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cessation on post-hatch day 0 due to increased energy 
expenditure during hatching and delayed food access. From 
post-hatch day 5 to day 11, most of the precursor cells may 
become differentiated. After post-hatch day 11, hyperplas-
tic growth seemed to slow, while hypertrophic growth may 
become dominant. This study provides further understand-
ing about broiler fat tissue development which is impera-
tive for effective control of fat deposition.
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Abbreviations
ACTB  β-Actin
ANAPC5  Anaphase promoting complex subunit 5
ATGL  Adipose triglyceride lipase
CCNA1  Cyclin A1
CCND3  Cyclin D3
CCNG2  Cyclin G2
CDKN2C  Cyclin dependent kinase inhibitor 2C
DAPI  4′,6-Diamidino-2-phenylindole
DLK-1  Delta-like 1 homolog
FABP4  Fatty acid binding protein 4
GEO  Gene Expression Omnibus
H&E  Hematoxylin and Eosin
PCNA  Proliferating cell nuclear antigen
PMP 22  Peripheral myelin protein 22
RPS13  Ribosomal protein S13

Introduction

Understanding development of adipose tissue is crucial for 
curing obesity in humans and controlling fat deposition in 
meat-producing animals to yield higher-quality meat with 

Abstract Hyperplastic growth and hypertrophic growth 
within adipose tissue is tightly associated with cell cycle 
activity. In this study, CCNG2 and CDKN2C were found to 
be correlated with cell cycle inhibition during fat cell dif-
ferentiation, whereas CCND3, CCNA1, and ANAPC5 were 
positively associated with cell cycle activity during fat cell 
proliferation after selection based on GEO datasets avail-
able on the NCBI website. The findings were validated 
through comparison of expressions of these genes among 
different tissues/fractions in broiler chickens and time 
points during primary cell culture using quantitative real-
time PCR. Development of broiler subcutaneous adipose 
tissue was investigated on embryonic days 15 and 17 and 
on post-hatch days 0, 5, 11, and 33 using H&E staining and 
PCNA immunostaining with DAPI counter stain. In addi-
tion, mRNA expressions of five cell cycle regulators as 
well as precursor cell and adipocyte markers were meas-
ured at those time points. The results suggest that cellular 
proliferation activity decreased as the fat pad grows, but a 
population of precursor cells seemed to be maintained until 
post-hatch day 5 despite increasing differentiation activity. 
Hypertrophic growth gradually intensified despite a slight 
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improved feed efficiency. By now, two processes of adipose 
tissue development—hypertrophy (enlargement of fat cell 
size) and hyperplasia (increase of fat cell number)—have 
been generally acknowledged. These two developmental 
mechanisms are associated with fat cell proliferation and 
differentiation, and ultimately controlling of the cell cycle 
[1]. Most studies concerning cellularity of fat cells have 
suggested that hyperplastic growth occurs before hyper-
trophy to establish immature fat cells for lipid deposition 
[2]. However, it is not yet clear the ways in which the two 
mechanisms are orchestrated at various time points.

Studies concerning fat cell size and number at specific 
ages or weights have been conducted in Athens-Canadian 
and commercial Cobb broiler chickens [3, 4]. Prolifera-
tion status was also examined by DNA mass and prolifer-
ating cell nuclear antigen (PCNA) immunostaining during 
the first 7 weeks following hatch [5]. A previous study in 
our lab also compared the hypertrophic and hyperplastic 
growth from embryonic day 12 to post-hatch day 1 between 
Leghorn and broiler chickens [6]. These studies indicated 
increasing fat cell size and fat cell number as the body 
weight increased, as well as decreasing rate of fat cell pro-
liferation during post-hatch development. However, none of 
the studies examined both embryonic and post-hatch devel-
opment of adipose tissue or investigated expression of cell 
cycle regulators during the development of adipose tissue.

In our previous study, we found three important cell 
cycle inhibitors—cyclin G2 (CCNG2), cyclin-dependent-
kinase inhibitor 2C (CDKN2C), and peripheral myelin 
protein 22 (PMP22)—in pig adipose tissue by utilizing the 
Gene Expression Omnibus (GEO) database and data from 
quantitative real-time PCR (qPCR) and western blotting 
[7]. All three genes showed higher expression in mature 
fat cells than in stromal vascular cells, as well as increas-
ing expression during adipocyte differentiation and devel-
opment of adipose tissue, indicating a role in cell cycle 
inhibition during adipocyte differentiation. Therefore, the 
same study was conducted for these inhibitors in broiler 
chickens to help us characterize hyperplastic growth of 
broiler chicken adipose tissue. In response to the previous 
confirmation of high expression of cell cycle inhibitors in 
differentiated fat cells and increasing expression of cell 
cycle inhibitors during fat cell differentiation and adipose 
tissue development [7], we hypothesized that there should 
be some important cell cycle activators that are highly 
expressed in preadipocytes and that have decreased expres-
sion during fat cell differentiation and adipose tissue devel-
opment. In order to test this hypothesis, we explored the 
GEO datasets (GDS) and conducted qPCR in broiler chick-
ens. To the best of our knowledge, this is the first study that 
combines cellularity study and cell cycle regulator expres-
sion during the development of broiler chicken adipose 
tissue.

Materials and Methods

Data Sources and Processing

The data mining process using two microarray datasets 
(GEO DataSets: GDS596 and GDS 3142) was described 
in our previous report [7]. Briefly, mean expression values 
from six tissues (heart, liver, lung, muscle, kidney and adi-
pose) were calculated, and genes were ranked in descend-
ing order based on the ratio between expression value in 
adipose tissue and mean expression value in the other five 
tissues. Finally, three cell cycle inhibitors with high ranks 
(CCNG2, CDKN2C, and PMP22) and three cell cycle acti-
vators (CCND3, CCNA1, and ANAPC5) with low ranks in 
both datasets were selected.

The expression levels of the six genes were then further 
compared among different differentiation stages of preadi-
pocytes in culture by analyzing GDS2743 and GDS2366. 
GDS2743 was generated to compare gene expression 
between undifferentiated and differentiating primary white 
preadipocytes from epididymal white adipose tissue of 
mouse. GDS2366 was generated to compare gene expres-
sion between undifferentiated and differentiated preadi-
pocytes from subcutaneous adipose tissues in human. To 
determine gene expression pattern of the six genes during 
differentiation of adipocytes in vitro, GDS2659 was also 
analyzed, as it records mRNA expression at preconfluence, 
confluence and 1, 3, 7, and 28 days after initiation of differ-
entiation cocktail during differentiation of 3T3-L1 preadi-
pocytes. The gene expression values were calculated as 
percentages compared to the maximum values in the GEO 
profiles.

Experimental Animals

Broiler eggs (Ross 708) were incubated and chick-
ens were raised after hatching with free access to a 
broiler start diet (crude protein = 21.0 %, metabolizable 
energy = 3121 kcal/kg) provided by the Ohio Agricultural 
Research and Development Center (OARDC, Wooster, 
OH). The diet meets the NRC nutrient recommendations 
for chickens [8]. During this process, total subcutaneous 
adipose tissues on the two thighs were collected using for-
ceps after removing the skin and feathers with scissors at 
embryonic days (E) 15 and 17 and post-hatch days (P) 1, 
5, 11, and 33 (n = 5 for each age group) to study adipogen-
esis at different developmental stages. The fat pad location 
is shown in our previous paper [6]. At P21, subcutaneous 
and visceral adipose tissue at the abdomen, thigh and pec-
toral muscles, heart, lung, liver, and kidney were collected 
(n = 4 for each tissue) to investigate tissue distribution of 
gene expression. For post-hatch chicks, euthanasia was 
conducted through CO2 inhalation before tissue collection. 
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All of the procedures were approved by The Ohio State 
University Institutional Animal Care and Use Committee. 
After tissue collection, all of the tissues were snap-frozen 
immediately in liquid nitrogen and stored at −80 °C for 
RNA isolation and quantitative real-time PCR (qPCR) [9, 
10].

Histological Processing and Immunostaining

In order to quantify the change in fat cell size and num-
ber of proliferating cells in the adipose tissue, Hematoxylin 
and Eosin (H&E) staining, as well as immunostaining of 
proliferating cell nuclear antigen (PCNA) with counterstain 
of 4′,6-diamidino-2-phenylindole (DAPI), were conducted. 
Fat tissues from chickens of different age groups (n = 5 for 
each group) were embedded in paraffin and H&E slides 
were made by the Goss Histology Lab. (Histology and 
Immunohistochemistry Core, OSU College of Veterinary 
Medicine, Columbus, OH) after being fixed with 10 % neu-
tral-buffered formalin for 24–48 h and dehydrated in 70 % 
ethanol. Sections (6 μm) were cut with a microtome and 
mounted on glass slides for PCNA and DAPI staining and 
were rehydrated with a series of ethanol treatments (100 %, 
2 × 3 min; 95 %, 2 × 3 min; 70 %, 3 min and deionized 
water, 2 × 2 min) after paraffin was removed with xylene 
(3 × 5 min). After being equilibrated in Tris-buffered saline 
(TBS, pH 7.6; 3 × 10 min) and incubated in TBS contain-
ing 0.025 % Triton X-100 and 1 % nonfat dry milk for 
30 min, tissue sections were then incubated overnight at 
4 °C with a monoclonal PCNA antibody (PC10, Santa Cruz 
Biotechnology, Santa Cruz, CA) diluted in a milk solution 
at 1:500 ratio and rinsed 10 times by TBS with 0.025 % 
Triton X-100. Finally, the tissue sections were incubated 
for 30 min with Rhodamine conjugated goat anti-mouse 
secondary antibody at 1:500 dilution at room temperature 
and rinsed ten times with TBS containing 0.025 % Triton 
X-100. To visualize cell nuclei, sections were counter-
stained with 300nM DAPI (Invitrogen) in TBS for 10 min, 
and then rinsed ten times with TBS. After being dehydrated 
in a series of increasing alcohol concentrations (70 %, 
2 min; 95 %, 2 × 2 min; 100 %, 2 × 3 min), sections were 
washed with xylene (2 × 3 min) and temporarily mounted 
with phosphate buffered saline (PBS). Stained slides were 
observed and imaged with a fluorescence microscope 
equipped with AxioCam MRc5 camera (Zeiss, Thornwood, 
NY). Average size of fat cells and percentage of PCNA 
positive nuclei were determined using ImageJ software 
(NIH ImageJ 1.47; http://imagej.nih.gov/ij/) from H&E 
stained sections and PCNA&DAPI stained sections, respec-
tively. For H&E staining, 15 areas with 1000–2000 cells in 
total were randomly selected for each individual. The aver-
age cross sectional area (CSA) for each cell was calculated 
by dividing the total area by the total number of cells. For 

PCNA&DAPI staining, five sections were imaged for each 
individual, and the percentage of PCNA positive cells was 
obtained by dividing the number of cells stained by both 
DAPI and PCNA by the total number of cells stained by 
DAPI after the DAPI and PCNA images of the same sec-
tion were merged.

Separation of Stromal‑Vascular and Fat Cell Fraction

The stromal-vascular (SV) and adipocyte cell (FC) frac-
tions were isolated from visceral adipose tissue at the abdo-
men of four 21-day-old chickens following the procedures 
described in our previous report [11, 12]. Briefly, the adi-
pose tissues were minced with a razor blade after being 
washed with PBS and were incubated at 37 °C with 5 mL 
of digestion buffer per gram of tissue containing 3.2 mg/mL 
of collagenase II (Sigma-Aldrich, St. Louis, MO) for 1 h in 
a shaking water bath (180 rpm). The suspension was then 
passed through a nylon cell strainer (BD Falcon, Franklin 
Lakes, NJ) with 100-μm mesh pores to remove undigested 
tissue debris. The filtered cells were further separated into 
FC (top layer) and SV pellets after centrifugation at 200×g 
for 5 min. Finally, the two fractions were collected for pri-
mary cell culture, as well as RNA isolation and subsequent 
qPCR analysis.

Primary Stromal‑Vascular Cell Culture

After collection of SV cells from four chickens, they were 
cultured according to a method described in our previous 
report [13]. The cells were first washed with Dulbecco’s 
modified Eagle’s medium (DMEM) before centrifugation 
at 500×g for 10 min at room temperature. After centrifuga-
tion, the pellet was re-suspended in DMEM medium con-
taining 10 % fetal bovine serum (FBS) to a concentration 
of 6 × 106 cells/mL. Cells were seeded in 12-well plates at 
a density of 3 × 106 cells/mL in culture medium and main-
tained in a humidified incubator with 5 % CO2 at 37 °C 
until 50 % confluence. Then, the cell medium was changed 
to contain 10 % FBS, 50 mM linoleic and oleic acids, and 
10 μg/mL of insulin in DMEM to induce adipocyte differ-
entiation for 3 days. Cells were collected at day −1 (before 
differentiation), day 0 (differentiation initiation), and day 1, 
2, and 3 (after differentiation) for RNA isolation and qPCR 
analysis.

cDNA Synthesis and Quantitative Real‑time PCR

Tissue samples were homogenized in Trizol reagent (Inv-
itrogen, Carlsbad, CA) with a Tissuemiser homogenizer 
(Fisher Scientific, Pittsburgh, PA) to isolate total RNA 
according to the manufacturer’s protocol. For primary 
cell culture, cells were removed from plates using Trizol 

http://imagej.nih.gov/ij/
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(Invitrogen) and vortexed to isolate total RNA according to 
the manufacturer’s instructions [14]. After being assessed 
via gel electrophoresis and a Nanodrop machine (NanoDrop 
Technologies, Wilmington, DE, USA), 1 μg of total RNA 
was used in reverse transcription (RT) to generate cDNA 
with M-MLV reverse transcriptase (Moloney murine leuke-
mia virus RT, Invitrogen). RT conditions for cDNA ampli-
fication were 65 °C for 5 min, 37 °C for 52 min, and 70 °C 
for 15 min. Gene expression of the six cell cycle regulators 
was quantified by SYBR Green real-time PCR with primers 
listed in Table 1. The primers with Tm around 61 °C were 
designed using Primer Express Software (Applied Biosys-
tems) to span genomic introns (>1 Kb) to avoid amplifica-
tion of possible genomic DNA contamination. The qPCR 
was performed on an ABI 7300 real-time PCR Instrument 
(Applied Biosystems, Foster City, CA). The PCR reaction 
consisted of 1 μL of cDNA, 0.5 μL of 10 mM deoxynu-
cleoside triphosphate mix (dNTP), 2.5 μL of GeneAmp 
10× PCR buffer II containing 100 mM Tris–HCl, PH 8.3 
and 500 mM KCl, 2 μL of 25 mM MgCl2, 0.5 nM of each 
of the forward and reverse primers, 0.385 μL of 0.2 % Rox 
as reference dye, 0.034 μL of 0.2 % SYBR green as detec-
tion dye, 0.125 μL of AmpliTaq Gold polymerase (Applied 
Biosystems) and UltraPure DNase/RNase-free distilled 
water (Invitrogen) up to 25 μL. Efficient amplification 
of real time PCR was confirmed by slope calculation of a 
standard curve and gel electrophoresis. The standard curve 
slope was determined using serial dilutions (1:1, 1:2, 1:4, 
and 1:8) of each template cDNA sample. The optimized 
thermal cycling procedure was confirmed by a normal 
amplification curve, one major peak in melting point anal-
ysis, and a single target band in gel electrophoresis. Cor-
rect PCR product and product size were assessed through 
a melting curve provided by qPCR software (Applied Bio-
systems) and gel electrophoresis. The conditions of qPCR 
were 95 °C for 10 min, 40 cycles of 94 °C for 15 s, 60 °C 
for 40 s, 72 °C for 30 s, and 82 °C for 32 s. The relative 
level of expression of a target gene was calculated from 
the expression value determined by the ABI software using 
the comparative 2−ΔΔCt method for relative quantifica-
tion [15]. The geNorm program of qbasePLUS software 
(Biogazelle, Zwijnaarde) was used to evaluate stability of 

four reference genes including ACTB, RPS13, OAZ1 and 
RPL27. Reference genes with average expression stability 
values lower than 1.5 were then selected for qPCR normali-
zation. Finally, β-actin (gACTB) was selected as an inter-
nal control (housekeeping gene) for mRNA expression in 
different tissues and cell fractions and at different primary 
cell culture time points. Ribosomal protein S13 (gRPS13) 
was selected as an internal control for mRNA expression 
in different age groups [16]. For the tissue comparison, one 
single relative quantity (ΔCt) was used to reflect variation 
in multiple tissues. However, for comparisons within the 
same tissue, we selected the one with lowest expression 
value as a calibrator. Gene expressions in different groups 
after normalization of the housekeeping gene were then 
displayed as fold increases compared to the calibrator. In 
order to examine separation of the stromal-vascular and fat 
cell fractions, differentiation of primary cells in vitro and 
development of adipose tissue in vivo, expressions of two 
adipocyte markers, adipose triglyceride lipase (ATGL) and 
fatty acid binding protein (FABP4), and one precursor cell 
marker, delta-like 1 homolog (DLK1), were also measured 
by qPCR. Primer sequences of chicken RPS13 (GenBank: 
NM_001001783), ACTB (GenBank: NM_205518), ATGL 
(GenBank: EU852334), FABP4 (NM_204290), and DLK1 
(EU288039) have been described in our previous reports 
[9, 17].

Statistical Analyses

For tissue distribution of gene expression, comparisons 
were performed by a mixed model (MIXED) proce-
dure using SAS software (version 9.3, SAS Institute Inc., 
USA) with the DIFF option to detect significant differ-
ences between pairs of least squares means. Gene expres-
sions between two groups were compared in SAS using the 
Student’s t-test. Multiple comparisons of gene expression 
at different time points during in vitro cell culture and in 
vivo development were carried out as one-way ANOVA 
followed by Fisher’s post hoc test. Differences with P val-
ues lower than 0.05 were treated as significant differences. 
All of the results are presented as least squares means with 
standard errors of the least squares means (SEM).

Table 1  Primer sequences of quantitative real-time PCR for selected cell cycle regulators

Gene Accession number Forward (5′–3′) Reverse (5′–3′)

CCNG2 XM_420475.4 AGCTGTTTGAGATACTTCTGCGTGT GATCGCTAGGAGGAGAACTGCTAAG

CDKN2C XM_004936780.1 ACCTAGTGCAACTCACTAATTTGTTGC TTCACGTCGGCGTGGAAC

PMP22 NM_001277071.1 TCTTCGTCTCCACCATCGTCA GTGAAGAGCTGGCAGAAGAACAG

CCND3 NM_001008453.1 CTGGATGCTGGAGGTGTGTG TGATGGAGAATGTGAGCCAAGA

CCNA1 XM_417097.4 AGAGGGAAGCTGCAGCTTGTAG TCAGGCAAGGCACAATCTCA

ANAPC5 NM_001006187.1 GTTGATCCACTGCCAGGAAATC CACTTGGCCACCAAGAACATG
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Results

Data Analysis Based on the Gene Expression Omnibus 
(GEO) Datasets

Using the same methodology and datasets as in our previous 
paper [7], three cell cycle activators were selected that had 
relatively low expression in the adipose tissue of both human 
and mouse (Table S1). The ranks of CCND3, CCNA1, and 
ANAPC5, were 14,570, 13,622, and 9835, respectively, in 
GDS596 (22,215 genes in total) and 32,066, 27,701, and 
40,067, respectively, in GDS3142 (45,037 genes in total). 
Because the genes were ranked descendingly according to 
the ratio between gene expression in adipose tissue and that 
in the other five tissues, the low ranks of these genes are due 
to their low expression in adipose tissue. Although there is 
no significant difference in expression of CCNA1 among 
different tissues in mouse (Table S1), we still chose CCNA1 
as one target gene because of its well-known involvement 
in the cell cycle and its decreased expression during fat cell 
differentiation in other microarray studies (Fig. S1).

As indicated by analysis of GDS2743 and GDS2366, 
contrary to the lower expression of the three cell cycle inhib-
itors—CCNG2, CDKN2C, and PMP22—in undifferentiated 
preadipocytes in these datasets [7], ANAPC5 showed higher 
expression in undifferentiated preadipocytes than in differen-
tiating or differentiated preadipocytes in mouse (Fig. S1A) 
and human adipose tissue (Fig. S1B). The other two cell 
cycle activators also appeared to have higher expression in 
undifferentiated preadipocytes (Figs. S1A and 1B).

Consistent with the findings in the previous two datasets, 
expression of the three cell cycle inhibitors also showed an 
increasing trend, whereas that of the three cell cycle acti-
vators showed a decreasing trend during differentiation of 
3T3-L1 preadipocytes in GDS2659 (Fig. S1C).

Cellularity of Fat Cells During Development of Chicken 
Adipose Tissue

Tissue collection data indicated that, as the broiler chickens 
grew, both body weight and leg fat pad weight expanded 
at an increasing rate. The percentage of fat pad weight 

relative to the body weight increased from E15 to D0 but 
kept decreasing from D0 to D33 (Table 2).

H&E staining of tissue sections of adipose tissue in dif-
ferent age groups of chickens showed a gradual increase in 
average cross-sectional area (CSA) of adipocytes from the 
embryonic stages to P11 with the greatest increase from 
E15 to E17 (121 μm2/cell/day, P < 0.001) and the smallest 
increase from P0 to P5 (20 μm2/cell/day). However, from 
P11 to P33, the average fat cell size did not change (Fig. 1).

PCNA immunostaining with counterstain of DAPI sug-
gested that the proliferating cells gradually decreased dur-
ing the growth of broiler chickens (Fig. 2a). The percentage 
of PCNA positive cells at E15, E17, P0, P5 and P11 were 
70, 56, 40, 30, and 18 %, respectively. The decreases in the 
percentage of PCNA positive cells between E15 and E17, 
P0 and P5, and P11 and P33 were significant (P < 0.05) 
(Fig. 2b).

Expression of Selected Genes in Various Tissues 
of Broiler Chickens

The qPCR data showed statistical differences in gene 
expression among various tissues including subcutaneous 
and visceral fat tissue, thigh and pectoral muscle, heart, 
lung, liver and kidney. Generally, all three cell cycle inhibi-
tors tend to be highly expressed and all three cell cycle 
activators tend to be expressed at low levels, in both sub-
cutaneous and visceral fat tissue at the abdomen. The three 
inhibitors showed lowest mRNA expression in the liver. 
However, highest expression of the three activators was 
not observed in the same tissues. CCND3 demonstrated the 
highest expression in thigh muscle and lung, and CCNA1 
showed the highest expression in both thigh and pectora-
lis major muscle, whereas ANAPC5 exhibited the highest 
expression in the liver and kidney (Fig. S2).

Expression of Selected Genes in Stromal Vascular (SV) 
and Fat Cell (FC) Fraction in 21‑Day Broiler Chickens

The DLK1 gene, a marker for adipose-derived precur-
sor cells, showed more than fivefold greater expression in 
the SV fraction than in the FC fraction (P < 0.01). On the 

Table 2  Development of subcutaneous adipose tissue of broiler chickens at different ages

BW body weight, FPW fat pad weight, FPP fat pad weight percentage
a–e  Different superscripts indicate significant difference (P < 0.05)

Trait Embryo 15 Embryo 17 Post-hatch 0 Post-hatch 5 Post-hatch 11 Post-hatch 33 P value

BW (g) 17.5 ± 0.6c 24.4 ± 1.2c 47.8 ± 1.3c 92.6 ± 2.5c 248.0 ± 5.9b 1801.6 ± 72.8a <0.0001

FPW(g) 0.08 ± 0.01c 0.14 ± 0.01b,c 0.27 ± 0.01b,c 0.41 ± 0.03b,c 0.85 ± 0.08b 3.70 ± 0.48a <0.0001

FPP (%) 0.48 ± 0.03b,c 0.56 ± 0.02a,b 0.57 ± 0.01a 0.44 ± 0.04c 0.34 ± 0.03d 0.21 ± 0.02e <0.0001
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other hand, FABP4 and ATGL, which are involved in free 
fatty acid transportation and mobilization, were expressed 
16-fold (P = 0.056) and eightfold (P < 0.05) higher, 
respectively, in the FC fraction than in the SV fraction. 
Because the SV fraction should consist mainly of precursor 
cells that can differentiate to fat cells under adipogenic con-
ditions, whereas the FC fraction contains mature fat cells, 
the expression of the three marker genes indicates that 
separation of the two fractions was successful. Expression 
of the three cell cycle activators—CCND3, CCNA1, and 
ANAPC5—was 3.6 (P < 0.05), 6 (P < 0.001), and threefold 
(P < 0.0001) higher, respectively, in the SV fraction than in 
the FC fraction, whereas expression of the two cell cycle 
inhibitors—CCNG2 and CDKN2C—was 2.7 (P = 0.085) 
and 6 times (P < 0.01) higher, respectively, in the FC frac-
tion than in the SV fraction, indicating that cell cycle activ-
ity is high in the SV fraction and low in the FC fraction. 
However, unlike the other two cell cycle inhibitors, PMP22 
showed an inverse pattern—more than fourfold greater 

(P < 0.01) expression in the SV fraction than in the FC 
fraction, indicating that PMP22 may possibly be involved 
with processes other than the cell cycle (Fig. 3).

Expression of Selected Genes During Primary Cell 
Culture

During primary cell culture, the induction of differentiation 
brought about a 34 % decrease (P < 0.05) in expression 
of DLK1, but a twofold increase (P < 0.05) in expression 
of ATGL. From day 1 to day 3 after differentiation, DLK1 
expression was at the lowest level, whereas ATGL remained 
at a continuously high level. Unlike ATGL, another fat cell 
marker—FABP4—exhibited a constant increase after 1 day 
of differentiation. After 1 day of differentiation, there was 
a rapid increase in expression with more than a ninefold 
increase between day 1 and day 2 (P < 0.05), as well as 
a twofold increase between day 2 and day 3 (P < 0.05) 
(Fig. 4).
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Fig. 1  Change of fat cell size during development of chicken adipose 
tissues. a Histological images of broiler leg subcutaneous adipose tis-
sue on embryonic day 15 (E15) and day 17 (E17), post-hatch day 0 
(P0), 5 (P5), 11 (P11), and 33 (P33) in 50× objective lens. Scale bar 

100 μm. b Cross sectional area (CSA) of adipocytes in subcutaneous 
fat of broiler chickens on E15 and E17, P0, P5, P11, and P33 (n = 5 
for each group). Each bar indicates mean ± SEM for one time point 
with 15 sections for each individual
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As was the case for FABP4, expression of the cell cycle 
inhibitors CCNG2 and CDKN2C also increased as the cells 
matured. Expression of CCNG2 was maintained at a low level 
before day 3 but displayed more than a twofold increase from 
day 2 to day 3 (P < 0.05), whereas expression of CDKN2C 
increased every day (P < 0.05) during the cell culture. However, 
PMP22 exhibited a unique pattern because it showed a decreas-
ing trend from day 0 to day 2. Expression of both CCND3 and 
ANAPC5 increased from day 0 to day 1 (P < 0.05). However, 
CCNA1 seemed to be more sensitive to differentiation induc-
tion, as it decreased immediately after the induction of differen-
tiation, and stayed at the low level until day 3 (P < 0.05) (Fig. 4).

Expression of Selected Genes During Development 
of Chicken Adipose Tissue

Expression of DLK1 was steady from E15 to P11 but 
decreased on P33 relative to P5. Expression of FABP4 

and ATGL was low in the embryos and increased nine-
fold (P < 0.01) and 70-fold (P < 0.0001) respectively from 
E17 to the time of hatch (P0). From P0 to P5, expression 
of FABP4 decreased by 38 % (P < 0.05) and expression 
of ATGL decreased by 75 % (P < 0.01). From P5 to P33, 
expression of all three genes seemed to exhibit a gradually 
decreasing trend as the chickens grew (Fig. 5).

The five cell cycle regulator genes, other than CCNA1, 
were expressed at a low level in embryonic stages, but 
increased significantly on P0 or P5. For CCND3 and 
CDKN2C, the expression decreased significantly on P11 
compared to P5 and remained at the same low level as in 
embryos until P33. For CCNG2 and PMP22, there was no 
significant change of expression from P5 to P33. Expres-
sion of ANAPC5 demonstrated a decreasing trend from 
P5 to P33. The expression on P33 was lower than on P5 
but higher than on E15 and E17. Unlike the other genes, 
expression of CCNA1 was at a low level from E15 to P5 

A 

0

20

40

60

80

b 
a 

b 

c 
d 

c 

E15      E17 P0    P5 P11    P33   

PC
N

A 
Po

si	
ve

 C
el

ls 
(%

) 

B 

E15 E17 P0 

P5 P11 P33 

Fig. 2  Quantification of proliferating cells during development of 
chicken adipose tissues. a Representative pictures of proliferating cell 
nuclear antigen (PCNA, red) immunostaining with nuclear counter-
stain of 4′,6-diamidino-2-phenylindole (DAPI, blue) on embryonic 
day 15 (E15) and day 17 (E17), post-hatch day 0 (P0), 5 (P5), 11 
(P11), and 33 (P33) in 200× objective lens. Scale bar 50 μm. PCNA 

positive cells were counted as overlap of two color channels. b Per-
centage of PCNA positive cells in subcutaneous fat of broiler chick-
ens on E15 and E17, P0, P5, P11, and P33 (n = 5 for each group). 
Each bar indicates mean ± SEM for one time point with at least five 
sections for each individual (color figure online)



972 Lipids (2015) 50:965–976

1 3

and increased to a high level on P11 and P33 (P < 0.05) 
(Fig. 5).

Discussion

As indicated in Table 2, age is a significant factor for 
increases in fat cell size and decreases in the quantity of 

proliferating cells. Therefore, hyperplastic growth activity 
is attenuated, while hypertrophic growth is promoted dur-
ing development of adipose tissue. On the other hand, the 
close relationship between growth mechanism of fat tis-
sues and adipocyte proliferation or differentiation makes 
study of fat cell proliferation and differentiation a potential 
route for better understanding and regulation of adipose tis-
sue development. Due to the fact that broiler chickens have 

Fig. 3  Relative gene expres-
sion of DLK1, FABP4, ATGL, 
and six cell cycle regulators 
in stromal vascular (SV) and 
fat cell (FC) fractions (n = 4 
for each group) from chicken 
adipose tissue. Each bar repre-
sents mean ± SEM. Statistical 
significance is indicated by 
*(P < 0.05), **(P < 0.01) and 
***(P < 0.001). The expres-
sion values are normalized by 
gACTB gene
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greater adipose weight than layers [18], minimizing their 
fat accumulation is advantageous to improve feed conver-
sion and maximize productive efficiency of the industry. 
In this study, subcutaneous fat tissue from the broiler legs 
showed continuous accumulation with increasing speed as 
body weights increased; the same as for abdominal fat tis-
sue in a previous report [5]. Moreover, the proliferation rate 
on P11 and P33 indicated by PCNA immunostaining was 
also similar to that of abdominal fat tissue on P10 and P28 
[5]. However, unlike the continuous increase of fat cell size 
in abdominal adipose tissue, the increase of fat cell size in 
subcutaneous adipose seems to stop after P11, indicating 
adipose development and function varies depending upon 
the specific location. Therefore, investigation of the subcu-
taneous fat tissue growth in this study is useful for a com-
prehensive understanding of adipose tissue development.

Results of PCNA&DAPI staining and H&E staining 
indicate that the proliferation of fat cells decreased as fat 
cell size increased from E15 to P11, indicating that hyper-
trophic growth gradually became dominant, whereas hyper-
plastic growth slowed. Although the proliferation activity 
of fat cells showed a decreasing trend from P11 to P33, the 
average fat cell became smaller. This result seems to con-
tradict the previous reports that fat cell size in abdominal 
fat tissue keeps increasing during this period [5, 19], indi-
cating developmental differences between subcutaneous 
and abdominal fat tissues.

Unlike previous reports that only studied cellularity in 
fat tissue [5, 6, 19], we also detected expression of some 
precursor cell and adipocyte markers, as well as selected 

cell cycle markers, for a better understanding of the devel-
opmental mechanisms of broiler subcutaneous fat tissue. 
Higher expression of the DLK1 gene in the SV fraction 
agrees with our previous paper [20], and supports previ-
ous reports that claim DLK1 as a precursor cell marker [21] 
and an inhibitory factor in adipose development [22–24]. 
Greater expression of FABP4 and ATGL in the FC fraction 
also agrees with our previous reports [9, 20], validating 
their reliability as adipocyte markers.

Compared to the three cell cycle inhibitors selected in 
the previous paper [7], all three activators showed contrary 
expression patterns in GDS596, GDS3142, GDS2743, 
GDS2366, and GDS2659, suggesting their different asso-
ciation with fat cell differentiation compared to the three 
cell cycle inhibitors. The different association is possibly 
related to their different functions during the cell cycle. The 
function of these genes within the cell cycle is well known. 
Cyclin A associates with cyclin-dependent kinase (cdk) 2 in 
the S phase and later with cdk1 in the G2 phase. The cyclin 
A-cdk1/2 complex is required for entry into and comple-
tion of the S phase, as well as entry into the M phase of 
the cell cycle [25]. CCNA1, as one member of A-type cyc-
lins, is reported to contribute to G1/S cell cycle progression 
in somatic cells [26]. D-type cyclins are essential for G1 
progression in the cell cycle. As a member of D-type cyc-
lins, CCND3 is a subunit of the cyclinD-cdk4/6 complex. 
CyclinD-cdk4/6 phosphorylates the retinoblastoma protein 
and thus releases E2F transcriptional factors, which in turn 
regulate many genes involved in DNA synthesis, as well 
as other cyclins downstream [27]. ANAPC5 is a subunit of 

Fig. 5  Relative expression of 
DLK1, FABP4, ATGL and six 
cell cycle regulators during in 
vivo adipose development of 
broiler chickens. mRNA expres-
sion was detected in subcutane-
ous adipose tissue on embryonic 
day 15 (E15) and day 17 (E17), 
post-hatch day 0 (P0), 5 (P5), 
11 (P11), and 33 (P33) and nor-
malized by chicken ribosomal 
protein S13 (gRPS13) gene. 
ANOVA followed by Fisher’s 
post hoc test was performed 
to examine the differences in 
gene expression among the six 
groups (n = 4 for each group), 
which are indicated by differ-
ent letters (a–d), if significant 
(P < 0.05)
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anaphase-promoting complex/cyclosome (APC/C), which 
mediates timely degradation of cell cycle regulators in 
mitosis and in the G1 phase to promote cell cycle progres-
sion [28]. In general, high expression of CCNA1, CCND3, 
and ANAPC5 may promote DNA synthesis and completion 
of mitosis during cell proliferation.

On the other hand, the three cell cycle inhibitors exhibit 
adverse functions during the cell cycle. CCNG2 is an 
unconventional cyclin that blocks G1/S transition [29]; 
CDKN2C is a member of the INK4 family of cyclin-
dependent kinase inhibitors and can block G1 progression 
by inhibiting cyclin-dependent kinase 4 or 6 (CDK4/6) 
[30]; PMP22 is a homologue of murine growth arrest-
specific 3 (gas3), which is involved in G0 growth arrest 
[31]. Therefore, high expression of CCNG2, CDKN2C, 
and PMP22 may promote cell cycle inhibition during cell 
differentiation.

Because the cell cycle becomes inhibited at the G0 
phase after terminal differentiation of fat cells from preadi-
pocytes [32], CCNA1, CCND3, and ANAPC5 showed 
higher expression in the SV section which mainly contains 
precursor cells, whereas CCNG2 and CDKN2C showed 
higher expression in the FC section. In primary cell culture, 
CCNA1 and ANAPC5 exhibited decreased expression after 
initiation of differentiation, whereas CCNG2 and CDKN2C 
exhibited increasing expression during adipocyte differenti-
ation. Moreover, high expression of ATGL and FABP4 after 
3 days of differentiation suggests that many stromal vas-
cular cells have differentiated into fat cells, because ATGL 
and FABP4 are respectively involved in triglyceride hydrol-
ysis and fatty acid trafficking in maturing fat cells [33, 34].

The validation of involvement of CCNA1, CCND3, 
ANAPC5, CCNG2, and CDKN2C in adipocyte differen-
tiation based on the GEO database and comparison of 
mRNA expression between different tissues and fractions, 
as well as different time points in primary cell culture, 
together with the marker genes for precursor cells and adi-
pocytes, provide a possible way to analyze the early-stage 
development of broiler adipose tissue at the molecular 
level. Although all three cell cycle inhibitors showed low-
est expression in liver as in pigs [7], PMP22 exhibited a 
reverse pattern of expression from CCNG2 and CDKN2C. 
Therefore, its regulation in broilers may be different from 
that in pigs [7]. Due to limitations of the current studies 
regarding mRNA expression and the lack of literature con-
cerning PMP22, we cannot make inferences about the regu-
lation of PMP22 in broiler adipose tissue. Further study of 
the function of PMP22 is needed.

Although PCNA&DAPI staining indicated that the pro-
liferation rate continued declining from the embryonic 
stage onward, expression of precursor cell marker, DLK1, 
reached its highest point at P5, which may indicate that a 
large proportion of precursor cells were maintained until 

P5. This conclusion is also supported by the increasing 
expression of two of the cell cycle activators—CCND3 
and ANAPC5—during this period. However, the increasing 
expression of the three cell cycle inhibitors also suggests 
that increasing differentiation activity may also occur in a 
group of preadipocytes to promote increase of adipocyte 
number when the other group is proliferating. Meanwhile, 
change in fat cell size shown by H&E staining also indi-
cates a dramatic increase in cell size of the differentiated 
fat cells. Therefore, the period before P5 is an important 
stage for both hypertrophic and hyperplastic growth with 
hyperplastic growth occurring before hypertrophic growth. 
In addition, P0 also seems to be an important time point 
because hypertrophic growth is undermined by dramatic 
hydrolysis of triglycerides as an energy supply during 
hatching [6, 9]. In addition, the starved condition immedi-
ately after hatch but before access to food may also aggra-
vate the loss of fat [6, 9]. Therefore, the expression of 
ATGL dramatically increased in terms of both mRNA and 
at the protein level [9]. Meanwhile, FABP4 also reached 
peak expression in both mRNA and protein [6], perhaps 
due to its function in transportation of cellular fatty acids 
during lipolysis as reported by Coe et al. [35] and Verhoef 
et al. [36].

After P5, the precursor cells were fewer in number as 
indicated by DLK1 expression, leading to less proliferation 
activity demonstrated by PCNA staining. Instead, many 
precursor cells may have become differentiated. However, 
as indicated by the decreased expression of CCNG2 and 
CDKN2C at P11, the differentiation activity of preadipo-
cytes seems less intensive at this time because both genes 
have been shown to be promoted by fat cell differentiation 
[7]. Therefore, dramatic differentiation activity may occur 
sometime between P5 and P11. On the other hand, H&E 
staining showed that the size of fat cells did not increase 
from P11 to P33, whereas fat pad weight increased more 
than four times, indicating dramatic increase of mature fat 
cell number. With fewer precursor cells and consequently 
reduced potential for differentiation in the whole adipose 
tissue, one possible reason for the increase of mature fat 
cell number is that a population of immature differentiated 
cells becomes filled with lipid during this period. There-
fore, hypertrophic growth should still be dominant during 
this period. Moreover, these immature fat cells may be able 
to proliferate as reported by other researchers who defined 
these cells as small proliferative adipocytes (SPA) [37, 38]. 
Upregulation of CCNA1 may be related to this process. 
However, due to the complicated conditions in vivo, such as 
communication between different types of cells and inter-
action between different groups of regulators, we can only 
speculate tentatively from a cellular study and cell cycle 
point of view. To verify this speculation, further research 
needs to be done.
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In summary, our research suggests that the period from 
embryonic stages to P5 may be an important period for 
development of broiler leg adipose tissue with both dra-
matic proliferation and differentiation of fat cell precursors 
as indicated by peak expression of both cell cycle activators 
and inhibitors. However, the proliferation activity declines, 
whereas the differentiation activity increases from E15 to 
P5 as evidenced by the fact that the number of precursor 
cells decreased. Therefore, by the period between P5 and 
P11, a large proportion of preadipocytes may have become 
differentiated. Meanwhile, the average cell size also exhib-
its a continuous increase. Therefore, during the period 
before P11, both hypertrophic and hyperplastic growth is 
active. However, during the period from P11 to P33, hyper-
trophic growth seems to contribute more to the develop-
ment of subcutaneous fat tissue, because both prolifera-
tion and differentiation activities decline as indicated by 
a decrease of PCNA positive cells and expression of cell 
cycle regulators. Therefore, the conclusion of our study is 
consistent with most reports involving animal adipose tis-
sue in that hyperplastic growth mainly occurs in the early 
developmental stage. In general, this study provides further 
understanding of fat development in broiler chickens and 
thus will be helpful for regulation of fat deposition in the 
broiler industry.
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