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Abstract
Background: This study investigates intramuscular (IM) adipocyte development and growth in the
Longissimus muscle (LM) between Wagyu- and Angus-sired steers compared at a similar age and days
on feed (DOF) endpoint or similar body weight (BW) endpoint by measuring IM adipocyte cell area and
lipid metabolism gene expression. 

Methods: Angus-sired steers (AN, n=6) were compared with steers from two different Wagyu sires,
selected for either growth or marbling, to be compared at a similar DOF (WA-GD, n=5 and WA-MD, n=5) in
experiment 1 or BW (WA-GB, n=4 and WA-MB, n=5) in experiment 2, respectively. 

Results: In experiment 1, WA-MD steers had a greater percentage of IM fat in the LM compared with AN
and WA-GD steers.  In experiment 2, WA-MB steers had a greater percentage of IM fat in the LM compared
with AN and WA-GB steers. The distribution of IM adipocyte area was unimodal at all biopsy collections,
with IM adipocyte area becoming progressively larger as cattle age and BW increased
(P≤0.01). Peroxisome proliferator activated receptor delta (PPARd) was upregulated earlier for WA-MD
and WA-MB cattle compared with other steers at a similar age and BW (P≤0.02; treatment×biopsy
interaction). An earlier upregulation of PPARd is believed to have then upregulated peroxisome
proliferator activated receptor gamma (PPARg) at a lesser BW for WA-MB steers (P=0.09;
treatment×biopsy interaction), while WA-MD steers had a greater (P≤0.04) overall mean PPARg
expression compared with other steers. Glycerol-3-phosphate acyltransferase, lipin 1, and hormone
sensitive lipase demonstrated expression patterns similar to PPARg and PPARd or CCAAT enhancer
binding protein beta, which emphasizes their importance in marbling development and
growth. Additionally, WA-MD and WA-MB steers often had a greater early expression of fatty acid
transporters (fatty acid transport protein 1; P<0.02; treatment×biopsy interaction) and binding proteins
(fatty acid binding protein 4) compared with other steers. With many lipolytic genes upregulated at
harvest, acetyl-CoA carboxylase beta may be inhibiting fatty acid oxidation in the LM to allow greater IM
fat accumulation.

Conclusions: Cattle with a greater marbling propensity appear to upregulate adipogenesis at a lesser
maturity through PPARd, PPARg, and possibly adipogenic regulating compounds in lysophosphatidic
acid and diacylglycerol.

Background
Marbling, also known as intramuscular (IM) fat, can be visually recognized as the deposition of fat
between the muscle �bers within the muscle bundles of the muscle. Marbling has been reported to have a
positive impact on the three sensory characteristics: tenderness, juiciness, and �avor, of beef eating
quality and increase consumer acceptability (May et al., 1992; Platter et al., 2003; Killinger et al., 2004). As
an indication of eating quality and value, marbling score is extremely in�uential in determining beef
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carcass USDA quality grade. Therefore, considerable interest has been directed towards expanding the
knowledge focused on IM fat development and growth.

Intramuscular adipocytes develop from mesenchymal progenitor cells in a process known as
adipogenesis. Adipogenesis begins with the commitment or determination of mesenchymal stem cells to
the adipose tissue lineage and formation of �bro/adipogenic progenitor cells, also known as pre-
adipocytes. A cell signaling cascade allows pre-adipocytes to proliferate, followed by pre-adipocytes
differentiating into mature adipocytes through the incorporation and storage of triglycerides.

Cattle of varying breed or genetic background can result in signi�cant differences in marbling deposition.
For example, Wagyu cattle are known for their ability to deposit extreme amounts of IM fat in Japan
(Gotoh et al., 2009; Albrecht et al., 2011), even when compared with the Angus breed that is well
recognized for its marbling ability in the United States (Lunt et al., 1993; Lunt et al., 2005). Previous
research results from Wang et al. (2009) indicated a critical time period when pre-adipocytes underwent
proliferation in cattle at approximately 7 months of age, with differentiation occurring around 12 months
of age, followed by increased IM adipocyte hypertrophy.

The objective of the present study was to increase the understanding of the cellular signaling pathways
responsible for marbling differences in cattle with different genotypes over time at a similar age endpoint,
with a similar number of days consuming a feedlot ration, or at a similar body weight endpoint. Genes
analyzed in the present study are representative of adipogenesis, angiogenesis, fatty acid synthesis and
transport, triglyceride synthesis and lipolysis signaling pathways. We hypothesized that the expression of
genes responsible for marbling accumulation would display different patterns of IM adipogenesis
between Angus- and Wagyu-sired steers in relation to marbling deposition. Determining the distribution of
IM adipocyte size in combination with measuring the expression of genes associated with different
stages of adipogenesis should allow for the identi�cation of the different adipogenic (proliferation and
differentiation) stages in cattle.

Methods
Animal procedures and husbandry practices were approved by the Institutional Animal Care and Use
Committee (IACUC; protocol number 2015A00000093) of The Ohio State University and followed the
guidelines recommended in the Guide for the Care and Use of Agricultural Animals in Agricultural
Research and Teaching (FASS, 2010).

Experiment 1 treatments
Experiment 1 was designed to compare Angus- and Wagyu-sired steers at a similar age or days on feed
(DOF). Angus-sired steers (AN) were sired by GAR Sunrise (n = 6). Wagyu-sired steers (n = 5) were sired by
LMR Fukutsuru 729T (WA-GD), a sire selected for his genetic growth potential. Wagyu-sired steers (n = 5)
were sired by OW Yasufuku 229Y (WA-MD), a sire selected for his genetic marbling potential. Angus-sired
steers were removed from the feedlot for harvest when they reached the targeted body weight (BW)
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endpoint of 613 kg. Wagyu-sired steers from WA-GD and WA-MD were removed for harvest by blocking
them with AN steers.

Experiment 2 treatments
Angus-sired steers from experiment 1 were also used in the comparison with Wagyu-sired cattle at a
similar BW endpoint (613 kg). Wagyu-sired steers (n = 4) sired by LMR Fukutsuru 729T (WA-GB) and
Wagyu-sired steers (n = 5) sired by OW Yasufuku 229Y (WA-MB) were removed from the feedlot for
harvest after reaching 613 kg.

Management, feeding, and biopsy collection
Steers used in the present study were born from SimAngus cows at the Jackson Agricultural Research
Station (JARS; Jackson, OH) in March of 2017. Calves were weighed and weaned at seven months of age
[204 ± 7.77 d of age (DOA)]. Calves were backgrounded for 54 d with free choice hay and a concentrate
pellet (consisting of approximately 54% ground corn, 21%, corn gluten feed, 18% low-fat dried distillers
grain, 3% soybean meal, 3% animal-vegetable fat blend, and the remainder consisting of Amaferm
(BioZyme, St. Joseph, MO), vitamins, and minerals) before being transported to the Ohio Agricultural
Research and Development Center (OARDC; Wooster, OH) feedlot. Upon receiving to the feedlot, calves
were weighed, ear-tagged, and administered Inforce 3 (Zoetis, Parsippany, NJ) and Vetmetric pour-on
(MWI veterinary supply; Northern Ireland). Calves were placed into individual pens (2.6 × 1.5 m)
consisting of concrete slatted �oors, with a 1.5 m long concrete feed bunk, and ad libitum access to
clean, fresh water. No implants were administered to prevent their interference with marbling development
and growth.

Diets were formulated to meet the nutrient requirements of growing and �nishing beef cattle (NASEM,
2016), with the exception of excluding vitamin A from the supplement. Steers were offered a growing diet
for approximately 4 months (119 d) before making a 21 d transition to the �nishing diet, which they
consumed until removal for harvest (Table 1). Weaning BW was collected at weaning, receiving BW was
collected at the OARDC feedlot upon arrival, and off-test BW was collected at the OARDC feedlot before
being transported to the Ohio State University abattoir (Columbus, OH). Feedlot performance, carcass
data, and fatty acid composition results were reported previously by Jaborek et al. (2020).
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Table 1.  Composition (%) of diets offered during the experiment on a dry matter basis  

  Growing Finishing

Ingredient   

Whole shelled corn 17.50 55.00

DDGS 17.50 10.00

Corn silage 55.00 25.00

Supplement 10.00 10.00

Ground corn 1.12 1.51

Soybean meal 5.00 5.00

Digest More 1 0.78 0.39

Limestone 1.10 1.10

White salt 1.00 1.00

Urea 0.50 0.50

Vit. A, 30,000 IU/g 0.00 0.00

Vit. D, 3,000 IU/g 0.01 0.01

Vit. E, 44 IU/g 0.02 0.02

Selenium, 201 ppm 0.14 0.14

Potassium Chloride 0.30 0.30

Copper Sulfate 0.01 0.01

Zinc Sulfate 0.02 0.02

Magnesium Sulfate 0.01 0.01

   

Analyzed composition   

Crude protein, % 14.22 12.90

NDF, % 28.18 17.09

Fat, % 3.71 3.59

Ca, % 0.52 0.45

P, % 0.35 0.33

NEm, Mcal/kg 2.01 2.21
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NEg, Mcal/kg 1.35 1.52

1 Amaferm (BioZyme, St. Joesph, MO)

Biopsies were collected at the average age of 205, 268, 331, 422, and 513 d for experiment 1 steers.
Steers in experiment 2 weighed 241 ± 18.4, 296 ± 24.3, 400 ± 33.9, 531 ± 33.3, and 613 ± 18.0 kg and were
205 ± 9.5, 280 ± 10.0, 352 ± 16.3, 458 ± 31.9, and 546 ± 50.1 DOA at the 5 biopsy collections. The
longissimus muscle (LM) was biopsied on the left side beginning at the 12th rib. Subsequent biopsies
were collected approximately 2.54 cm posterior from the previous biopsy site, evident by scarring. Prior to
surgery, the biopsy site was clipped to remove the hair, scrubbed 3 times with betadine surgical scrub, and
followed by 3 alcohol scrubs. Administration of 5 ml of lidocaine was administered prior to making a
2.54 cm incision to place the biopsy needle. A 10 mm muscle biopsy cannula (Millennium Surgical
Corporation; Narberth, PA) was used to collect approximately 1 g of LM tissue. The biopsy incision site
was stapled and sprayed with a water resistant aerosol bandage (Aluspray; Neogen Corporation;
Lexington, KY). Biopsies were snap frozen with liquid nitrogen and stored in the freezer at -80°C. The
harvest (5th /�nal) LM biopsy was collected from the LM of the carcass immediately after hide removal
with a knife and stored in the freezer at -80°C .

Cellularity analysis
Multiple pictures were collected from each histology slide to identify all intramuscular adipocytes using a
Thermo Fisher EVOS XL Core Cell Imaging System (Thermo Fisher Scienti�c, Waltham, MA). The
circumference of all traceable IM adipocytes were traced to determine and record each cell’s area using
ImageJ (NIH, Bethesda, MD). Due to time and �nancial constraints, slides from the fourth biopsy
collection were not traced and analyzed.

RNA extraction and analysis
Extraction of RNA was performed using RNAzol RT (Molecular Research Center; Cincinnati, OH) according
to the manufacturer’s instructions. Brie�y, 1 ml of RNAzol RT and 0.15 g of 0.1 mm zirconium beads were
placed into a 2 ml micro-centrifuge tube, along with 0.1 g of biopsied LM tissue, and chilled on ice.
Samples were homogenized for 1 min with a bead beater, chilled on ice for 1 min, and repeated. RNase-
free water (0.4 ml) was added, samples were vortexed for 15 s, and allowed to incubate for 15 min at
room temperature. Next, samples were centrifuged at 12,000 × g for 5 min at 4°C. After, 0.6 ml of
supernatant was pipetted into 2 new micro-centrifuge tubes each, containing 0.4 ml of isopropanol,
vortexed for 2 s, and allowed to incubate for 10 min at room temperature, before centrifuging at 12,000 ×
g for 10 min at 4°C. Supernatant was discarded; 0.4 ml of 75% ethanol was pipetted into each tube, and
centrifuged at 4,000 × g for 3 min at 20°C. After repeating the last step, the RNA pellet was allowed to dry
and 10 µl of RNase-free water was pipetted into each tube to re-suspend the RNA pellet. The 2 centrifuge
tubes containing RNA were combined and frozen at -80°C until analysis.

Extracted RNA was quanti�ed using UV spectroscopy (NanoDrop Technologies; Wilmington, DE) and RNA
integrity was assessed using a BioAnalyzer 2100 and RNA NanoChip assay (Agilent Technologies; Santa
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Clara, CA). Gene expression was determined using a NanoString nCounter XT Assay (NanoString
Technologies; Seattle, WA). The nSolver Analysis Software 3.0 (NanoString Technologies, Seattle, WA)
was used to analyze nCounter data. Data were normalized to the geometric mean of the reference genes:
actin-beta, cyclophilin A, and hypoxanthine phosphoribosyltransferase 1 (Table 2), and results are shown
in Figs. 4–42. A relative expression of 20 was the limit of detection.
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Table 2
List of genes analyzed from longissimus muscle tissue of Angus- and Wagyu-sired steers

Gene abbreviation Gene name Accession number

ACACA acetyl-CoA carboxylase alpha NM_174224.2

ACACB acetyl-CoA carboxylase beta NM_001205333.1

ACADVL acyl-CoA dehydrogenase very long chain NM_174494.2

ACLY ATP citrate lyase NM_001037457.1

AGPAT1 1-acylglycerol-3-phosphate O-acyltransferase 1 NM_177518.1

ANGPT1 angiopoietin 1 NM_001076797.1

ANGPT2 angiopoietin 2 NM_001098855.1

CD36 cd36 molecule (thrombospondin receptor) NM_174010.2

CEBPA CCAAT enhancer binding protein alpha NM_176784.2

CEBPB CCAAT enhancer binding protein beta NM_176788.1

CPAT1A carnitine palmitoyltransferase 1A NM_001304989.2

CREB1 cAMP responsive element binding protein 1 NM_174285.1

DBI diazepam binding inhibitor NM_001113321.1

DGAT1 diacylglycerol O-acyltransferase 1 NM_174693.2

DLK1 delta like non-canonical notch ligand 1 NM_174037.2

ELOVL6 fatty acid elongase 6 NM_001102155.1

FABP4 fatty acid binding protein 4 NM_174314.2

FASN fatty acid synthase NM_001012669.1

FBLN1 �bulin 1 NM_001098029.1

GPAM glycerol-3-phosphate acyltransferase NM_001012282.1

GPD1 glycerol-3-phosphate dehydrogenase 1 NM_001035354.1

LDLR low density lipoprotein receptor NM_001166530.1

LIPE lipase E, hormone sensitive type NM_001080220.1

LPIN1 lipin 1 NM_001206156.2

LPL lipoprotein lipase NM_001075120.1

MGL monoglyceride lipase NM_001206681.1

OLR1 oxidized low density lipoprotein receptor 1 NM_174132.2
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Gene abbreviation Gene name Accession number

PDGFRA platelet-derived growth factor receptor alpha NM_001192345.1

PDGFRB platelet-derived growth factor receptor beta NM_001075896.2

PNPLA2 patatin like phospholipase domain containing 2 NM_001046005.2

PPARA peroxisome proliferator activated receptor alpha NM_001034036.1

PPARD peroxisome proliferator activated receptor delta NM_001083636.1

PPARG peroxisome proliferator activated receptor gamma NM_181024.2

PPARGC1A PPARG coactivator 1 alpha NM_177945.3

PTGIS prostaglandin I2 synthase NM_174444.1

PTGS1 prostaglandin-endoperoxide synthase 1 NM_001105323.1

PTGS2 prostaglandin-endoperoxide synthase 2 NM_174445.2

SCARB1 scavenger receptor class B member 1 NM_174597.2

SCD stearoyl-CoA desaturase NM_173959.4

SLC27A1 solute carrier family 27 member 1 NM_001033625.2

SREBF1 sterol regulatory element binding transcription factor 1 NM_001113302.1

VEGFA vascular endothelial growth factor A NM_174216.2

ZFP423 zinc �nger protein 423 NM_001101893.1

ACTB actin beta NM_173979.3

EEF1A2 eukaryotic translation elongation factor 1 alpha 2 NM_001037464.1

HPRT1 hypoxanthine phosphoribosyltransferase 1 NM_001034035.1

PPIA peptidylprolyl isomerase A NM_178320.2

PPP1CA protein phosphatase 1 catalytic subunit alpha NM_001035316.2

SDHA succinate dehydrogenase complex �avoprotein subunit A NM_174178.2

Statistical Analysis
Statistical analyses were performed using PROC MIXED in SAS (SAS Inst. Inc., Cary, NC). The
experimental designs of both experiment 1 and 2 were randomized complete block design with animal as
the experimental unit. Prior to cellularity analysis, PROC UNIVARIATE was used to determine the
proportion of IM adipocytes present within histogram bins at 500 µm2 intervals. The statistical model
used for cellularity and gene expression analyses was: Yij = µ + Ti + Bj + TBij + eij, where Ti = treatment, Bj

= biopsy collection, TBij is the interaction as a �xed effect, and eij = random error. The REPEATED
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statement was used to determine the effect of time (biopsy collection) on gene expression, and the
covariance structure with the lowest BIC was used. The LSMEANS, PDIFF, and SLICE statements were
used to record treatment least square mean estimates, standard errors (SEM), and distinguish differences
between the treatment levels. A signi�cance of �xed effects was established at P ≤ 0.05 and tendencies
are discussed at 0.05 < P ≤ 0.15.

Results And Discussion
In experiment 1, 12th rib LM IM fat percentage, determined by ether extraction, tended (P = 0.13) to be
greater for WA-MD steers compared with AN and WA-GD steers (12.7 vs. 9.7, 8.8 %, respectively). In
experiment 2, 12th rib LM IM fat percentage, was greater (P ≤ 0.01) for WA-MB steers compared with AN
and WA-GB steers (15.0 vs. 9.7, 8.2 %, respectively). Overall, steers sired by OW Yasufuku 229Y, the
Wagyu bull selected for high marbling genetic potential, had a greater percentage of IM fat at harvest
compared with steers sired by GAR Sunrise, the Angus bull selected for high marbling genetic potential,
and LMR Fukutsuru 729T, the Wagyu bull selected for high growth genetic potential (Jaborek et al., 2020).

Intramuscular adipocyte cellularity
The distribution of IM adipocytes, from steers with a similar age and DOF in experiment 1 and similar BW
in experiment 2, exhibited a unimodal distribution with a positive skew (Figs. 1A, 1B). In experiment 1, AN
steers had a greater (P < 0.04) proportion of IM adipocytes with an area between 1,500 to 2,000 µm2 at
205 DOA compared with WA-MD steers (treatment × time interaction; Fig. 2A). Additionally, WA-GD and
WA-MD steers had a greater (P < 0.02) proportion of IM adipocytes with an area between 12,500 to 13,000
µm2 at 513 DOA compared with AN steers, with WA-GD tending (P = 0.07) to have a greater proportion of
IM adipocytes with an area between 11,500 to 12,000 µm2 at 513 DOA compared with AN steers (Fig.
2D). Between the different treatments, AN steers tended to have a lesser proportion of IM adipocytes with
an area between 6,500 to 7,000 µm2 (P = 0.06), 7,000 to 7,500 µm2 (P = 0.14), 8,500 to 9,000 µm2 (P = 
0.15) compared with WA-MD steers, 9,500 to 10,000 µm2 (P = 0.15) compared with WA-GD and WA-MD
steers, and 10,000 to 10,500 µm2 (P = 0.11), 12,500 to 13,000 µm2 (P = 0.07), and greater than 13,000 µm2

(P = 0.11) compared with WA-GD steers. Over time, animal age affected (P < 0.04) the proportion of IM
adipocytes in each 500 µm2 interval, except between 2000 to 2500 µm2 (P = 0.33; Fig. 1A). In general, at
205, 268, and 331 DOA there was a greater proportion of IM adipocytes between 0 to 2,000 µm2 and at
531 DOA there was a greater proportion of IM adipocytes between 4,500 to greater than 13,000 µm2.

In experiment 2, WA-GB and WA-MB steers had a greater (P < 0.03) proportion of IM adipocytes with an
area between 12,500 to 13,000 µm2 at 613 kg compared with AN steers, and a tendency for WA-GB steers
to have the greatest proportion of IM adipocytes with an area between 5,500 to 6,000 µm2 (P = 0.12) and
9,500 to 10,000 µm2 (P = 0.12) at 613 kg (treatment × time interaction; Fig. 3D). Likewise, WA-GB steers
tended to have a greater proportion of IM adipocytes with an area between 5,500 to 6,000 µm2 (P = 0.12)
at 296 kg (Fig. 3B). Between the different treatments, AN steers had a lesser or tended to have a lesser
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proportion of IM adipocytes with an area between 4,000 to 4,500 µm2 (P = 0.11), 4,500 to 5,000 µm2 (P = 
0.08), 6,500 to 7,000 µm2 (P = 0.14), 7,000 to 7,500 µm2 (P = 0.10), 8,000 to 8,500 µm2 (P = 0.13)
compared with WA-GB steers and 8,500 to 9,000 µm2 (P < 0.03), 9,500 to 10,000 µm2 (P < 0.01), 10,000 to
10,500 µm2 (P = 0.06), and greater than 13,000 µm2 (P = 0.07) compared with WA-GB and WA-MB steers.
Over time, the proportion of IM adipocytes in each 500 µm2 interval was different (P < 0.02) when steers
were compared at a similar BW (Fig. 1B). In general, when steers weighed 241, 296, and 400 kg there was
a greater proportion of IM adipocytes between 0 to 2,000 µm2 and when steers weighed 613 kg there was
a greater proportion of IM adipocytes between 4,500 to greater than 13,000 µm2.

A pitfall in the present study was the lack of experimental units to provide enough power to detect
statistical differences for the cellularity results. The SEM for each level within the treatment × time
interaction varied considerably (0.04 to 7.99 and 0.03 to 6.89 in experiments 1 and 2, respectively), with it
decreasing as the proportion of cells in each 500 µm2 interval decreased and cell size increased. It was
hypothesized that the treatment × time interaction for the cellularity distributions would differ more
frequently, which would help explain differences in marbling deposition between Angus and Wagyu
cattle. Therefore, the distribution of IM adipocyte area will be interpreted further by treatment and biopsy
collection. In experiment 1, at 205 DOA (Fig. 2A), WA-MD steers had IM adipocytes that were less mature
compared with AN and WA-GD steers, which is illustrated by a greater proportion (+ 8%) of small IM
adipocytes (0 to 500 µm2) and a lesser proportion of larger IM adipocytes (1,000 to 2,000 µm2). At the
second biopsy time point (268 DOA; Fig. 2B), it appears WA-GD steers developed a greater proportion (+ 
10%) of small IM adipocytes (0 to 500 µm2) relative to AN and WA-MD steers. A greater proportion of
smaller IM adipocytes for WA-MD and WA-GD steers at 205 and 268 DOA, respectively, may indicate the
proliferation of new smaller IM adipocytes. At 331 DOA (Fig. 2C, WA-GD and WA-MD steers shift to a
greater proportion of larger IM adipocytes (1,500 to 3,000 µm2), but interestingly AN steers appeared to
retain a portion of smaller IM adipocytes (1,000 to 1,500 µm2) while increasing the proportion of larger IM
adipocytes (2,000 to 6,500 µm2). At harvest (513 DOA; Fig. 2D), the distribution of IM adipocyte area was
very similar between steers in different treatments. Indicating that marbling differences between the
treatments at harvest were likely due to treatment differences in IM adipocyte number rather than IM
adipocyte size.

In experiment 2, the distribution of IM adipocytes from the �rst biopsy (241 kg; Fig. 3A) is very similar to
experiment 1, as steers were biopsied on the same day to initiate the present study. Unlike in experiment
1, at the second biopsy (246 kg; Fig. 3B) in experiment 2, IM adipocytes from WA-GB steers began to shift
towards a greater proportion of larger IM adipocytes with an area between 1,000 to 2,000 µm2 when
compared with AN and WA-MB steers. At 400 kg (Fig. 3C) WA-GB and WA-MB steers continued to
demonstrate a shift towards a greater proportion of larger IM adipocytes (2,500 to 4,000 µm2) when
compared with AN steers, while AN steers still had a greater proportion of smaller IM adipocytes (1,000 to
1,500 µm2). At harvest (613 kg; Fig. 3D), the distribution of IM adipocyte area would indicate that WA-GB
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steers have a slightly larger IM adipocyte area on average due to the distribution being shifted slightly
towards the right.

Two techniques are commonly used to determine adipocyte cellularity: 1) IM adipocytes are measured
within the muscle tissue or 2) IM adipocytes are dissected and extracted from the muscle and
subsequently measured. Due to the irregular shape of IM adipocytes found within the muscle tissue, IM
adipocyte size is reported by adipocyte area in the present study, which makes comparisons to reports of
adipocyte diameter somewhat di�cult. Regardless, many of the IM adipocyte distributions that are
reported (Schiavetta et al., 1990; Albrecht, et al., 2011; Yamada and Nakanishi, 2012) have a greater
proportion of medium-sized IM adipocytes with a normal distribution. When IM adipocyte distributions
from the present study are presented by diameter rather than area, they also show a greater proportion of
medium-sized IM adipocytes with a normal distribution. Albrecht et al. (2011) reported a 10 to 20 µm
smaller size difference in IM adipocyte diameter between intact and dissected IM adipocyte
measurements, which may explain the smaller IM adipocyte size observed in the present study.
Interestingly, others (Hood and Allen, 1973; Schoonmaker et al., 2004, Gorocica-Buen�l et al., 2007;
Pickworth et al., 2011; Pickworth et al., 2012) reported bimodal IM adipocyte distributions, in addition to
the larger proportion of medium-sized adipocytes, a new cluster of small adipocytes were recruited from
preadipocytes. Robelin (1981) and Schoonmaker et al. (2004) proposed that a new wave of
preadipocytes are recruited to form a new cluster of small-sized adipocytes once the average adipocyte
diameter reaches approximately 90 µm. However, when the mean IM adipocyte diameter is compared
between the study reported by Schoonmaker et al. (2004) and others (Gorocica-Buen�l et al., 2007;
Pickworth et al., 2011; Pickworth et al., 2012), mean IM adipocyte diameter was smaller than 90 µm, but
IM adipocytes already exhibited a bimodal distribution. This may be due to the breed of cattle used in the
study, as Schoonmaker et al. (2004) used Holsteins and the other studies (Gorocica-Buen�l et al., 2007;
Pickworth et al., 2011; Pickworth et al., 2012) used SimAngus crossbred cattle. Additionally, the LM lipid
content was lesser for Holstein steers reported by Schoonmaker et al. (2004) when compared with other
studies (Gorocica-Buen�l et al., 2007; Pickworth et al., 2011; Pickworth et al., 2012), indicating major
differences in IM adipocyte number contributing to the differences in lipid content deposited in the LM.
When comparing IM adipocyte size between Wagyu and Holstein steers, both breeds demonstrate
hypertrophy with increasing IM adipocyte size from 10 to 18 months of age, but IM adipocytes remained
at a similar size from 18 to 26 months of age (Albrecht et al., 2011). Results from the present study are in
agreement, as IM adipocyte size continued to increase from 205 DOA until harvest (513, 536, and 591
DOA for AN steers, WA-GB steers, and WA-MB steers, respectively). Unique IM adipocyte distributions
have been reported in older cattle by May et al. (1994; 34 and 26 months of age) and Kruk et al. (2018; 22
months of age), where a very large proportion of new small IM adipocytes were recruited to produce a IM
adipocyte distribution with a very strong positive skew. May et al. (1994) reported a greater proportion of
smaller IM adipocytes (from 20 to 40 µm) for crossbred Wagyu steers, which had a greater marbling
score at harvest, compared with Angus steers (53 vs. 47%, respectively). Kruk reported 46% of IM
adipocytes with a diameter ranging from 10 to 30 µm. Based on the lack of a bimodal distribution
indicating preadipocyte recruitment for the formation of a cluster of small-sized IM adipocytes in the
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present study, we believe that an in�ux of small-sized IM adipocytes was forthcoming if steers had
remained on feed for another month or two. The gene expression results provide further support to this
hypothesis and will be discussed later.

Adipogenic gene expression
Pre-adipocyte determination, proliferation, and the differentiation of pre-adipocytes into mature
adipocytes is recognized as the process of adipogenesis, which is regulated by a complex signaling
cascade. The expression of zinc �nger protein 423 (ZFP423) in mesenchymal progenitor cells represents
determination or commitment to the adipose lineage and presence of preadipocytes (Gupta et al., 2010;
Haung et al., 2012). However, ZFP423 expression will continue to increase after adipocyte differentiation
occurs and ZFP423 will no longer act as a good marker to identify preadipocytes in mature adipose
tissue. The expression of delta like non-canonical notch ligand 1 (DLK1), also called preadipocyte factor
1 (Pref-1), inhibits CCAAT enhancer binding protein beta (CEBPB) and delta (CEBPD) expression needed
for pre-adipocyte differentiation and has been recognized as a pre-adipocyte marker (Hudak and Sul,
2013). Fibulin 1 (FBLN1) is a glycoprotein associated with the extracellular matrix and has recently been
identi�ed as an IM pre-adipocyte marker in muscle, as well as prostacyclin synthase (PTGIS; Kichoon Lee,
personal communication). Prostaglandin I2 (prostacyclin) has been reported to initiate differentiation in
pre-adipocytes by triggering cAMP release, leading to subsequent cAMP responsive element binding
protein 1 (CREB1) activation, and leading to the eventual upregulation of early differentiation
transcription factors, such as CEBPB and CEBPD (Aubert et al., 2000; Belmonte et al., 2001). Activation of
CREB1 by both protein kinase A (PKA) and extracellular signal-regulated kinase (ERK) are needed for
CREB1 to promote CEBPB and CEBPD expression (Belmonte et al., 2001). Additionally, peroxisome
proliferator activated receptor delta (PPARD) has been reported to be upregulated by cAMP signaling,
which leads to mitotic expansion of pre-adipocytes and assists with the subsequent upregulation of
peroxisome proliferator activated receptor gamma (PPARG; Bastie et al., 1999; Hansen et al., 2000). The
expression of PPARD can also upregulate genes associated with fatty acid transport and uptake for beta-
oxidation in the LM (Bastie et al., 1999; Holst et al., 2003). After mitotic expansion occurs, CEBPB works
to upregulate late differentiation transcription factors such as PPARG by binding to promoters on the
DNA (Wu, et al., 1996; Tang et al., 2003). Upregulation of PPARG can upregulate CCAAT enhancer binding
protein alpha (CEBPA) to activate insulin-dependent signaling, where the two transcription factors work
synergistically to advance terminal differentiation and the upregulation of other genes associated with
lipogenesis (Wu et al., 1999; Tang et al., 2003).

In experiment 1, ZFP423 expression increased over time (P ≤ 0.01), with an upregulation at 331 and 442
DOA, with no differences (P = 0.73) observed between steers in different treatments (Fig. 4A). Expression
of DLK1 was not different between treatments (P = 0.99) and only tended (P = 0.14) to be greater at the
�fth biopsy collection. Similarly, FBLN1 expression was greater (P ≤ 0.01) at 513 DOA for steers in the
present study (Fig. 5A). The expression of PTGIS was greater (P ≤ 0.01) at 205 and 513 DOA than at 331
and 422 DOA, with no differences (P = 0.37) observed between steers in different treatments (Fig. 6A).
There was a greater (P ≤ 0.02) CREB1 expression at 422 DOA and up to 513 DOA, but there also tended to
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be a treatment × biopsy interaction (P = 0.10) where AN steers tended to have a greater CREB1 expression
at 422 DOA compared with WA-MD steers (Fig. 7A). The expression of PPARD (Fig. 8A) and CEBPB (Fig.
9A) had signi�cant treatment × biopsy interactions. Instead of being down regulated at 268 DOA, PPARD
expression was sustained at a greater (treatment × biopsy interaction, P ≤ 0.01) level by WA-MD steers
compared with AN and WA-GD steers. Additionally, AN steers had a greater (treatment × biopsy
interaction, P ≤ 0.01) PPARD expression compared with WA-GD and WA-MD steers at 422 DOA and WA-
GD steers at 513 DOA. In experiment 1, AN steers exhibited a greater (treatment × biopsy interaction, P ≤ 
0.01) CEBPB expression at 422 DOA compared with WA-GD and WA-MD steers. The expression of CEBPA
was near the limit of detection in the present study, but demonstrated a slight upregulation (P ≤ 0.01) at
422 and 513 DOA, and tended (P = 0.15) to be greater for WA-MD steers compared with WA-GD steers
(Fig. 10A). Expression of PPARG was greater (P ≤ 0.01) at 422 and 513 DOA; while WA-MD steers had a
greater (P ≤ 0.04) PPARG expression, speci�cally at 331, 422, and 513 DOA, when compared with AN and
WA-GD steers (Fig. 11A)

In experiment 2, ZFP423 expression demonstrated a similar pattern as in experiment 1, with a greater (P 
≤ 0.01) ZFP423 expression when steer body weight was 276 and 531 kg (Fig. 4B). Expression of DLK1
was not different between treatments (P = 0.29) or biopsy collections (P = 0.26). Similar to experiment 1,
FBLN1 expression was greatest (P ≤ 0.01) at harvest (613 kg), intermediate when steers weighed 400 kg
and 531 kg, and least at 296 and 241 kg, with WA-MB steers tending (P = 0.07) to have a greater FBLN1
expression compared with AN steers (Fig. 5B). The expression of PTGIS (P ≤ 0.01) was down regulated at
276 kg, but was upregulated again at 613 kg, which was similar to experiment 1 (Fig. 6B). Expression of
CREB1 exhibited a treatment × biopsy interaction (P ≤ 0.02), where AN steers had a greater expression at
531 kg compared with WA-GB and WA-MB steers, and AN steers also tended to have a greater CREB1
expression at 400 kg compared with WA-MB steers (Fig. 7B). There was a treatment × biopsy interaction
for PPARD expression (P ≤ 0.01), where WA-MB steers exhibited approximately 2 times greater expression
of PPARD at 400 kg compared with AN and WA-GB steers, while AN steers had a slightly greater PPARD
expression than WA-GB and WA-MB steers at 531 kg (Fig. 8B). The expression of CEBPB was upregulated
(P ≤ 0.01) at 613 kg, but tended to exhibit a treatment × biopsy interaction (P = 0.15), where AN steers
tended to have a greater expression at 531 kg compared with WA-MB steers (Fig. 9B). Additionally, WA-
GD and WA-MD steers tended to have a greater CEBPB expression at 296 kg compared with AN steers,
and WA-MD steers tended to have a greater expression at 400 kg compared with AN steers. The
expression of CEBPA was not different across treatment or time, likely due to the low level of detection for
this gene. The expression of PPARG tended to display a treatment × biopsy interaction (P = 0.09), where
WA-MB steers had a greater PPARG expression at 400 kg compared with AN and WA-GB steers (Fig. 11B).
Additionally, PPARG expression was greater (P ≤ 0.01) at 531 and 613 kg, and tended (P = 0.09) to be
greater on average for WA-MB steers compared with AN and WA-GB steers.

Overall, ZFP423 expression demonstrated an increased commitment of mesenchymal progenitor cells to
the adipogenic lineage or adipogenic ability within the LM tissue of steers of the present study. Along
with a greater IM fat percentage, a greater expression of ZFP423 was reported in the sternomandibularis
muscle by Duarte et al. (2013) for Wagyu steers compared with Angus steers at 24 months of age. In
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younger (12 mo.) heifers, Fu et al. (2017) reported Wagyu heifers tended to have a greater ZFP423
expression compared with Angus heifers in the biceps femoris muscle. However, the results from the
present study do not support this theory as no breed differences were observed between Angus and
Wagyu steers.

Expression of DLK1 was relatively constant across the �ve biopsy collections, with no treatment
differences observed. In agreement, Pickworth et al. (2011) reported no difference in DLK1 expression at
harvest between high and low marbling steers. In disagreement, Albrecht et al. (2015) believe they were
able to properly identify pre-adipocytes by using DLK1 as a marker in the LM of a 6 month old bovine
fetus and LM tissue from 26 month old Holstein and Wagyu steers. A greater number of DLK1 positive
cells were identi�ed in Holstein steers compared with Wagyu steers at 26 months of age, and a greater
overall mean DLK1 expression in Holstein steers compared with Wagyu steers across all biopsy
collections (10, 14, 18, 22, and 26 months of age; Albrecht et al., 2015). Expression of DLK1 has been
reported in skeletal muscle, particularly satellite cells, and promotes myogenic differentiation for muscle
regeneration and hypertrophy (Waddell et al., 2010). Therefore, it is impossible to determine the
contribution of DLK1 as a pre-adipocyte marker due to the combined presence of pre-adipocytes and
satellite cells within the muscle samples collected in the present study.

As a potential pre-adipocyte marker, a greater FBLN1 expression at harvest could indicate a greater
number of pre-adipocytes present in the LM of steers from the present study. The expression of FBLN1 is
further supported by PTGIS expression. The expression of PTGIS exhibited two peaks, at the time of
weaning and harvest, approximately 6.7 months of age and 16.8 to 19.4 months of age, respectively. The
creation of prostacyclin from arachidonic acid requires cyclooxygenase 1/2 (COX1/2), also called
prostaglandin-endoperoxide synthase 1/2 (PTGS1/2), both COX1 and 2 were near or below the level of
detection in the present study. Rahman et al. (2014) demonstrated that PTGIS and IP receptor expression
closely mirrored the 6-keto-PGF1α (a stable product of prostacyclin) concentration in 3WA-MD-L1 cells,
where expression was greatest in pre-adipocytes growing to con�uence and in maturing adipocytes, but
not differentiating pre-adipocytes. Therefore, prostacyclin from pre-adipocytes or mature adipocytes can
impose an autocrine or paracrine effect to initiate differentiation (Darimont et al., 1994; Rahman, 2019). It
may be that a cluster of pre-adipocytes were beginning to initiate differentiation at the time of the �rst
biopsy through an autocrine signal and at the �fth biopsy mature adipocytes were sending a paracrine
signal to pre-adipocytes to begin differentiation again to form a new cluster of small adipocytes. The
hypothesis of a new cluster of small adipocytes forming shortly after the time at which cattle were
harvested in the present study could help explain the lack of a bimodal distribution observed with the IM
adipocyte cellularity results.

Expression of CREB1 was greater for Angus-sired steers at the third and fourth biopsies, approximately
12.1 and 16.8 months of age, compared with Wagyu-sired steers. It appears as if a greater CREB1
expression by Angus-sired steers could be upregulating CEBPB at the fourth biopsy collection compared
with Wagyu-sired steers. Noticeably, Wagyu-sired steers did not demonstrate any peaks in CREB1
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expression, which may indicate the transient nature of CREB1 activation for CEBP upregulation (Reusch
et al., 2000).

A greater expression of CEBPB was observed at the �fth biopsy for all steers. At 296 kg and 400 kg, WA-
MB steers tended to have a greater CEBPB expression compared with Angus-sired steers, and Angus-sired
steers had a greater CEBPB expression at the fourth biopsy collection (approximately 13.8 months of
age) compared with Wagyu-sired steers. This CEBPB expression may indicate that IM adipocytes from
WA-MB steers had initiated differentiation at a younger age and lesser BW compared with other steers in
the present study. In a study conducted by Wang et al. (2009), Wagyu- and Piedmontese-sired heifers
were raised on pasture until entering the feedlot around 26 months of age at approximately 450 kg. The
CEBPB expression of Wagyu- and Piedmontese-sired heifers was greatest at 12 months of age before
preceding the upregulation of PPARG at 25 months of age with sustained expression until harvest at 30
months of age. Moisa et al. (2014) did not observe a peak for CEBPB expression in steers early weaned at
4.6 months of age, but reported peak CEBPB expression at 10 months of age in steers that were creep-fed
and weaned at 7 months of age. The major difference between the studies of Wang et al. (2009), Moisa
et al. (2014), and the present study, would be nutritional management resulting in different maturity rates
for the cattle in those studies. Moisa et al. (2014) used the most intensive management system with early
weaning and creep feeding, with both systems exhibiting very different adipogenic patterns, followed by
the present study, and lastly, the extensive management system used by Wang et al. (2009). The age at
which cattle begin to consume a high-energy diet will in�uence the timing and duration of the expression
of adipogenic genes in the development of marbling.

Steers sired by the Wagyu sire selected for genetic marbling potential (WA-MD and WA-MB) demonstrated
unique peaks of PPARD expression at the second and third biopsy in experiment 1 and 2, respectively.
Based on the lack of a bimodal distribution for IM adipocyte area to indicate recent pre-adipocyte
proliferation, the unique PPARD peaks may indicate a greater transportation and uptake of fatty acids
used for triglyceride formation and PPARG upregulation in the LM of WA-MD and WA-MB steers.

As a possible result of PPARD upregulation in the LM, PPARG expression was greater for WA-MD and WA-
MB steers beginning at the third biopsy, at approximately 12.1 months of age, compared with steers from
other treatments. The expression of PPARG was greater for all steers at the fourth and �fth biopsies when
steers were 13.8 months of age or greater. A greater PPARG expression at this time likely upregulated
other genes associated with triglyceride synthesis and lipogenesis to enhance marbling deposition. In
support, Duarte et al. (2013) and Fu et al. (2017) reported a greater PPARG expression in the muscle of
Wagyu cattle compared with Angus cattle. Additionally, Wang et al. (2009) reported a much greater
PPARG expression for Wagyu-sired heifers compared with Piedmontese-sired heifers arising just prior to
the �nishing phase at 25 months of age. It could appear that the consumption of a high-energy diet
stimulated PPARG expression when steers were transitioned to the �nishing diet at 377 DOA (12.4
months of age) in the present study, and for early-weaned steers in the Moisa et al. (2014) study.
However, Wang et al. (2009) reported an upregulation of PPARG in heifers 1 month prior to feedlot entry
and Moisa et al. (2014) reported no obvious upregulation of PPARG in normal-weaned, creep-fed steers.
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Therefore, instead of being regulated by the onset of consuming of a high-energy diet or chronological
age, the timing of PPARG expression may be related to growth rate and physiological maturity. In
agreement with this notion, Graham et al. (2009) and McKiernan et al. (2009) reported a greater
percentage of IM fat (3.05 vs. 2.64 %; 4.15 vs. 3.61 %, respectively) in the LM and a younger age at
harvest (677 vs. 848 DOA; 595 vs 753 DOA, respectively) from steers with a fast post-weaning gain
compared with a slow post-weaning gain (0.7 vs. 0.5 kg/d).

Unfortunately, CEBPA expression was near the limit of detection in the present study. However, the data
did exhibit a greater CEBPA expression at the fourth and �fth biopsies in experiment 1 and a tendency for
a greater CEBPA expression from WA-MD steers compared with WA-GD steers, similar to PPARG
expression. Additionally, Duarte et al. (2013) reported a greater CEBPA expression for Wagyu steers
compared with Angus steers at 24 months of age; although, steers were at a much greater age when
harvested compared with the present study. As in the present study, Moisa et al. (2014) reported
coinciding peaks of CEBPA and CEBPB expression from early weaned steers that appear to slightly follow
PPARG expression.

Lipogenesis
Lipogenesis is the process where energy, in the form of acetyl-CoA, is used to create fatty acids. In cattle,
acetate is produced by ruminal fermentation of dietary feedstuffs and can be absorbed into the blood
stream from the rumen and transported to peripheral tissues for the production of acetyl-CoA.
Additionally, glucose absorbed by adipocytes can produce acetyl-CoA from citrate via ATP citrate lyase
(ACLY) in the cytosol. For fatty acid synthesis to occur, acetyl-CoA must be converted to malonyl-CoA by
acetyl-CoA carboxylase alpha/beta (ACACA/B) to initiate synthesis of the fatty acid. Fatty acid synthase
(FASN) proceeds to add acetyl groups for the formation of 16 and 18 carbon long-chain fatty acids. Fatty
acids can be elongated by the addition of two carbons, for example by fatty acid elongase 6 (ELOVL6) or
desaturated to include a double bond in the fatty acid by stearoyl-CoA desaturase 1 (SCD1). Sterol
regulatory element binding transcription factor 1 (SREBF1) regulates fatty acid synthesis by transcribing
ACLY, ACAC, and FASN as well as others (Shimano, 2001). The transcription of SREBF1 is regulated
initially by CEBPB and CEBPD, and eventually CEBPA (Payne et al., 2010). Finally, PPARG assists SREBF1
with the regulation of genes, such as GPAM, involved in triglyceride synthesis (Coleman and Lee, 2014).

In experiment 1, SREBF1 expression (P ≤ 0.01) was greater at the �rst, fourth, and �fth biopsies, at 205,
422 and 513 DOA for steers, respectively (Fig. 12A). Sterol regulatory element binding transcription factor
1 tended to exhibit a treatment × biopsy interaction (P = 0.051), where AN steers had a numerically greater
SREBF1 expression at 422 DOA compared with WA-GD and WA-MD steers. The expression of ACLY (P ≤ 
0.01; (Fig. 13A), ACACA (P ≤ 0.01; (Fig. 14A), and FASN (P ≤ 0.01; (Fig. 16A) similarly mirrored SREBF1
expression and peaked at 422 DOA or the fourth biopsy for steers in experiment 1. The expression of
ACACA tended (P = 0.09) to be greater for WA-MD steers compared with AN and WA-GD steers, which was
driven by its numerically greater expression at 422 DOA. Expression of ACACB was greatest (P ≤ 0.01) at
513 DOA and exhibited a treatment × biopsy interaction (P ≤ 0.04), where AN steers had the greatest
expression at 422 DOA, WA-GD steers had intermediate expression, and WA-MD steers had the lowest
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expression of ACACB (Fig. 15A). The expression of ELOVL6 (P ≤ 0.01; Fig. 17A) and SCD (P ≤ 0.01;
Fig. 18A) were upregulated at 422 DOA and ELOVL6 (P = 0.06) and SCD (P = 0.08) tended to be greater for
WA-MD steers compared with AN and WA-GD steers. The expression of glycerol-3-phosphate
dehydrogenase 1 (GPD1) was greater (P ≤ 0.01) at 268, 331, and 422 DOA in steers, while GPD1 became
downregulated at 513 DOA (Fig. 19A). The expression of glycerol-3-phosphate acyltransferase (GPAM)
exhibited a treatment × biopsy interaction (P ≤ 0.04), where expression at 331 DOA was greater for WA-
GD and tended to be greater for WA-MD steers compared with AN steers, and WA-MD steers tended to
have a greater GPAM expression compared with AN and WA-GD steers at 422 DOA (Fig. 20A). The
expression of 1-acylglycerol-3-phosphate O-acyltransferase 1 (AGPAT1) was slightly greater (P ≤ 0.02) at
205 and 513 DOA, but there were no treatment differences (Fig. 21A). A treatment × biopsy interaction (P 
≤ 0.02) for phosphatidic acid phosphatase or lipin 1 (LPIN1) resulted from WA-MD steers having a
numerically greater expression at 268 DOA compared with AN steers, while AN steers had a greater
expression at 422 DOA compared with WA-GD and WA-MD steers (Fig. 22A). Expression of LPIN1 closely
mirrored the expression of PPARD. Diacylglycerol O-acyltransferase 1 (DGAT1) expression was relatively
constant with the greatest expression tending (P = 0.07) to be at 513 DOA (Fig. 23A).

In experiment 2, SREBF1 expression exhibited a treatment × biopsy interaction (P ≤ 0.01), with WA-GB
and WA-MB steers having a greater expression at the third biopsy, at 400 kg, but AN steers had a greater
expression than WA-GB and WA-MB steers at the fourth biopsy when steers weighed 531 kg (Fig. 12B).
Similar to experiment 1, steers in experiment 2 had a greater expression of ACLY (P ≤ 0.01; Fig. 13B),
ACACA (P ≤ 0.01; Fig. 14B), FASN (P ≤ 0.01; Fig. 16B), ELOVL6 (P ≤ 0.01; Fig. 17B), and SCD (P ≤ 0.01;
Fig. 18B) at the fourth biopsy collection or 531 kg. Expression of ACACB was greatest (P ≤ 0.01) at 513
DOA and exhibited a treatment × biopsy interaction (P ≤ 0.01), where WA-MB steers had a greater
expression at 400 kg compared with AN and WA-GB steers, and AN steers had a greater expression at 531
kg compared with WA-GB and WA-MB steers (Fig. 15B). The expression pattern of GPD1 was similar to
experiment 1, where GPD1 expression was greater (P ≤ 0.01) at the second, third, and fourth biopsies
(Fig. 19B). Expression of GPAM exhibited a treatment × biopsy interaction (P ≤ 0.02), with a greater
expression for WA-MB steers at 400 and 613 kg compared with AN and WA-GB steers (Fig. 20B). The
expression pattern of AGPAT1 was also similar to experiment 1, where AGPAT1 expression was greater (P 
≤ 0.01) at the �rst and �fth biopsies, or 241 and 613 kg (Fig. 21B). Lipin 1 exhibited a similar pattern of
expression as PPARD, with a greater expression for WA-MB steers at 400 kg compared with AN and WA-
GD steers, and AN steers having a greater expression at 531 kg compared with WA-GB and WA-MB steers
(treatment × biopsy interaction, P ≤ 0.01; Fig. 22B). The expression of DGAT1 tended (P = 0.07) to be
greater for WA-GB and WA-MB steers compared with AN steers.

Overall, SREBF1 expression was upregulated at the fourth and �fth biopsy collections when steers were
approximately 13.8 to 19.4 months of age. Angus-sired steers had a greater SREBF1 expression
compared with Wagyu-sired steers at 13.8 months of age; however, this did not result in a greater
expression of ACLY, ACACA, FASN, ELOVL6, or SCD for Angus-sired steers. Interestingly, in experiment 2,
Wagyu-sired steers demonstrated a relatively constant expression across the 5 biopsy time points and
still managed to produce a similar expression level for ACLY, ACACA, FASN, ELOVL6, and SCD. At times,
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WA-MD steers tended to have a greater expression of ACACA, ELOVL6, and SCD when compared with
Angus-sired steers. Potentially indicating a gene other than SREBF1 may be in�uencing the expression of
ACACA, ELOVL6, and SCD in cattle with a greater marbling potential.

Expression of ACACB was relatively low until harvest and was typically greater for Angus-sired steers at
the fourth biopsy collection, with WA-MB steers exhibiting a greater expression at 400 kg compared with
other steers. Unlike the role of ACACA in adipose lipogenesis, ACACB is thought to regulate fatty acid
oxidation in the skeletal muscle by the inhibitory effect of malonyl-CoA on CPT1 (McGarry and Brown,
1997). Therefore, the expression pattern of ACACB is more similar to that of the lipolytic genes discussed
later in this manuscript. Research is limited on the role of ACACB in marbling deposition of cattle. A
tendency for a greater expression of ELOVL6 and SCD by WA-MD and WA-MB steers is in agreement with
the fatty acid composition results of cattle used in the present study (Jaborek et al., 2021). In partial
agreement, Wang et al. (2009) reported a greater expression of FASN and SCD in Wagyu-sired heifers
when compared with the Piedmontese-sired heifers at 25 and 30 months of age. Moisa et al. (2014)
reported a greater SREBF1 expression at the �nal two biopsy collections, when steers were 10.1 and 11.9
months of age, with early-weaned steers having a greater SREBF1 expression compared with normal-
weaned steers that were creep-fed. Additionally, Moisa et al. (2014) reported a similar expression pattern
between ACLY, FASN, ELOVL6, SCD, lipoprotein lipase (LPL), fatty acid binding protein 4 (FABP4), and
DGAT2, with early-weaned steers demonstrating a much greater lipogenic gene expression in the LM
compared with normal-weaned creep-fed steers; however, their expression appeared to precede the large
increase in SREBF1 expression and more closely resembled PPARG expression. It is interesting that
normal-weaned steers from the Moisa et al. (2014) study never exhibited an upregulation of lipogenic
gene expression even when consuming a high-energy �nishing diet and tended to have similar marbling
scores at harvest compared with early weaned steers.

The expression pattern of GPAM is similar to PPARG, where WA-MD and WA-MB steers had a greater
GPAM expression compared with other steers from 10.9 months of age until harvest (16.3 to 19.4 months
of age). In support, De Jager et al. (2013) reported a greater GPAM expression by Wagyu-sired heifers
compared with Piedmontese-sired heifers at 25 months of age. Jeong et al. (2012) reported that GPAM
was positively and highly correlated (r = 0.74) with IM fat percentage in the LM of Korean steers. The �rst
committed step of triglyceride synthesis is regulated by GPAM by creating 1-acylglycerol-3-phosphate,
also called lysophosphatidic acid. Next, AGPAT1 adds the second fatty acyl chain to produce
phosphatidic acid. Expression of AGPAT1 was relatively constant, with a slightly greater expression at 6.7
and 16.3 to 19.4 months of age. The expression of LPIN1 closely resembled the expression pattern of
PPARD or CEBPB, where WA-MD and WA-MB steers had a greater expression at the second and third
biopsy collection in experiment 1 and 2, respectively, and Angus-sired steers had a greater expression at
the fourth biopsy collection. Therefore, it is possible WA-MD and WA-MB steers could have had a greater
concentration of diacylglycerol compared with other steers in the study. Expression of DGAT1
demonstrated very few differences during the present study. Although, Jeong et al. (2012) reported
AGPAT1, DGAT1, and DGAT2 were also positively correlated with IM fat percentage in the LM of Korean
steers. Unfortunately, DGAT2 was not measured in the present study to determine its effect on triglyceride
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synthesis. Steers (WA-MD and WA-MB) with the greatest percentage of IM fat in the LM, also had either
the greatest overall expression of GPAM or a greater expression of LIPN1 early in the feeding period. This
correlation between GPAM, LIPN1 and IM fat percentage highlights the importance of these genes and
their products, lysophosphatidic acid and diacylglycerol, respectively, in the development and
accumulation of marbling in cattle. Lysophosphatidic acid produced by the enzymatic activity of GPAM,
can directly activate PPARG (McIntyre et al., 2003). Meanwhile, phosphatidic acid can inhibit PPARG
activation, but LPIN1 is able to restore PPARG activation and its downstream genes by converting
phosphatidic acid into diacylglycerol (Zhang et al., 2012). Future research is needed to quantify these
intermediate products of triglyceride synthesis in cattle to further assess their ability as potential
indicators of marbling potential.

Angiogenesis
Adipose tissue development, particularly IM fat development, appears to be spatially related to capillary
proximity, which was observed during IM adipocyte cellularity analysis. Vascular endothelial growth
factor alpha (VEGFA) is necessary for the formation of immature blood vessels in angiogenesis and
vasculogenesis (Hausman and Richardson, 2004). Angiopoietin 1 (ANGPT1) is responsible for vascular
remodeling and capillary growth and branching, while ANGPT2 is responsible for destabilizing the
structure of blood vessels and regulating ANGPT1 (Hausman and Richardson, 2004). Platelet derived
growth factors (PDGF), particularly PDGF beta, are responsible for helping to maintain capillary wall
stability by the recruitment and proliferation of pericytes (Hausman and Richardson, 2004). Additionally,
PDGF helps regulate the proliferation and mitogenic expansion of mesenchymal progenitor cells, and
therefore, can inhibit terminal differentiation of adipocytes from occurring (Kim et al., 2015). Uezumi et al.
(2010) reported that PDGF receptor alpha (PDGFRA) was a cell surface marker that could be used for
identifying mesenchymal progenitor cells determined to the adipogenic lineage.

In experiment 1, VEGFA expression was greater (P ≤ 0.01) at 205 and 268 DOA for steers (Fig. 24A). The
expression of ANGPT1 was relatively constant from 205 DOA to 422 DOA, but decreased (P ≤ 0.04)
afterwards (Fig. 25A). The opposite expression pattern was exhibited for ANGPT2, where expression
increased (P ≤ 0.01) from 205 DOA until 331 DOA and remained relatively constant thereafter (Fig. 26A).
The expression of PDGFRA was greater (P ≤ 0.01) at the third and �fth biopsy, 331 and 513 DOA,
respectively (Fig. 27A). For PDGF receptor beta (PDGFRB) expression, it was greatest (P ≤ 0.01) at
harvest or 513 DOA (Fig. 28A).

Experiment 2 demonstrated many of the same expression patterns as experiment 1 for the angiogenic
genes in the present study. There was a tendency (P = 0.07) for a greater VEGFA expression at weaning
age (205 DOA), but VEGFA expression remained constant at the subsequent biopsy timepoints (Fig. 24B).
Expression of ANGPT1 exhibited a treatment × biopsy interaction (P ≤ 0.02), where ANGPT1 expression
was nearly two times greater for AN and WA-GB steers compared with WA-MB steers at 400 kg (Fig. 25B).
Similar to experiment 1, steers in experiment 2 had a lesser (P ≤ 0.01) expression of ANGPT2 at weaning
relative to other biopsy collections (Fig. 26B). In addition to the greater (P ≤ 0.02) expression of PDGFRA
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at 613 kg, WA-GB steers had a greater (P ≤ 0.01) overall mean expression compared with AN and WA-MB
steers (Fig. 27B). No differences were detected for PDGFRB expression between steers in experiment 2.

Overall, the expression of VEGFA was greater in the LM at 6.7 to 8.7 months of age, but decreased
thereafter. Indicating the development of the vasculature in the LM occurs when cattle are relatively
young. The expression of VEGFA tends to be greater in other fat depots, such as the renal, mesenteric,
and intermuscular depots, when compared with the IM and subcutaneous fat depots (Yamada et al.,
2010). Interestingly, VEGFA expression is greater in the mesenteric and intermuscular fat depots when
Wagyu steers consume a high roughage diet rather than a high-concentrate diet, but VEGFA expression
was similar in the IM and subcutaneous fat depots across the two diets (Yamada and Nakanishi, 2012).
Therefore, it appears VEGFA expression may be upregulated in earlier maturing fat depots such as the
renal, mesenteric, and intermuscular depots to accommodate larger adipocytes. It is not known if VEGFA
expression would become upregulated in the LM if IM adipocytes reached a greater size than IM
adipocytes measured in the present study.

The expression of ANGPT 1 and 2 were relatively constant across the �ve biopsy collections in the
present study, with the lowest ANGPT1 expression at harvest and the lowest ANGPT2 expression at
weaning. Previous studies measuring ANGPT expression in the LM of cattle have also reported very few
treatment differences (Lancaster et al., 2014; Roberts et al., 2015). It is interesting the slight differences
reported in the present study do not support the idea that greater vascularization in the LM would allow
for a greater availability of nutrients for growing IM adipocytes. This lack of support could indicate a lack
of change in vascularization within the LM at this life stage in cattle. Additional research is needed to
clarify the effects of ANGPT on angiogenesis and adipogenesis in cattle. Expression of PDGFR alpha and
beta demonstrated a slightly greater upregulation at the time of harvest. The role of PDGFRA being a pre-
adipocyte marker and PDGFRB helping to regulate capillary stability makes interpretation of the results
di�cult. With the lack of support indicating angiogenic changes in the LM from VEGFA and ANGPT, it is
possible an upregulation of PDGFRA expression could support the idea of a forthcoming wave of new
pre-adipocytes.

Fatty acid uptake and transport
Fatty acids derived from dietary feedstuffs or created via de novo fatty acid synthesis in the liver can be
transported in the form of triglycerides by chylomicrons and lipoproteins throughout the circulatory
system to supply peripheral tissues such as the skeletal muscle and adipose tissue with energy for use
and storage. Lipoprotein lipase or other lipoprotein receptors, such as low density lipoprotein receptor
(LDLR), hydrolyze triglycerides from these lipoproteins into monoacylglycerol and two fatty acids.
Cholesterol transfer from high density lipoproteins is mediated by scavenger receptor class B member 1
(SCARB1). The cd36 molecule (CD36) and fatty acid transport protein 1 (FATP1), also called solute carrier
family 27 member 1 (SLC27A1), transport fatty acids into the cell. Fatty acid transporters such as, FABP4
and acyl-CoA binding protein (ACBP), also called diazepam binding inhibitor (DBI), bind to fatty acids for
transport of the fatty acid within the cell.
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In experiment 1, LPL expression was greater (P ≤ 0.01) at 205 and 513 DOA for steers (Fig. 29A). The
expression of LDLR was greater (treatment × biopsy interaction, P ≤ 0.01) for WA-MD steers at 422 DOA
compared with AN and WA-GD steers (Fig. 30A). Expression of SCARB1 was greater (P ≤ 0.01) at 205,
268, and 331 DOA, and decreased afterwards, with AN steers tending (P = 0.07) to have a greater SCARB1
expression compared with WA-GD and WA-MD steers (Fig. 31A). The expression of CD36 was greater (P 
≤ 0.01) at 513 DOA, while WA-MD steers tended (P = 0.11) to have a greater CD36 expression than AN
steers (Fig. 32A). The expression of FATP1 was greater (treatment × biopsy interaction, P ≤ 0.01) for AN
steers at 422 DOA compared with WA-GD and WA-MD steers (Fig. 33A). Expression of FABP4 was greater
(P ≤ 0.01) at 422 and 513 DOA, and tended (P = 0.07) to be greater for WA-MD steers compared with AN
and WA-GD steers (Fig. 34A). The expression of ACBP increased (P ≤ 0.01) greatly after 205 DOA, with
the greatest expression at 268 and 513 DOA for steers in the present experiment (Fig. 35A).

In experiment 2, LPL expression was greater (P ≤ 0.01) at 241 and 613 kg, while AN steers tended (P = 
0.13) to have a greater mean LPL expression compared with WA-GB steers (Fig. 29B). Low density
lipoprotein receptor expression was greater for WA-GB and WA-MB steers at 296 kg compared with AN
steers, and WA-GB steers had a greater expression at 400 kg compared with AN and WA-MB steers
(treatment × biopsy interaction, P ≤ 0.01; Fig. 30B). The expression of SCARB1 was greatest (P ≤ 0.01) at
296 kg and decreased thereafter, with AN steers tending (P = 0.06) to have a greater expression compared
with WA-MB steers (Fig. 31B). Similar to experiment 1, CD36 expression was greatest (P ≤ 0.01) at the
�fth biopsy collection (613 kg), and WA-MB steers had a greater (P ≤ 0.03) expression of CD36 compared
with AN steers (Fig. 32B). Like experiment 1, AN steers had a greater expression of FATP1 at the fourth
biopsy collection (531 kg) compared with WA-GB and WA-MB steers (Fig. 33B). Similar to CEBPB
expression, WA-GB and WA-MB had a greater expression of FATP1 at the second biopsy collection or 276
kg compared with AN steers (treatment × biopsy interaction, P ≤ 0.02). Expression of FABP4 was greatest
(P ≤ 0.01) at 531 and 613 kg (Fig. 34B). The expression of ACBP exhibited a treatment × biopsy
interaction (P ≤ 0.05), where WA-GB steers had a greater expression at 276 kg compared with AN and WA-
MB steers (Fig. 35B).

Overall, LPL expression demonstrated a greater fatty acid uptake within the LM when steers were
approximately 6.7 and 16.8 to 19.4 months of age. LPL expression may be a partial indication of a
greater fatty acid supply from consuming milk at 6.7 months of age and a greater feed intake of the
feedlot �nishing ration near the time of harvest. Results of LPL expression from Wang et al. (2009) were
very similar to the present study, while Moisa et al. (2014) reported a greater LPL expression in concert
with other lipogenic genes for early-weaned steers. Expression of LDLR illustrated breed differences over
time for fatty acid uptake; with WA-MD and WA-MB steers typically having a greater LDLR expression
from 9.4 to 13.8 months of age compared with Angus-sired steers, and WA-GD and WA-GB steers having
a greater LDLR expression relative to Angus-sired steers at 9.2 and 11.6 months of age. The expression of
LDLR can be regulated by fatty acids, with saturated fatty acids (SFA) reducing, and polyunsaturated
fatty acids (PUFA) increasing LDLR expression, respectively (Woollett et al., 1992). This fact is further
supported by a greater PUFA:SFA ratio for WA-MD and WA-MB steers compared with other steers in the
present study (Jaborek et al., 2020). A greater expression of LDLR may indicate a greater role of receptor-
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mediated triglyceride hydrolysis for Wagyu-sired steers, while Angus-sired steers tended to have a greater
expression of LPL, where triglyceride hydrolysis is not receptor-mediated. The expression of another
receptor, oxidized low density lipoprotein receptor 1 (OLR1), was below the limit of detection in the
present study, likely an indication of its minor involvement in marbling deposition in the LM.

The expression of SCARB1 was greatest at the second biopsy and decreased thereafter in steers from the
present study. Additionally, SCARB1 expression tended to be greater for Angus-sired steers compared with
WA-MD and WA-MB steers, which could indicate a greater uptake of cholesterol in the LM. However,
previous studies have not reported cholesterol differences due to breed in the dissected LM (Rule et al.,
1997; Chung et al., 2006) or intact LM (Wheeler et al., 1987; Brugiapaglia et al., 2014). Rhee et al. (1982)
reported that cholesterol content of the LM is not related to marbling score or the percentage of IM fat.
However, on a percent lipid basis, LM muscle with lower marbling scores had a greater cholesterol
content (r = -0.66; Rhee et al., 1982), indicating that a large proportion of cholesterol in beef LM is present
in the structural lipids of the cell membrane.

The upregulation of CD36 did not occur until approximately 16.8 to 19.4 months of age or the time of
harvest, which indicates fatty acid uptake within the LM for the steers was likely occurring via another
transport protein at an earlier time. Possibly by FATP1, which demonstrated a relatively constant
expression for Wagyu-sired steers compared with the low level of expression prior to peak expression at
approximately 13.8 months of age for Angus-sired steers. Therefore, Wagyu-sired steers may have a
greater fatty acid uptake at a younger age (9.3 months) compared with Angus-sired steers. The
expression of CD36 was typically greater for WA-MD and WA-MB steers compared with other steers in the
present study. Along with CD36, Jeong et al. (2012) reported that FATP1 was positively correlated with the
percentage of IM fat in the LM of Korean steers. These differences for fatty acid transport between
Angus- and Wagyu-sired steers may represent differences in energy metabolism within the muscle.
Previous research has reported changes in muscle �ber type over time as the animal grows, and as a
result, the metabolism of the skeletal muscle is changed in which intramuscular adipocytes reside (Gotoh,
2003). As such, there are reports of intramuscular fat percentage being positively correlated with the
percentage of type I muscle �bers (Gotoh, 2003; Hwang et al., 2010; Joo et al., 2017) and negatively
correlated with the percentage of type II muscle �bers (Calkins et al., 1981; Ozawa et al., 2000; Gotoh,
2003; Hwang et al., 2010) in the skeletal muscle of cattle (Underwood et al., 2007).

Fatty acid binding protein 4 expression closely resembled PPARG expression, with a large increase in
expression after 13.8 months of age and a tendency for a greater FABP4 expression by WA-MD and WA-
MB steers. In agreement with the present study, Wang et al. (2009) and Moisa et al. (2014) reported an
upregulation of FABP4 occurred after peak PPARG expression. Previous reports indicate FABP4 is
positively correlated with the percentage of IM fat in the LM (Moore et al., 1991; Jurie et al., 2007). In
support of the results in the present study, Duarte et al. (2013) reported a greater number of FABP4
positive cells in the LM from Wagyu steers compared with Angus steers. Additionally, Albrecht et al.
(2011) reported that FABP4 expression increased from 10 until 22 months of age, before expression
became downregulated at 26 months of age in Japanese Black Wagyu and Holstein steers. The similar
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pattern of expression between PPARG and FABP4 in the present study is likely due to the regulation of
FABP4 by PPARG (Tontonoz et al., 1994). Interestingly, greater levels of FABP4 have been reported to
trigger proteasomal degradation of PPARG and inhibit adipogenesis, which results in fewer adipocytes
and less lipid accumulation by adipocytes (Garin-Shkolnik et al., 2014). The expression of another
intracellular fatty acid transporter, ACBP, demonstrated a dramatic increase in expression at the second
biopsy collection or after cattle arrived to the feedlot at 8.8 months of age. When steer calves were
weaned and switched to a backgrounding diet, ACBP expression became upregulated. The expression of
ACBP may be an indication of fatty acid transport in other cells within the LM, such as myocytes, while
FABP4 is speci�c to adipocytes.

Lipolysis
When energy is needed, fatty acids can be hydrolyzed from triglycerides by adipose triglyceride lipase
(ATGL), also called patatin like phospholipase domain containing 2 (PNPLA2), hormone sensitive lipase
(HSL), and monoglyceride lipase (MGL). Acyl-CoA bound fatty acids can enter the mitochondria of the
cell through carnitine palmitoyltransferases (CPT1/2) to undergo beta-oxidation. Beta-oxidation of fatty
acids is initiated by the rate-limiting enzyme, acyl-CoA dehydrogenase (ACAD), for the removal of acetyl-
CoA units for subsequent ATP production. Peroxisome proliferator activated receptor alpha (PPARA)
regulates the transcription of genes needed for beta-oxidation.

The expression of PPARA was relatively constant and tended to be greater (P = 0.08) at 205 DOA
compared with 331 DOA for steers in experiment 1 (Fig. 36A). The expression of PPARG coactivator 1
alpha (PPARGC1A) closely resembled PPARA expression, such that PPARGC1A expression decreased (P 
≤ 0.01) from 205 to 331 DOA (Fig. 37A). Expression of ATGL was upregulated (P ≤ 0.01) at 205 and 513
DOA for steers (Fig. 38A). The expression of HSL was greater (P ≤ 0.01) at 513 DOA, with WA-MD steers
having a greater (P ≤ 0.04) overall mean HSL expression compared with AN and WA-GD steers (Fig. 39A).
Expression of MGL was greatest (P ≤ 0.01) at 513 DOA, and WA-MD steers had a slight tendency
(treatment × biopsy interaction, P = 0.10; Fig. 40A) to have a greater MGL expression at 422 DOA
compared with AN and WA-GD steers. Expression of CPT1 (P ≤ 0.01; Fig. 41A) and ACAD very long chain
(ACADVL; P ≤ 0.01; Fig. 42A) were slightly greater at 205 DOA compared with 268, 331, and 442 DOA,
with the greatest expression for CPT1 and ACADVL at 513 DOA.

In experiment 2, PPARA expression was greater (P ≤ 0.03) for steers at 241, 276, and 613 kg, and tended
to be greater (P = 0.10) for WA-GB steers compared with AN and WA-MB steers (Fig. 36B). Expression of
PPARGC1A was greatest (P ≤ 0.01) when steers weighed 241 kg and decreased thereafter (Fig. 37B). The
expression of ATGL (P ≤ 0.01) was similar to experiment 1, with a greater expression at the �rst and �fth
biopsy collections, when steers weighed 241 and 613 kg (Fig. 38B). The expression of HSL was greater
for WA-MB steers at 400 kg compared with AN and WA-GB steers (treatment × biopsy interaction, P ≤ 
0.05; Fig. 39B). Expression of MGL (P ≤ 0.01) in experiment 2 was greatest at the �fth biopsy when cattle
weighed 613 kg (Fig. 40B). Additionally, WA-MB steers had a greater (P ≤ 0.01) mean MGL expression
compared with AN and WA-GB steers. Expression of CTP1 was greater (P ≤ 0.01) when steers weighed
613 kg, while WA-MB steers tended (P = 0.10) to have a greater expression of CPT1 at 400 kg compared
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with AN and WA-GB steers (treatment × biopsy interaction, P = 0.10; Fig. 41B). The expression of ACADVL
was greater for WA-MB steers compared with AN and WA-GB steers at 400 kg, and AN steers had a
greater expression at 531 kg compared with WA-GB steers (treatment × biopsy interaction, P = 0.07;
Fig. 42B). Additionally, WA-MB steers had a greater (P ≤ 0.03) mean ACADVL expression compared with
AN and WA-GB steers.

Overall, the regulation of genes responsible for lipolysis by PPARA exhibited a quadratic expression that
was greater at the �rst and �fth biopsy collections, which was 6.7 months of age and 16.8 to 19.4
months of age. Having a similar expression pattern as PPARA, PPARGC1A is likely involved in beta-
oxidation of fatty acids. A declining expression of lipogenic genes after weaning may be due to dietary
transition from a milk-based diet to a total mixed ration of dry ingredients and the site where digestion
primarily occurs (small intestine vs. rumen). Additionally, the upregulation of lipolytic genes at the �rst
and �fth biopsy may have to been partially caused by stress at weaning and fasting prior to harvest. After
approximately 14.6 months of age the expression of lipolytic genes (CPT1, ACADVL, ATGL, HSL, and
MGL) were upregulated. Jeong et al. (2012) reported negative correlation with the percentage of IM fat in
the LM for CPT1, ACADVL, ATGL, and MGL, but a positive correlation with HSL, as did Kazala et al.
(2003). Kazala et al. (2003) believe HSL and DGAT enzyme activities within the LM may be related to
maturity status of the IM fat depot and used as potential indicators of marbling status, because a greater
percentage of IM fat in the muscle is associated with a lesser DGAT and greater HSL activity.
Interestingly, this is a similar hypothesis to the one proposed earlier with the regulation of triglyceride
synthesis by GPAM and LPIN1 for the production of adipogenic regulatory compounds in
lysophosphatidic acid and diacylglycerol. In agreement, the WA-MD and WA-MB steers had a greater
percentage of IM fat and overall expression of HSL compared with other steers in the present study. The
expression of MGL and CTP1 were greater at times for WA-MD and WA-MB steers compared with other
steers; however, expression of MGL and CTP1 were near the limit of detection at the second, third, and
fourth biopsy collections. The upregulation of oxidative genes coincided with the upregulation of
lipogenic genes as steers matured, which may indicate a change in skeletal muscle metabolism towards
becoming more oxidative at the time of harvest.

Conclusions
Wagyu-sired steers selected for marbling potential had a greater percentage of IM fat in the LM compared
with Angus-sired steers selected for marbling and Wagyu-sired steers selected for growth potential. The
upregulated expression of PPARD likely led to the upregulation of fatty acid transport proteins and an
earlier and overall greater expression of PPARG by Wagyu-sired steers selected for marbling potential. As
a result, Wagyu-sired steers selected for marbling potential had a greater expression of GPAM, LPIN1, and
HSL, which may assist in upregulating and sustaining adipogenesis by producing adipogenic regulatory
compounds in lysophosphatidic acid and diacylglycerol. Furthermore, the combination of IM adipocyte
cellularity analysis and gene expression results would indicate that there could be periods of IM
adipocyte proliferation prior to the initiation of differentiation occurring around the initiation and
termination of the study, at approximately 6.7 months of age and 16.8 to 19.4 months of age of steers in
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the present study. Regardless of genetics, the growth rate of animals, usually in�uenced by caloric intake,
appears to directly in�uence the timing and accumulation of IM fat in the LM. Feeding strategies may be
developed to optimize energy availability during critical times in IM adipocyte development to reduce
overall feed costs during the �nishing period for cattle feeding operations.
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Figures

Figure 1

Distribution of intramuscular (IM) adipocyte area in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). Biopsy collections are designated: 1 (▲), 2 (■), 3 (●), and
5 (Ж).
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Figure 2

Distribution of intramuscular adipocyte (IM) area in the longissimus muscle of steers compared at a
similar number of days on feed (DOF) and age: 205, 268, 331, and 513 days of age, for biopsy collections
1, 2, 3, and 5, respectively. Treatment LSmean estimates are designated as AN (●), WA-GB (■), and WA-
MB (▲).
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Figure 3

Distribution of intramuscular adipocyte (IM) area in the longissimus muscle of steers compared at a
similar body weight (BW): 241, 296, 400, and 613 kg, for biopsy collections 1, 2, 3, and 5, respectively.
Treatment LSmean estimates are designated as AN (●), WA-GB (■), and WA-MB (▲).

Figure 4
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Expression of zinc �nger protein 423 (ZFP423) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy number (BC) with
different superscripts differ (P ≤ 0.05).

Figure 5

Expression of �bulin 1 (FBLN1) in the longissimus muscle of steers compared A) at a similar number of
days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar body weight (BW;
241, 296, 400, 531, 613 kg). LSmean estimates across biopsy number (BC) with different superscripts
differ (P ≤ 0.05).

Figure 6

Expression of prostacyclin synthase (PTGIS) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with
different superscripts differ (P ≤ 0.05).
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Figure 7

Expression of cAMP responsive element binding protein 1 (CREB1) in the longissimus muscle of steers
compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or
B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates between AN (■), WA-GD
(●), and WA-MD (○) steers at a given biopsy with a (*) differ (P ≤ 0.05). LSmean estimates between AN
(■), WA-GB (●), and WA-MB (○) steers at a given biopsy with a (*) differ (P ≤ 0.05).

Figure 8

Expression of peroxisome proliferator activated receptor delta (PPARD) in the longissimus muscle of
steers compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of
age) or B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates between AN (■),
WA-GD (●), and WA-MD (○) steers at a given biopsy with a (*) differ (P ≤ 0.05). LSmean estimates
between AN (■), WA-GB (●), and WA-MB (○) steers at a given biopsy with a (*) differ (P ≤ 0.05).
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Figure 9

Expression of CCAAT enhancer binding protein beta (CEBPB) in the longissimus muscle of steers
compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or
B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates between AN (■), WA-GD
(●), and WA-MD (○) steers at a given biopsy with a (*) differ (P ≤ 0.05). LSmean estimates across
biopsy collections (BC) with different superscripts differ (P ≤ 0.05).

Figure 10
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Expression of CCAAT enhancer binding protein alpha (CEBPA) in the longissimus muscle of steers
compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or
B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections
(BC) with different superscripts differ (P ≤ 0.05).

Figure 11

Expression of peroxisome proliferator activated receptor gamma (PPARG) in the longissimus muscle of
steers compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of
age) or B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy
collections (BC) with different superscripts differ (P ≤ 0.05). LSmean estimates between AN (■), WA-GB
(●), and WA-MB (○) steers at a given biopsy with a (*) differ (P ≤ 0.05).

Figure 12

Expression of sterol regulatory element binding transcription factor 1 (SREBF1) in the longissimus
muscle of steers compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422,
513 days of age) or B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates
between AN (■), WA-GD (●), and WA-MD (○) steers at a given biopsy with a (*) differ (P ≤ 0.05).
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LSmean estimates between AN (■), WA-GB (●), and WA-MB (○) steers at a given biopsy with a (*) differ
(P ≤ 0.05).

Figure 13

Expression of ATP citrate lyase (ACLY) in the longissimus muscle of steers compared A) at a similar
number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar body
weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with different
superscripts differ (P ≤ 0.05).

Figure 14

Expression of acetyl-CoA carboxylase 1 (ACACA) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with
different superscripts differ (P ≤ 0.05).
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Figure 15

Expression of acetyl-CoA carboxylase 2 (ACACB) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates between AN (■), WA-GD (●), and WA-
MD (○) steers at a given biopsy with a (*) differ (P ≤ 0.05). LSmean estimates between AN (■), WA-GB
(●), and WA-MB (○) steers at a given biopsy with a (*) differ (P ≤ 0.05).

Figure 16

Expression of fatty acid synthase (FASN) in the longissimus muscle of steers compared A) at a similar
number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar body
weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with different
superscripts differ (P ≤ 0.05).
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Figure 17

Expression of fatty acid elongase 6 (ELOVL6) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with
different superscripts differ (P ≤ 0.05).

Figure 18

Expression of stearoyl-CoA desaturase (SCD) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with
different superscripts differ (P ≤ 0.05).
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Figure 19

Expression of glycerol-3-phosphate dehydrogenase 1 (GPD1) in the longissimus muscle of steers
compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or
B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections
(BC) with different superscripts differ (P ≤ 0.05).

Figure 20

Expression of glycerol-3-phosphate acyltransferase (GPAM) in the longissimus muscle of steers
compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or
B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates between AN (■), WA-GD
(●), and WA-MD (○) steers at a given biopsy with a (*) differ (P ≤ 0.05). LSmean estimates between AN
(■), WA-GB (●), and WA-MB (○) steers at a given biopsy with a (*) differ (P ≤ 0.05).
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Figure 21

Expression of 1-acylglycerol-3-phosphate O-acyltransferase 1 (AGPAT1) in the longissimus muscle of
steers compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of
age) or B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy
collections (BC) with different superscripts differ (P ≤ 0.05).

Figure 22

Expression of lipin 1 (LPIN1) in the longissimus muscle of steers compared A) at a similar number of
days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar body weight (BW;
241, 296, 400, 531, 613 kg). LSmean estimates between AN (■), WA-GD (●), and WA-MD (○) steers at a
given biopsy with a (*) differ (P ≤ 0.05). LSmean estimates between AN (■), WA-GB (●), and WA-MB (○)
steers at a given biopsy with a (*) differ (P ≤ 0.05).
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Figure 23

Expression of diacylglycerol O-acyltransferase 1 (DGAT1) in the longissimus muscle of steers compared
A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a
similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC)
with different superscripts differ (P ≤ 0.05).

Figure 24

Expression of vascular endothelial growth factor A (VEGFA) in the longissimus muscle of steers
compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or
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B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections
(BC) with different superscripts differ (P ≤ 0.05).

Figure 25

Expression of angiopoietin 1 (ANGPT1) in the longissimus muscle of steers compared A) at a similar
number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar body
weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with different
superscripts differ (P ≤ 0.05). LSmean estimates between AN (■), WA-GB (●), and WA-MB (○) steers at
a given biopsy with a (*) differ (P ≤ 0.05).

Figure 26

Expression of angiopoietin 2 (ANGPT2) in the longissimus muscle of steers compared A) at a similar
number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar body
weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with different
superscripts differ (P ≤ 0.05).
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Figure 27

Expression of platelet derived growth factor alpha (PDGFA) in the longissimus muscle of steers
compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or
B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections
(BC) with different superscripts differ (P ≤ 0.05).

Figure 28

Expression of platelet derived growth factor beta (PDGFB) in the longissimus muscle of steers compared
A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a
similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC)
with different superscripts differ (P ≤ 0.05).
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Figure 29

Expression of lipoprotein lipase (LPL) in the longissimus muscle of steers compared A) at a similar
number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar body
weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with different
superscripts differ (P ≤ 0.05).

Figure 30

Expression of low density lipoprotein receptor (LDLR) in the longissimus muscle of steers compared A) at
a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates between AN (■), WA-GD (●), and WA-
MD (○) steers at a given biopsy with a (*) differ (P ≤ 0.05). LSmean estimates between AN (■), WA-GB
(●), and WA-MB (○) steers at a given biopsy with a (*) differ (P ≤ 0.05).
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Figure 31

Expression of scavenger receptor class B member1 (SCARB1) in the longissimus muscle of steers
compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or
B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections
(BC) with different superscripts differ (P ≤ 0.05).

Figure 32

Expression of cd36 molecule (CD36) in the longissimus muscle of steers compared A) at a similar
number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar body
weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with different
superscripts differ (P ≤ 0.05).
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Figure 33

Expression of fatty acid transport protein 1 (FATP1) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates between AN (■), WA-GD (●), and WA-
MD (○) steers at a given biopsy with a (*) differ (P ≤ 0.05). LSmean estimates between AN (■), WA-GB
(●), and WA-MB (○) steers at a given biopsy with a (*) differ (P ≤ 0.05).

Figure 34

Expression of fatty acid binding protein 4 (FABP4) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with
different superscripts differ (P ≤ 0.05).
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Figure 35

Expression of acyl-CoA binding protein (ACBP) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with
different superscripts differ (P ≤ 0.05). LSmean estimates between AN (■), WA-GB (●), and WA-MB (○)
steers at a given biopsy with a (*) differ (P ≤ 0.05).

Figure 36

Expression of peroxisome proliferator activated receptor alpha (PPARA) in the longissimus muscle of
steers compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of
age) or B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy
collections (BC) with different superscripts differ (P ≤ 0.05).
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Figure 37

Expression of peroxisome proliferator activated receptor coactivator 1 alpha (PPARGC1A) in the
longissimus muscle of steers compared A) at a similar number of days on feed (DOF) and age (205, 268,
331, 422, 513 days of age) or B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean
estimates across biopsy collections (BC) with different superscripts differ (P ≤ 0.05).

Figure 38

Expression of adipose triglyceride lipase (ATGL) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with
different superscripts differ (P ≤ 0.05).
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Figure 39

Expression of hormone sensitive lipase (HSL) in the longissimus muscle of steers compared A) at a
similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar
body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with
different superscripts differ (P ≤ 0.05). LSmean estimates between AN (■), WA-GB (●), and WA-MB (○)
steers at a given biopsy with a (*) differ (P ≤ 0.05).

Figure 40

Expression of monoglyceride lipase (MGL) in the longissimus muscle of steers compared A) at a similar
number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a similar body
weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC) with different
superscripts differ (P ≤ 0.05 LSmean estimates between AN (■), WA-GD (●), and WA-MD (○) steers at a
given biopsy with a (*) differ (P ≤ 0.05).
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Figure 41

Expression of carnitine palmitoyltransferases 1 (CPT1) in the longissimus muscle of steers compared A)
at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or B) at a
similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections (BC)
with different superscripts differ (P ≤ 0.05). LSmean estimates between AN (■), WA-GB (●), and WA-MB
(○) steers at a given biopsy with a (*) differ (P ≤ 0.05).

Figure 42

Expression of very long chain acyl-CoA dehydrogenase (ACADVL) in the longissimus muscle of steers
compared A) at a similar number of days on feed (DOF) and age (205, 268, 331, 422, 513 days of age) or
B) at a similar body weight (BW; 241, 296, 400, 531, 613 kg). LSmean estimates across biopsy collections
(BC) with different superscripts differ (P ≤ 0.05). LSmean estimates between AN (■), WA-GB (●), and
WA-MB (○) steers at a given biopsy with a (*) differ (P ≤ 0.05).


