
transcriptional co-repressor RUNX1 partner transcrip-
tional co-repressor 1 (RUNX1T1) inhibit adipogenesis by 
preventing PPARG transcription [16, 17]. The prolifera-
tion of preadipocytes is controlled by various hormones 
such as leptin [18], growth hormone [19], androgens, and 
estrogens [20]. The differentiation of preadipocytes into 

adipocytes is chiefly controlled by the PPARG and CEBP 
families of transcription factors [21]. The growth of adi-
pocytes is controlled by lipogenesis and lipolysis, which 
are both controlled by nutrition and hormones [22, 23].

IMF preferentially utilizes glucose as a substrate 
for fatty acid synthesis, whereas SF primarily synthe-
sizes fatty acids from acetate, which is a more abundant 
energy source than glucose in cattle and other rumi-
nants [24]. IMF exhibits a lower lipogenic rate than SF 
[25, 26], and several genes involved in fatty acid synthe-
sis are expressed at lower levels in IMF than in SF [27, 
28]. These findings suggest that the delayed and slower 
deposition of IMF compared to SF in cattle may be due 
to more limited fatty acid synthesis in IMF. Despite these 
significant findings, we hypothesized that additional 
mechanisms contribute to the delayed development and 
slower growth of IMF compared to SF in cattle. These 
mechanisms may include reduced preadipocyte prolif-
eration or differentiation, decreased fatty acid uptake, or 
lower triglyceride synthesis in IMF relative to SF. Because 
IMF is tightly associated with muscle fibers, preadipocyte 
proliferation and differentiation, fatty acid uptake, and 
triglyceride synthesis in IMF may be more restricted by 
muscle-derived factors than in SF. All these possibilities 
can be investigated by comparing gene expression pro-
files between IMF and SF and the subsequent functional 
analyses. Therefore, the primary objective of this study 
was to compare the transcriptomic profiles of IMF and 
SF in adult cattle.

Methods
Animals and sample collection
The longissimus dorsi muscle (~ 100 g) for intramus-
cular fat isolation and subcutaneous fat tissue (~ 10 g) 
were collected between the 6th and 7th ribs from fin-
ished Angus-crossbred heifers (around 18 months old) 
at slaughter. These animals were fed a high-energy diet 
composed of grain and silage to promote rapid weight 
gain and fat deposition during the 6 months prior to 
slaughter. From the muscle samples, visible IMF tissues 
were carefully dissected out from between muscle fibers 
(not from between muscle bundles), and any visible mus-
cle tissues attached to IMF were carefully removed with 
scissors. Adipose tissue samples for RNA extraction were 
immediately immersed in liquid nitrogen and stored at 
− 80 °C until further analysis. Adipose tissue samples for 
histology were fixed in 10% phosphate-buffered forma-
lin (Sigma-Aldrich, St. Louis, MO, USA). Adipose tissue 
samples for cell isolation were transported on ice in phos-
phate-buffered saline (PBS) to the laboratory for further 
processing (see below) within four hours of collection.
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Histological examination
Tissue samples were fixed in 10% formalin for 72 h and 
subsequently stored in 70% ethanol at 4 °C until further 
processing. The fixed tissue samples underwent a dehy-
dration process, transitioning through 70% ethanol for 
1 h, 80% ethanol for 1 h, 95% ethanol for 1 h (repeated 
twice), and finally, 100% ethanol for 1 h (repeated twice). 
Subsequently, the samples were treated with xylene for 
1 h (repeated twice) before being embedded in paraf-
fin. The embedded tissue blocks were sectioned into 10 
μm-thick slices using an Epredia HM 340E Electronic 
Rotary Microtome (ThermoFisher Scientific, Waltham, 
MA, USA) and subsequently stained with hematoxylin 
and eosin (H&E, Sigma-Aldrich). Briefly, tissue slides 
were first subjected to four rounds of xylene incubation 
(20 s each) for deparaffinization and then two rounds of 
100% ethanol incubation (20 s each). Subsequently, tis-
sue slides were incubated in 95% ethanol for 15 s, stained 
with H&E (15 s each), and dehydrated in the increasing 
concentrations of ethanol. Images of three randomly 
selected areas were obtained from each section with a 
Nikon ECLIPSE 80i microscope (Nikon Corporation, 
Tokyo, Japan). The areas of all adipocytes within each 
image were determined using the ImageJ program [29]. 
On average, around 2000 adipocytes were counted for 
each adipose tissue sample.

Lipid uptake and accumulation assays
Fresh intramuscular and subcutaneous adipose tissue 
samples collected from the same animals were cut into 
approximately 1 mm-thick slices in PBS. The adipose tis-
sue slices were then transferred to DMEM/F12 medium 
(ThermoFisher Scientific) containing 5 µM BODIPY 
FL C16, a fluorescently labeled palmitic acid analog 
(ThermoFisher Scientific) in a six-well culture plate. An 
inverted cell strainer was used to ensure the adipose tis-
sue explants were fully immersed in the culture medium. 
The adipose tissue explants were incubated with BODIPY 
FL C16 in a 37 °C incubator supplied with 5% CO2 for 10 
min–4 h. The 10-minute incubation was used to mea-
sure lipid uptake, based on the previous finding that the 
uptake of BODIPY fatty acids by tissue explants and cells 
stabilized within 15 min [30]. The 4-hour incubation was 
used to measure long-term accumulation of BODIPY FL 
C16 in adipose explants. Following the incubation, the 
adipose tissue explants were washed 3 times with PBS 
and homogenized in 1 mL chloroform/methanol (1:2 of 
v/v). The homogenates were centrifuged at 500 g for 10 
min. One hundred µL of the organic phase were trans-
ferred to a 96-well plate, and fluorescence was measured 
using a Tecan Infinite 200 PRO microplate reader (Tecan 
Group Ltd., Männedorf, Switzerland) at an excitation 
wavelength of 500 nm and an emission wavelength of 510 
nm. Fluorescence from each incubation was measured in 

triplicate. The fluorescence intensity measured from each 
incubation was normalized to the mass of the adipose tis-
sue used in the incubation.

RNA sequencing and bioinformatic analyses
Total RNA was extracted using the Direct-zol RNA Mini-
Prep Plus Kit (Zymo Research, Irvine, CA, USA) follow-
ing the manufacturer’s instructions. RNA concentrations 
were quantified using a NanoDrop One spectropho-
tometer (ThermoFisher Scientific, Waltham, MA, USA). 
RNA quality assessment and RNA sequencing (RNA-seq) 
library construction were performed by Novogene Cor-
poration (Sacramento, CA, USA). All ten RNA samples 
for RNA-seq had an RNA integrity number (RIN) greater 
than 7. Non-stranded RNA-seq libraries were gener-
ated using the mRNA-Seq Library Preparation V2 Kit 
(ABclonal, Woburn, MA, USA). The RNA-seq libraries 
were pooled and paired-end sequenced on an Illumina 
NovaSeq 6000 platform.

Low quality sequencing reads and reads contain-
ing adapters were removed using Trimmomatic v0.39 
[31]. Clean reads were mapped to the reference bovine 
genome Bos taurus ARS-UCD2.0 using HISTA2 [32]. 
Gffread v0.12.18 was used to convert the genomic anno-
tation files from gff to gtf format [33]. Gene expression 
quantification was performed using FeatureCounts 
(v2.0.2) [34]. Genes with less than 20 total read counts 
across all samples were removed from further analyses. 
Gene expression was calculated as transcripts per mil-
lion (TPM). Differential gene expression analysis was 
performed using DESeq2 (v1.43.1) in R [35]. Genes 
with Benjamin-Hochberg adjusted p-values < 0.05 and 
|log2fold change| ≥1 were designated as differentially 
expressed genes (DEGs). Genes upregulated in IMF com-
pared to SF were submitted to the STRING v12.0 data-
base to identify known and predicted protein-protein 
interactions (PPIs). The resulting interaction network was 
visualized and analyzed in Cytoscape [36]. The MCODE 
plugin in Cytoscape was utilized to reveal significant sub-
networks or clusters of genes within the imported net-
work. The clustering parameters used were as follows: 
degree cut-off = 2, node score cut-off = 0.2, K-score = 5, 
and maximum depth = 100. Genes specific to skeletal 
muscle were omitted from further analysis as these genes 
likely reflected the incomplete removal of skeletal muscle 
tissue from intramuscular fat. After excluding the skel-
etal muscle-specific genes from the gene list, differential 
expression analysis was performed again. Gene ontology 
(GO) and KEGG pathway analyses were performed using 
the ClusterProfiler (v4.10.0) R package [37].
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Isolation and culture of stromal vascular fraction (SVF) cells 
from adipose tissue
Subcutaneous and intramuscular adipose tissue samples 
freshly collected from the same animals were washed 
three times with PBS and then cut into pieces of approxi-
mately 1 mm³. Adipose tissue pieces were digested with 
type I collagenase (ThermoFisher Scientific) at a con-
centration of 2 mg/mL for 1 h at 37 °C. The dissoci-
ated cells were filtered through a 100 μm cell strainer, 
and the filtrates were centrifuged at 500 g for 15 min at 
room temperature. After centrifugation, the cell pel-
let was resuspended and incubated with 1× red blood 
cell lysis buffer (ThermoFisher Scientific) at room tem-
perature for 5 min to remove red blood cells. Following 
another centrifugation, the SVF cells were either cryo-
preserved or cultured in growth medium consisting of 
DMEM, 10% fetal bovine serum (FBS) (Atlanta Biologi-
cals, Lawrenceville, GA, USA), 1% antibiotics–antimy-
cotics (ABAM), and 2 mM L-glutamine (ThermoFisher 
Scientific) at 37 °C and under 5% CO2. The medium was 
changed every 3 days.

To be differentiated into adipocytes, the SVF cells were 
cultured in the growth medium for 2 more days after 
reaching confluency and then cultured for 2 days in dif-
ferentiation medium consisting of DMEM/F12, 10 µg/mL 
bovine insulin (Sigma-Aldrich), 0.25 µM dexamethasone 
(Sigma-Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine 
(IBMX, Sigma-Aldrich), and 1 µM rosiglitazone (Cay-
man Chemical, Ann Arbor, MI, USA). Subsequently, the 
cells were cultured in maintenance medium consisting of 
DMEM/F12, 10 µg/mL insulin, and 1 µM rosiglitazone 
for 4 days before Oil Red O staining or RNA extraction.

Cell proliferation assay
Approximately 5000 SVF cells per well were seeded in 
96-well plates and cultured in growth medium for 24, 48, 
72, or 96 h. Eight wells were used for SVF cells from each 
animal. The number of viable cells was quantified using a 
Cell Counting Kit-8 (CCK-8) assay kit (GlpBio, Montclair, 
CA, USA), following the manufacturer’s instructions. In 
brief, 10 µL CCK-8 solution was added to each well, and 
the plate was then incubated at 37 °C for 4 h in a CO2 
incubator. Absorbance at 450 nm was measured using a 
PowerWave 340 microplate reader (BioTek Instruments, 
Winooski, VT, USA).

Oil Red O staining
Cells were washed twice with PBS and then fixed in 10% 
neutral buffered formalin (Sigma-Aldrich) at room tem-
perature for 1 h. After fixation, cells were washed twice 
with PBS and subsequently stained with 3.5 mg/mL Oil 
Red O in 60% isopropanol (ThermoFisher Scientific) for 
15 min. Cells were then rinsed with water and photo-
graphed using an OLYMPUS DP74 color digital camera 

and an OLYMPUS CKX41 inverted microscope (Olym-
pus Corporation, Tokyo, Japan). For quantitative analysis, 
we extracted Oil Red O from cells with 100% isopropanol 
and measured the absorbance of extracted Oil Red O at 
a wavelength of 500 nm. Following Oil Red O quantifi-
cation, we stained the cells with 300 nM 4’,6-diamidino-
2-phenylindole (DAPI) for 10 min, washed the cells three 
times with PBS, and then lysed the cells with 1 mL of 2% 
sodium dodecyl sulfate (SDS). DAPI in the cell lysates 
was quantified by measuring the fluorescence intensity 
at an excitation wavelength of 370 nm and an emission 
wavelength of 460 nm as described previously [38]. The 
absorbance of Oil Red O was divided by the fluorescence 
intensity of DAPI in the same well to control for variation 
in cell number.

Total RNA extraction and reverse transcription-
quantitative PCR
cDNA was synthesized using random primers and the 
ImProm-II reverse transcription system (Promega, Madi-
son, Wisconsin, USA), according to the manufacturer’s 
protocol. Quantitative PCR (qPCR) was performed in 
duplicate using the Power SYBR Green PCR Fast Mas-
ter Mix (Applied Biosystems, Foster City, CA, USA) on 
an Applied Biosystems 7500 Real-time PCR System. The 
PCR conditions were as follows: an initial denaturation at 
95 °C for 20 s, followed by 40 cycles of denaturation at 95 
°C for 3 s and annealing/extension at 60 °C for 30 s. The 
sequences of primers used in qPCR are provided in Table 
1. qPCR data were analyzed using the 2^(-ΔΔCt) method 
[39], with the HMBS gene as the internal control. Based 
on the Ct values, HMBS mRNA expression was not dif-
ferent between the conditions used in this study (data not 
shown).

Statistical analysis
Statistical analysis was performed using JMP Pro v16.0.0 
(SAS, Cary, NC, USA). Data from two groups (IMF vs. 
SF) were analyzed by Student’s t-test. Data from multi-
ple groups (the data in Fig. 6D and E) were analyzed by 
one-way ANOVA, with individual animals included as 
a blocking factor in the model to account for individual 
variation, followed by Tukey’s test. All data are expressed 
as mean ± SEM, with n = 5 for the RNA-seq data and n = 6 
for the other data. Differences were considered signifi-
cant at P < 0.05.

Results
Mature adipocytes in intramuscular fat were smaller than 
those in subcutaneous fat
We first performed a histological analysis to compare the 
size of adipocytes in IMF and SF collected from the same 
cattle. This histological analysis showed significant differ-
ences in the size of mature adipocytes between IMF and 
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SF in adult cattle (Fig. 1A). Specifically, the average size of 
mature adipocytes in IMF was 25% smaller than that in 
SF (Fig. 1B, P < 0.05, n = 6), and IMF had a higher density 
of smaller adipocytes compared to SF (Fig. 1C).

Intramuscular fat had a lower ability to incorporate 
long-chain fatty acids into triglyceride or to retain them 
compared to subcutaneous fat
We next compared the ability of IMF and SF collected 
from the same cattle to take up long-chain fatty acids and 
incorporate them into triglyceride or to retain them. Fol-
lowing a 10 min-incubation with a fluorescently labeled 

palmitate analog BODIPY FL C16, no difference was 
observed in the amounts of BODIPY FL C16 accumu-
lated in the explants of IMF and SF (P = 0.45, n = 6, Fig. 
2A), indicating that the two types of fat did not differ in 
the ability to take up long-chain fatty acids. However, fol-
lowing a 4-hour incubation with BODIPY FL C16, the 
IMF explants accumulated 35% less fluorescence than the 
SF explants (P < 0.01, n = 6, Fig. 2B), indicating that IMF 
had a lower ability to incorporate long-chain fatty acids 
into triglyceride or that IMF had a lower ability to retain 
long-chain fatty acids than did SF.

Intramuscular fat and subcutaneous fat differed in gene 
expression profile
We next compared the gene expression profiles between 
IMF and SF by RNA-seq. RNA-seq libraries were pre-
pared from IMF and SF samples taken from the same 
five cattle. Sequencing these RNA-seq libraries generated 
approximately 476 million high-quality reads, ranging 
from 41.7 million to 53.4 million per library (Supple-
mentary Table 1). On average, 89.9% (ranging from 87.0 
to 90.2%) of these reads aligned uniquely to the bovine 
genome (Supplementary Table 1).

Based on a principal component analysis (PCA), 
the gene expression profiles of five IMF samples clus-
tered separately from those of five SF samples (Fig. 3A). 
Based on a differential expression analysis, 1,191 DEGs 
(adjusted P < 0.05, |log2FoldChange| ≥ 1) were identified 
between IMF and SF, comprising 359 downregulated and 
832 upregulated genes in IMF compared to SF (Fig. 3B 
and C). Based on fold change, the top 10 genes expressed 
at higher levels in IMF than SF included NMRK2, 
ENSBTAG00000052709, SYNPO2L, GADL1, ANO5, 
CACNG6, LRRC30, NEFM, CACNA2D2, and NT5C1A 
(Table 2), and the top 10 genes expressed at lower lev-
els in IMF than SF included HMX1, DMRT3, TBX4, 
CYP17A1, CHST9, ACR, TF, EPHA10, LAMC3, and NPB 
(Table 3). The complete lists of DEGs are shown in Sup-
plementary Table 2.

Several genes known to inhibit adipose tissue develop-
ment and growth were upregulated (adjusted P < 0.05, 
|log2FoldChange| ≥ 1) in IMF compared to SF (Table 
4), including FOXO6, SLC27A1, HDAC9, WWTR1, and 
PIK3C2A. Several genes known to stimulate adipose 
tissue development and growth were downregulated 
(adjusted P < 0.05, |log2FoldChange| ≥ 1) in IMF com-
pared to SF (Table 4), including FABP4, AGPAT2, ADIG, 
ADIRF, and PLIN2 and PLIN5. In addition to these genes, 
genes PPARG, DGAT1, PLIN4 and FASN, which are asso-
ciated with adipogenesis [40], triglyceride synthesis [41], 
maintenance of lipid droplets [42], and fatty acid synthe-
sis [43], respectively, were also expressed at lower levels 
in IMF than in SF (adjusted P < 0.05), although these dif-
ferences were not greater than twofold (Supplemental 

Table 1  The sequences of PCR primers used in this study
Gene ID Primer sequence* GenBank acces-

sion number
Prod-
uct 
size

HMBS F: CTTTGGAGAGGAATGAAGTGG
R: AATGGTGAAGCCAGGAGGAA

NM_001046207.1 80

PPARG F: CAGTGTCTGCAAGGACCTCA
R: ATAGTGCGGAGTGGAAATGC

NM_181024.2 176

CEBPA F: ATCGACATCAGCGCCTACAT
R: CGGGTAGTCAAAGTCGTTGC

NM_176784.2 138

FABP4 F: AATTGGGCCAGGAATTTGAT
R: TGGTGGTTGATTTTCCATCC

NM_174314.2 117

ADIPOQ F: AGGTTGGATGGCAGGCATT
R: GGACCTTCGATCCCAGTGATT

XM_024995232.2 162

LEP F: GACATCTCACACACGCAGTC
R: ATCGCCAATGTCTGGTCCAT

NM_173928.2 113

DGAT1 F: CTTCAGCAACTACCGTGCCA
R: GGCAAAGATATTGGCCACAATGA

NM_174693.2 190

DGAT2 F: CAGCTCCAAGTCATCTCGGT
R: TGACCTCCTGCCACCTTTCTT

NM_205793.2 174

TMEM68 F: AATCGGAAAGGCTTCGCTCA
R: AGCCACCTAAACAGCCTTGT

NM_001076009.1 119

FOXO6 F: GTCCGTTACGTGCCCTACTT XM_024990211.2 139
R: ACCAGGAACTCTTGCCTGTG

PIK3C2A F: GGTGCTTTAGATGGCGTGGA XM_024975781.2 158
R: TCAGGATTCAGTGAGCCCCTA

NOCT F: GAACATCCTTGCCCAAGCTCT NM_001082454.2 114
R: TAGGCGAGGATCTCCTCCAG

ARH-
GAP24

F: TGTTTGTGCAAGGAGGCGAT NM_001102234.1 198
R: CCAGGCGGTTCCCATATCTC

SLC27A1 F: CCAACGCACTGTACGAGGA NM_001033625.2 110
R: 
CTTCTGAATTTTGAAGGTGCCTGT

ADIG F: CTGAGCCTATTCTGCCTGATTC NM_001113720.2 175
R: GTGTCCATCAGTGGAGGAGC

PLIN5 F: ACCTTCGGAGACGGTGGTGA NM_001101136.1 126
R: ATGGCATGGCTCACAGATCG

PLIN2 F: GCGTCTGCTGGCTGATTTCT NM_173980.2 139
R: TGTAAGCCGAGGAGACCAGA

ADIRF F: GCTACCCTTAACCACTCGCA NM_001114513.2 172
R: AACCTGGTCCATGGCTTTCT

AGPAT2 F: CCATGAGCGTGATGACCGAT NM_001080264.1 159
R: CAGGGATGATGGGTACCTGG

*F: forward; R: reverse
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Table 2). To validate the RNA-seq results, we selected 11 
genes and quantified their expression in the same IMF 
and SF RNA samples used for RNA-seq by RT-qPCR. As 
shown in Fig. 4, all these genes were confirmed to be dif-
ferentially expressed between IMF and SF by RT-qPCR.

Genes downregulated in intramuscular fat compared to 
subcutaneous fat were enriched in fatty acid binding, fatty 
acid synthesis, and PPAR signaling
Gene Ontology (GO) enrichment analyses of genes 
upregulated in IMF compared to SF revealed 271 sig-
nificantly enriched terms (P < 0.05, Supplementary Table 
3). Among these GO terms, 198 represented biological 
processes, including insulin receptor signaling pathway, 

response to glucocorticoid, adult locomotory behav-
ior, and regulation of microtubule polymerization; 40 
represented cellular components, including external 
encapsulating structure, extracellular matrix, axon, and 
presynapse; and 34 represented molecular functions, 
including calcium ion binding, gated channel activity, 
monoatomic ion gated channel activity, and ATPase reg-
ulator activity (Fig. 5A).

Gene Ontology enrichment analyses of genes down-
regulated in IMF compared to SF identified 205 signifi-
cantly enriched GO terms (P < 0.05, Supplementary Table 
4). Among these were 177 biological processes, including 
monocarboxylic acid metabolic process, fatty acid meta-
bolic process, lipid metabolic process, and long-chain 

Fig. 1  Histological analysis of adipocytes in bovine intramuscular fat (IMF) and subcutaneous fat (SF). A Hematoxylin and eosin staining of sections of IMF 
and SF. Scale bar: 100 μm. B Average size of adipocytes in IMF and SF. *P < 0.05 (n = 6). C Size distribution of adipocytes in IMF and SF
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fatty acid metabolic process; 12 cellular components, 
including extracellular region, extracellular space, extra-
cellular vesicle, and extracellular organelle; and 16 molec-
ular functions, including monocarboxylic acid binding, 
lipid binding, fatty acid binding, and carboxylic acid 
binding (Fig. 5B).

Pathway enrichment analyses revealed 65 KEGG path-
ways associated with genes upregulated in IMF compared 
to SF (P < 0.05, Supplementary Table 5), including the 
endocrine system and signal transduction, the oxytocin 
signaling pathway, the cGMP-PKG signaling pathway, the 
MAPK signaling pathway, and the Wnt signaling path-
way (Fig. 5C). Pathway enrichment analyses identified 39 
KEGG pathways associated with genes downregulated in 
IMF compared to SF (P < 0.05, Supplementary Table 6), 
including diseases and metabolism, the PPAR signaling 
pathway, cholesterol metabolism, fatty acid biosynthesis, 
and fatty acid metabolism (Fig. 5D).

Overall, these functional enrichment analyses indi-
cated that genes associated with fatty acid binding, fatty 
acid synthesis, and the PPAR signaling pathway were sig-
nificantly downregulated, whereas those associated with 
the insulin receptor, MAPK, and Wnt signaling pathways 
were significantly upregulated in IMF compared to SF.

The stromal vascular fractions of intramuscular fat and 
subcutaneous fat did not differ in cell proliferation, but the 
former had a lower adipogenic potential than the latter
The RNA-seq data described above indicated that IMF 
has a lower adipogenic potential than SF. To validate this 
functional difference, we isolated SVF cells from IMF and 
SF and compared their proliferation rates in vitro. Based 
on a CCK-8 assay, the SVF cells of IMF and SF showed no 

difference in the rate of proliferation during a 4-day cul-
ture (P = 0.55, n = 6, Fig. 6A). We also compared the abil-
ity of these cells to differentiate into adipocytes. Based 
on Oil Red O staining (Fig. 6B) and subsequent quanti-
fication, the IMF SVF cells accumulated 33.6% less lipid 
than the SF SVF cells by day 6 of induced adipogenic 
differentiation (P < 0.01, n = 6, Fig. 6C). Gene expression 
analyses showed that 7 markers of differentiated adi-
pocytes, including CEBPA, PPARG, FABP4, LEP, ADI-
POQ, DGAT2, and TMEM68, were expressed at much 
higher levels in both the IMF and SF SVF cells on day 
6 of adipogenic differentiation than before induction of 
adipogenic differentiation (P < 0.05, n = 6, Fig. 6D and E), 
confirming the differentiation of these SVF cells into adi-
pocytes. Gene expression analyses also showed that 6 of 
these genes, including CEBPA, PPARG, FABP4, ADIPOQ, 
DGAT1, and DGAT2, were expressed at lower levels in 
the IMF SVF cells than in the SF SVF cells on day 6 of 
adipogenic differentiation (P < 0.05, n = 6, Fig. 6D and E). 
These gene expression data, along with the Oil Red O 
data, indicated that the IMF SVF cells had a lower adipo-
genic potential than the SF SVF cells.

Discussion
Previous research comparing IMF and SF focused on 
the influence of different cattle breeds and feed struc-
tures on fatty acid composition [44–46], and these stud-
ies did not directly explain the differences in growth 
and development between these adipose tissues. In this 
study, by comparing the gene expression profiles of IMF 
and SF, we found that more than 1,000 genes were dif-
ferentially expressed between the two fat depots. Exam-
ples of genes upregulated in IMF compared to SF were 
FOXO6, SLC27A1, HDAC9, WWTR1, and PIK3C2A. All 
these genes are known to play a negative role in adipose 
tissue development and growth. FOXO6 inhibits both 
the proliferation and differentiation of preadipocytes by 
upregulating cyclin G2, a cell cycle inhibitor, and by sup-
pressing the expression of PPARG and CEBPA genes, two 
master transcriptional regulators of adipogenesis [47]. 
SLC27A1 encodes a fatty acid transport protein (FATP1) 
involved in the uptake and utilization of long-chain fatty 
acids [48], and its expression is negatively correlated 
with adipocyte size [49]. Overexpression of SLC27A1 
enhanced fatty acid oxidation and reduces triglyceride 
accumulation, whereas knockdown of SLC27A1 impaired 
lipid metabolism [50]. HDAC9 encodes a class II histone 
deacetylase; its overexpression inhibits the differentiation 
whereas its deletion restores the adipogenic potential of 
preadipocytes [51]. WWTR1 (also known as TAZ) func-
tions as a co-repressor of PPARG in adipose tissue, sup-
pressing the expression of adipogenesis-related genes; 
adipocyte-specific deletion of WWTR1 enhances PPARG 
activity and increases the expression of adipogenic 

Fig. 2  Comparing long-chain fatty acid uptake and accumulation be-
tween intramuscular fat (IMF) and subcutaneous fat (SF). Long-chain fatty 
acid uptake and accumulation were measured by incubating adipose tis-
sue explants with fluorescently labeled palmitic acid analog BODIPY FL 
C16 for 10 min and 4 h, respectively. A Relative amount of BODIPY FL C16 
accumulated in adipose tissue explants following 10-min incubation. B 
Relative amount of BODIPY FL C16 accumulated in adipose tissue explants 
following 4-h incubation. *P < 0.05 (n = 6)
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markers [52]. Systemic inactivation of PI3K-C2α, which is 
encoded by the PI3KC2A gene, in mice led to age-depen-
dent obesity and adipocyte hypertrophy, suggesting that 
PIK3C2A may function to restrain excessive fat accumu-
lation under physiological conditions [53]. Collectively, 
the higher expression of these genes in IMF than in SF 
may contribute to the slower differentiation and growth 
of IMF compared to SF.

Among the genes downregulated in IMF com-
pared to SF were AGPAT2, FABP4, ADIG, ADIRF, 
PLIN2, and PLIN5. The AGPAT2 gene, which converts 

lysophosphatidic acid to phosphatidic acid in the second 
step of de novo phospholipid biosynthesis, is essential 
for the development and growth of adipose tissue. The 
agpat2-deficient mice exhibit lipodystrophy, highlight-
ing the critical role of this gene in adipose tissue for-
mation [54]. A recent study further demonstrated that 
Agpat2−/− preadipocytes fail to undergo adipogenic 
differentiation in vitro, exhibiting markedly reduced 
lipid accumulation and expression of adipocyte markers, 
despite no evidence of excessive apoptosis or autophagic 
failure. These findings further indicate that AGPAT2 is 

Fig. 3  Transcriptomic analysis of intramuscular fat (IMF) and subcutaneous fat (SF) by RNA sequencing. A Principal component (PC) analysis. Note that 
the gene expression profiles from 5 IMF samples and 5 SF samples are well separated on PC1. B Volcano plot of genes upregulated and downregulated 
(adjusted P < 0.05, |log2Fold change| ≥ 1) in IMF compared to their expression in SF. C Heatmap showing the expression levels and clustering of genes 
differentially expressed between IMF and SF. Each row represents a gene and each column represents a tissue sample. Green color indicates genes with 
high expression levels; red color indicates genes with low expression levels; and the gradient between these colors reflects the range of gene expression 
levels from high to low
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directly required for the adipogenic program indepen-
dent of the cell survival pathways [55]. FABP4, an adi-
pocyte-type fatty acid binding protein, plays a positive 
role in fatty acid uptake and transport in adipocytes. It 
facilitates the intracellular transport of lipids to biologi-
cal targets and signaling pathways, contributing to adipo-
cyte function and lipid metabolism [56–58], and it also 
functions as a vital auxiliary factor in terminal adipocyte 
differentiation [59]. Live single-cell imaging studies have 
shown that preadipocytes only commit to terminal dif-
ferentiation after upregulation of FABP4, which engages 
a positive feedback loop with PPARG [59]. The ADIG 
gene is another gene essential for adipocyte differentia-
tion, as its deficiency impairs adipogenesis in cultured 
cells and reduces fat mass in mice when fed a high-fat 
diet [60]. The ADIRF protein promotes adipocyte differ-
entiation and plays a role in initiating early events of adi-
pogenesis [61, 62]. The PLIN family proteins (e.g., PLIN2 
and PLIN5) constitute the amphiphilic interface between 
lipids and cytoplasm, protecting lipid droplets against 
lipase [63, 64]. PLIN2 is highly expressed during the early 
stages of adipocyte differentiation and plays a critical 
role in lipid droplet formation and stability [65]. PLIN5 
promotes triglyceride storage and suppresses fatty acid 
β-oxidation, making it essential for adipocyte maturation 
and lipid homeostasis [66]. Because AGPAT2, FABP4, 
ADIG, ADIRF, PLIN2, and PLIN5 regulate key aspects of 
adipocyte differentiation, lipid metabolism, and droplet 
stability, their reduced expression in IMF compared to SF 
may contribute to the delayed development and slower 
growth of IMF compared to SF.

Table 2  Top 10 upregulated genes in intramuscular fat (IMF) 
compared to subcutaneous fat (SF)
Gene ID Log2FC 

(IMF/SF)
Padj-value Gene description

NMRK2 13.7 0.001 Nicotinamide 
riboside kinase 2

ENSBTAG00000052709 13.3 0.001 N/A
SYNPO2L 11.5 0.001 Synaptopodin 

2 like
GADL1 10.7 0.001 Glutamate decar-

boxylase like 1
ANO5 10.7 0.001 Anoctamin 5
CACNG6 10.4 0.001 Calcium voltage-

gated channel 
auxiliary subunit 
gamma 6

LRRC30 10.4 0.001 Leucine rich repeat 
containing 30

NEFM 10.0 0.001 Neurofilament 
medium

CACNA2D2 10.1 0.001 Calcium voltage-
gated channel 
auxiliary subunit 
alpha2delta 2

NT5C1A 9.4 0.001 5’-nucleotidase, 
cytosolic IA

Table 3  Top 10 downregulated genes in intramuscular fat 
compared to subcutaneous fat
Gene ID Log2FC 

(IMF/SF)
Padj-value Gene description

HMX1 −6.3 0.001 H6 family homeobox 1
DMRT3 −5.7 0.008 Doublesex and mab-3 re-

lated transcription factor 3
TBX4 −5.5 0.002 T-box 4
CYP17A1 −4.6 0.001 Steroid 17-alpha-hydroxy-

lase/17,20 lyase
CHST9 −4.5 0.001 Carbohydrate sulfotrans-

ferase 9
ACR −4.4 0.001 Acrosin
TF −3.7 0.001 Transferrin
EPHA10 −3.4 0.002 EPH receptor A10
LAMC3 −3.4 0.001 Laminin subunit gamma 3
NPB −3.3 0.001 Neuropeptide B

Table 4  Differential expression of genes involved in adipose 
tissue development and growth between intramuscular fat and 
subcutaneous fat
Gene ID Log2FC 

(IMF/SF)
Padj-value Gene description

FOXO6 3.6 0.01 Forkhead box O6
HDAC9 2.3 0.01 Histone Deacetylase 9
PIK3C2A 1.6 0.01 Phosphatidylinositol-

4-phosphate 3-kinase 
catalytic subunit type 2 
alpha

WWTR1 1.4 0.01 WW Domain Containing 
Transcription Regulator 1

SLC27A1 1.3 0.01 Solute carrier family 27 
member 1

ADIG −1.0 0.01 Adipogenin
PLIN5 −1.0 0.03 Perilipin 5
PLIN2 −1.0 0.03 Perilipin 2
ADIRF −1.1 0.01 Adipogenesis regulatory 

factor
FABP4 −1.2 0.01 Fatty acid binding 

protein 4
AGPAT2 −1.3 0.01 1-acylglycerol-3-phos-

phate O-acyltransferase 2

Fig. 4  RT-qPCR validation of log2 fold changes of selected genes be-
tween IMF and SF determined by RNA-seq. *P < 0.05; **P < 0.01 (n = 5)
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Functional enrichment analyses of genes expressed at 
lower levels in IMF than SF indicated that many of these 
genes were enriched in the biological processes related 
to fatty acid biosynthesis and fatty acid binding. These 
results suggest that IMF has a lower capacity for de novo 
fatty acid synthesis and hence a lower capacity for pro-
viding fatty acids for triglyceride synthesis compared to 
SF, both of which may contribute to the slower growth 
of IMF compared to SF in cattle. During a brief (10 min) 
incubation with BODIPY FL C16 (a fluorescently labeled 
palmitate analog), IMF and SF explants accumulated 
similar levels of fluorescence, indicating that IMF and 
SF do not differ in long-chain fatty acid uptake. How-
ever, during an extended (4 h) incubation, SF explants 
accumulated significantly more fluorescence than IMF 
explants. These incubation data suggest that IMF has 
a lower capacity than SF for incorporating long-chain 
fatty acids into triglycerides or retaining them. The lower 
capacity for triglyceride synthesis in IMF than SF is con-
sistent with the lower expression of DGAT1 in IMF than 
SF because DGAT1 plays a critical role in triglyceride 

synthesis [67]. The lower capacity for retaining long-
chain fatty acids in IMF than SF is consistent with the 
lower expression of FABP4 in IMF than SF, as FABP4 
plays a crucial role in binding, transporting, and storing 
long-chain fatty acids in adipocytes [68]. While our tran-
scriptomic data suggested that IMF may have a reduced 
capacity for de novo fatty acid synthesis compared to SF, 
this potential difference was not validated by functional 
assays measuring incorporation of radiolabeled acetate or 
glucose into lipids, which is one of the limitations of this 
study.

It is important to note that differences in gene expres-
sion and fatty acid binding between IMF and SF may also 
reflect differences in the developmental stage of these 
adipose depots. Adipocytes in IMF being smaller than 
those in SF may imply that IMF is at an earlier stage of 
development than SF [69]. Previous studies, such as those 
conducted in Japanese Black cattle, have shown that 
intramuscular adipocytes can reach much larger sizes 
than observed in the present study [70]. Therefore, some 
of the observed differences between IMF and SF may 

Fig. 5  Gene ontology (GO) enrichment analysis and KEGG pathway analysis of genes differentially expressed between intramuscular fat (IMF) and subcu-
taneous fat (SF). A Top 5 biological processes, cellular components, and molecular functions enriched in genes upregulated in IMF compared to SF. B Top 
5 biological processes, cellular components, and molecular functions enriched in genes downregulated in IMF compared to SF. C Top 10 KEGG pathways 
enriched in genes upregulated in IMF compared to SF. D Top 10 KEGG pathways enriched in genes downregulated in IMF compared to SF

 



Page 11 of 14Tan et al. BMC Genomics          (2025) 26:706 

reflect delayed development of IMF compared to SF. In 
addition, the unique microenvironment of IMF, which 
is embedded between muscle fibers, may influence its 
lipid metabolism and gene expression through paracrine 
signaling or physical constraints not present in subcuta-
neous fat [71]. The cell composition of IMF is different 
than that of SF, with the former containing muscle stem 
cells that are not present in SF and that are also capable 
of fatty acid uptake [72]. This cellular heterogeneity may 
lead to an underestimation of adipocyte-specific fatty 
acid uptake in IMF.

Pathway enrichment analyses of genes expressed at 
lower levels in IMF than SF revealed that some of these 
genes were involved in the PPAR signaling pathway. The 
PPARG protein is a master transcriptional regulator 
of adipogenesis [21]. Downregulation of the PPAR sig-
naling pathway in IMF compared to SF suggests lower 
adipogenic activity in IMF, a finding supported by our 
experiments showing that SVF cells from IMF had lower 
adipogenic potential than those from SF. In support of 
this, gene expression analyses showed that several key 
adipocyte differentiation markers, including CEBPA 
and PPARG (adipogenic transcriptional regulators) [73], 
FABP4 (a lipid chaperone) [74, 75], ADIPOQ and LEP 

(adipocyte-specific hormones) [76–78], and DGAT1, 
DGAT2, and TMEM68 (enzymes involved in triglyceride 
synthesis) [79–81], were all significantly induced during 
adipogenic differentiation, but most were expressed at 
lower levels in IMF-derived than to SF-derived SVF cells. 
Taken together, these results support the notion that 
slower differentiation of preadipocytes into adipocytes is 
another mechanism contributing to the delayed develop-
ment and slower growth of IMF compared to SF in cattle.

Functional analyses of genes expressed at higher levels 
in IMF than in SF showed that these genes were enriched 
in the Wnt and oxytocin signaling pathways. The Wnt 
signaling pathway is a major pathway that inhibits the 
expression of CEBPA and PPARG, two critical transcrip-
tional regulators of adipogenic differentiation [82, 83]. 
Upregulation of the Wnt signaling pathway in IMF com-
pared to SF suggests that it may be one of the signaling 
pathways contributing to the lower adipogenic activity in 
IMF. Oxytocin has been recently shown to have lipolytic 
effects [84, 85]. Upregulation of the oxytocin signaling 
pathway in IMF compared to SF suggests that this may 
be another signaling pathway contributing to the delayed 
development and slower growth of IMF compared to SF 
in cattle.

Fig. 6  Comparing the abilities of stromal vascular fraction (SVF) cells of intramuscular fat (IMF) and subcutaneous fat (SF) to proliferate and differentiate 
into adipocytes. A Cell proliferation assessed using the CCK-8 assay. B Representative pictures of SVF cells stained with Oil Red O on day 6 of adipogenic 
differentiation. Scale bar: 20 μm. C Quantity of Oil Red O extracted from cells stained with Oil Red O on day 6 of adipogenic differentiation. **P < 0.01 
(n = 6). D Relative mRNA levels of selected adipocyte marker genes on day 0 (i.e., before differentiation) and day 6 of adipogenic differentiation. E Relative 
mRNA levels of 3 enzymes catalyzing triglyceride synthesis on day 0 and day 6 of adipogenic differentiation. Bars labeled with different letters are different 
within genes (P < 0.05, n = 6)
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Unlike terminally differentiated adipocytes, preadi-
pocytes can proliferate [86]. The SVF of adipose tissue 
is rich in preadipocytes [87]. Our in vitro data showed 
that the SVF cells from intramuscular and subcutaneous 
fat did not differ in their proliferation rates. This result 
suggests that the significantly lower deposition of IMF 
compared to SF in cattle is not caused by slower prolif-
eration of preadipocytes in IMF. Our histological data 
showed that mature adipocytes in IMF were significantly 
smaller than those in SF, and that IMF contained a higher 
proportion of smaller adipocytes compared to SF. These 
results are not only consistent with a previous study [88], 
but also align with our earlier findings that both the dif-
ferentiation of preadipocytes into adipocytes and triglyc-
eride synthesis are slower in IMF than in SF.

Many of the physiological differences between IMF and 
SF in cattle discussed above are inferred from differen-
tially expressed mRNAs between the two adipose depots. 
An obvious limitation of this approach is that differen-
tially expressed mRNAs do not always correspond to dif-
ferentially expressed proteins [89], which are the primary 
functional units in cells. Therefore, the roles of genes, 
biological processes, and signaling pathways identified in 
this study in the delayed development and slower growth 
of IMF compared to SF in cattle remain to be further 
studied at the protein level.

Conclusion
IMF may have lower fatty acid binding capacity, lower 
triglyceride synthesis, and lower adipogenic potential 
compared to SF in cattle. These potential differences help 
explain why the development and growth of IMF are 
delayed and slower compared to SF and why intramuscu-
lar adipocytes are smaller than subcutaneous adipocytes 
in cattle. These differences may be driven by the lower 
expression of genes like AGPAT2, FABP4, ADIG, ADIRF, 
PLIN2, and PLIN5, along with the higher expression of 
genes such as FOXO6, SLC27A1, HDAC9, WWTR1, and 
PIK3C2A in IMF. Additionally, these differences may 
arise from the reduced activation of the PPAR signal-
ing pathway and the increased activation of the Wnt and 
oxytocin receptor signaling pathways in IMF compared 
to SF.
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