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Simple Summary: The current work evaluates the liver-blood-ovary signal axis in relation to age
changes involved in regulating egg yolk precursor synthesis in chickens. In this study, we observe the
morphology and histology of the liver and ovary and determine the serum biochemical parameters
and the expression abundance of the critical genes from the age of 90 days (d90) to d153. The mRNA
and protein expressions of estrogen receptor-alpha (ER-α) and E2 levels in the liver and serum,
respectively, showed similar changes. Moreover, with reference to an increased serum E2 level,
the mRNA expression of genes related to yolk precursor synthesis (very low density apolipoprotein-II
(ApoVLDL-II) and vitellogenin-II (VTG-II)), lipogenesis (fatty acid synthase (FAS)), and lipid transport
(microsomal triglyceride transport protein (MTTP)) in the liver showed up-regulation.

Abstract: Several reproductive hormones were reported to be involved in regulating egg yolk
precursor synthesis in chickens; however, the mechanism that shows how the liver-blood-ovary signal
axis works in relation to age changes has not been reported yet. Therefore, in this study, we observe
the morphology and histology of the liver and ovary and determine the serum biochemical parameters
and the expression abundance of the critical genes from d90 to 153. Results show that the body weight
and liver weight were significantly increased from d132, while the ovary weight increased from d139.
Aside from the increase in weight, other distinct changes such as the liver color and an increased
deposition of large amounts of yolk precursors into the ovarian follicles were observed. On d139,
we observed small fatty vacuoles in the hepatocytes. The results of serum biochemical parameters
showed a significant increase in the estradiol (E2) level, first on d125, and then it reached its peak
on d132. Meanwhile, the levels of follicle-stimulating hormone (FSH) increased initially and then
remained at a high level from d146 to d153, while the levels of luteinizing hormone (LH) increased
significantly on d132 and reached the top level on d153. Moreover, the levels of lecithin (LEC),
vitellogenin (VTG), very low density lipoprotein y (VLDLy), triglyceride (TG), and total cholesterol
(TC) were significantly increased at d125 and were close from d146 to d153. The mRNA and protein
expression of estrogen receptor-alpha (ER-α) and E2 levels in the liver and serum, respectively, showed
similar changes. Moreover, with reference to an increase in serum E2 level, the mRNA expression
of genes related to yolk precursor synthesis (very low density apolipoprotein-II, ApoVLDL-II) and
vitellogenin-II (VTG-II), lipogenesis (fatty acid synthase, FAS), and lipid transport (microsomal
triglyceride transport protein, MTTP) in the liver showed up-regulation. These results suggest that
the correlation between liver-blood-ovary alliances regulate the transport and exchange of synthetic
substances to ensure synchronous development and functional coordination between the liver and

Animals 2020, 10, 2348; doi:10.3390/ani10122348 www.mdpi.com/journal/animals

http://www.mdpi.com/journal/animals
http://www.mdpi.com
https://orcid.org/0000-0002-3080-008X
https://orcid.org/0000-0002-0633-4701
http://www.mdpi.com/2076-2615/10/12/2348?type=check_update&version=1
http://dx.doi.org/10.3390/ani10122348
http://www.mdpi.com/journal/animals


Animals 2020, 10, 2348 2 of 14

ovary. We also found that E2 is an activator that is regulated by FSH, which induces histological and
functional changes in the hepatocytes through the ER-α pathway.

Keywords: yolk precursor synthesis; hormones; lipid metabolism; liver-blood-ovary signal axis

1. Introduction

The poultry egg is an important nutritional source that contains rich proteins, lipids, vitamins, and
minerals [1,2]. Its yolk had abundant energy to ensure embryonic development [3]. The major
constituents of the egg yolk are proteins and lipids, which are present mainly in the form of
lipoproteins and have several beneficial functions. Egg yolk lipoproteins have been found to possess
numerous nutritional and health benefits, such as antimicrobial immunoglobulin Y [4–6], antioxidant
properties [7,8], and the provision of the required nutrients for infant brain development [9–11].

The liver is the largest gland in the chicken and plays vital roles in fat metabolism [12,13] and yolk
precursor synthesis [14]. During egg production, the chicken’s liver synthesizes apolipoprotein and
vitellogenin (VTG), which are the main components of the egg yolk proteins [15]. Studies indicated
that estrogen induced yolk protein synthesis in hens [16] and also increased the synthesis of hepatic
apolipoprotein B (apoB) [17]. After the synthesis of these yolk precursors in the liver, APoB is packaged
into very low density lipoprotein (VLDL) particles for transportation while VTG is released into the
blood to be transported into the oocyte [18]. VLDL and VTG are the key yolk precursors to transport
and deposit additional nutrients into the ovary. VTG, as a glycophospholipoprotein, is responsible for
supplying glucose, phosphorus, and fat and also binds metal ions such as calcium, zinc, and iron and
transports them into the oocyte [19].

At the onset of ovulation, estrogen transforms virtually all hepatocytic lipoprotein produced from
generic VLDL to VLDLy (yolk targeted) [20]. Triglyceride (TG), lecithin (LEC), and total cholesterol
(TC) synthesized by the hepatocytes are mainly transported in the form of VLDLy, which is the
only substance that can reach the growing oocyte successfully to form a yolk [21]. ApoVLDL-II
is a vital apolipoprotein in the layer chicken and is responsible for assembling and transporting
VLDLy. Moreover, the genes encoding ApoVLDL-II and VTG are associated with egg production
in chickens [18]. VLDLy enters the growing oocyte in the form of intact lipoprotein particles that
are ingested by a concave vesicle on the oocyte membrane, thereby achieving deposition in the
follicle [22]. The VLDLy pathway for apolipoprotein provides sufficient energy requirements for
follicle development. The main key for ovarian follicle development is attributed to the successful
transportation of large amount of nutrients to the oocytes by VLDLy and VTG [23].

Sexual maturity is mainly dependent on the regulation of the hypothalamus-pituitary-gonadal
(HPG) axis, and factors such as nutrition and light also influence sexual maturity by regulating the
hormone levels in the reproductive axis. Although previous studies have shown that egg yolk synthesis
and deposition in hens is regulated by diverse hormones [24,25], the age-related changes of liver
and ovary and the actual regulatory mechanism are not known. Therefore, in the present study,
we focus on the age-related changes in the liver-blood-ovary signal axis until the hen laid its first egg,
the morphology and histology of the liver and ovary, serum biochemical parameters, and the expression
of critical genes. Our results will expand the data and knowledge on the regulatory mechanism of yolk
formation in the chicken.

2. Materials and Methods

2.1. Animals

Three hundred and six Rohman layers were fed in the poultry farm of Sichuan Agricultural
University (Ya’an, Sichuan Province, China) and each bird was raised in a single cage (size: 500 mm ×
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400 mm × 370 mm). The housing temperature and relative humidity was 20 ± 3 ◦C and 65–75%,
respectively. Light was provided for 8 h (8L: 16D, 5 Lux light intensity) from week 8 to 17, increased by
1 h per week from week 18 to 23 (10–15 Lux light intensity), and then maintained at 14 h thereafter.
A corn-soy diet, in pellet form, was provided for the chickens from week 9 to16 and it consisted of
14.5% CP, 0.9% Ca, 0.58% P, and 2800 kcal of ME/kg, and then from week 17 to 23 and thereafter,
the composition was 17.5% CP, 2% Ca, 0.65% P, and 2800 kcal of ME/kg. Water was provided ad
libitum. The animal experiments were approved by the Institutional Animal Care and Use Committee
of Sichuan Agricultural University (Certification No. YCS-B2018102013). All experiments were
conducted in accordance with the Sichuan Agricultural University (SAU) Laboratory Animal Welfare
and Ethics guidelines.

2.2. Sample Collection for Blood and Tissues

Blood and tissue samples were collected for each of the 9 weeks (from d90 to d153). Nine birds per
week were randomly selected, and their blood samples were collected via the wing vein. After being
sacrificed via cervical dislocation, six bird livers and ovaries were collected and immediately frozen
in liquid nitrogen and subsequently stored at –80 ◦C for RNA isolation. Body weight (pre-slaughter)
and liver and ovary weights were measured too. The liver and ovary samples of three chickens were
immersed in a 4% paraformaldehyde solution for histology analysis.

2.3. Histological Staining

The tissues (um/g) were fixed for 24 hours and embedded with paraffin. After hematoxylin and
eosin (HE) staining, the tissue sections were used for histological and morphological observation.
Moreover, the frozen sections of the liver tissues were carbowax-embedded and stained by oil red O.
All the sections were observed with a fluorescence microscope (DP80Digital, Olympus, Tokyo, Japan),
and then ten fields were randomly selected for statistical analysis.

2.4. Serum Biochemical Parameters Assay

The concentrations of LEC, TG, TC, VTG, VLDLy, estradiol (E2), follicle-stimulating hormone
(FSH), and luteinizing hormone (LH) in serum were measured by using enzyme-linked immunosorbent
assay (ELISA) kits (Baolai Biotechnology Co., Ltd, Yancheng, China), following the manufacturer’s
instruction of ELISA kits.

2.5. RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from liver and ovary tissues by using Trizol reagent (Takara, Dalian,
China) following the manufacturer’s instructions, and the concentration and purity were determined
by Nanodrop 2000C (Thermo Fisher Scientific, Waltham, MA, USA) through the A260/280 absorbance
ratio. First-strand cDNA was synthesized using PrimeScript RT Reagent Kit (Takara, Dalian, China)
according to the manufacturer’s protocols. qRT-PCR was conducted via a CFX96 Real-Time System
(Bio-Rad, Hercules, CA, USA) with the following conditions: 95 ◦C for 3 min; 40 cycles of 95 ◦C for 10 s
and annealing temperature (Table 1) for 20s, followed by a final extension at 72 ◦C for 20 s, with a melt
curve analysis performed at 65~95 ◦C. The amplification efficiencies of target genes ranged from 95%
to 105%. Each qRT-PCR reaction was performed with volumes of 15 µL containing 6.25 µL TB GreenTM

Premix (Takara), 0.3 µL forward and reverse primers, 1.5 µL cDNA, and 6.65 µL DNase/RNase-Free
Deionized Water (Tiangen, Beijing, China). The GAPDH was used as the endogenous control to
normalize the expression of genes. We choose the d90 group as a reference group (value = 1), and the
fold change of gene expressions was quantified using the 2−∆∆Ct method [26], where ∆Ct = Ct target
gene − Ct was the housekeeping gene, and ∆∆Ct = ∆Ct − ∆Ct was the reference. Gene-specific primers
for qRT-PCR were designed using Primer 5 software according to the coding sequence of target genes
(Table 1).
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Table 1. Primers used for quantitative real-time PCR (qRT-PCR).

Gene Sequence (5’-3’) Product
Length (bp)

Annealing
Temperature (◦C)

Accession
Number

ER-α
F: TGTGCTGTGTGCAACGACTA

167 57 NM_205183.2
R: CAGGCCTGGCAACTCTTTCT

ER-β F: GGCTGCAACCCGTGTAAAAG
189 58 NM_204794.2

R: GCCCAGCCAATCATGTGAAC

apoVLDL-II F: CCTTAGCACCACTGTCCCTG
130 58 NM_205483.2

R: AGCTCTAGGGGACACCTTGT

VTG-II
F: AACTACTCGATGCCCGCAAA

179 58 NM_001031276.1
R: ACCAGCAGTTTCACCTGTCC

FAS
F: TGCTATGCTTGCCAACAGGA

128 59 NM_205155.3
R: ACTGTCCGTGACGAATTGCT

PPARα
F: AGGCCAAGTTGAAAGCAGAA

155 60 NM_001001464.1
R: TTTCCCTGCAAGGATGACTC

PPARγ F: TGACAGGAAAGACGACAGACA
164 59 NM_001001460.1

R: CTCCACAGAGCGAAACTGAC

MTTP
F: GTTCTGAAGGACATGCGTGC

120 58 NM_001109784.2
R: GATGTCTAGGCCGTACGTGG

GAPDH
F: TCCTCCACCTTTGATGCG

144 60 NM_204305.1
R: GTGCCTGGCTCACTCCTT

ER-α/β: estrogen receptor (ER)-alpha/beta; ApoVLDL-II: very low density apolipoprotein-II; VTG-II: vitellogenin-II;
FAS: fatty acid synthase; PPARα/γ: peroxisome proliferator-activated receptor-alpha/gamma; MTTP: microsomal
triglyceride transport protein; F: Forward primer; R: Reverse primer.

2.6. Protein Extraction and Western Blot Analysis

Protein extraction from the liver tissue was performed with protein extraction kit (BestBio Biotech
Co. Ltd., Shanghai, China), and then the concentration and purity of the protein samples were
determined with BCA protein assay kit (BestBio).

Subsequently, Western blots were performed, as previously described [27], with the following
primary and secondary antibodies: rabbit anti-chicken ER-α and ER-β (Abcam, Cambridge, UK;
1:1000), goat anti-rabbit secondary antibodies (Zen-Bio, Chengdu, China), and β-actin (Zen-Bio) was
used as a reference.

2.7. Statistical Analysis

The statistical analysis of the data collected was carried out by using SAS 9.3 software (SAS
Institute Inc., Cary, NC, USA). All experimental results were presented as the mean ± SE (standard
error), and statistical significance was performed with a one-way analysis of variance (ANOVA)
followed by the Tukey test [28]. Age was used as a control variable, and the partial correlation
coefficients were generated to evaluate the correlation of serum biochemical parameters and gene
expression. Values differed significantly at p < 0.05.

3. Results

3.1. Weight Measurements for Body, Liver, and Ovary Tissues

The body, liver, and ovary weights were measured every week from d90 to d153. Our results
showed that the body and liver weights increased dramatically from d132, while the ovary weight
increased sharply from d139 (Table 2).

3.2. Morphological and Histological Analyses

We observed in this study that the liver color changed from deep dark to light dark with the
increase in age (d125 to d153); this may be due to the intensive yolk precursor synthesis in the liver
(Figure 1). Histological analysis showed that the structure of the liver tissue was normal and the
hepatocytes were arranged neatly and clearly, while the cytoplasm of the hepatocytes was pink and
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evenly distributed. Meanwhile, the nucleus had a blue coloration at the center of the cell on d90.
We also observed an enlargement in the hepatocytes on d139 and d153, whereas its cytoplasm was
loosed and lightly stained, and the presence of a few small fatty vacuoles indicated a mild steatosis
(Figure 2A–D). The numerous small lipid droplets appeared in the liver at d125, and then their sizes
increased at d139 and d153 with oil red O staining (Figure 2E–H). Additionally, we found that the
ovary contained a large number of primordial follicles from d90 to d118, while on d125 the white
follicles began to appear. Moreover, on d132 and d139, a very small deposition of yolk was found
in one hierarchical follicle (diameter > 12 mm), and five hierarchical follicles were filled with large
amounts of egg yolk deposits. D146 was a remarkable growth point when most hens (7 of 9) laid
their first eggs with over six yolk-filled follicles in the ovary (Figure 3). Histological analysis showed
that the ovary contained a large number of primordial follicles on d90 (Figure 4A,B). Figure 4C,D
showed that at d125 the follicles were filled with a small amount of lipoproteins (protein-rich white
yolk) which resulted in the appearance of a single layer of granulosa cells of the follicles (Figure 4C,D).
Furthermore, at d146 and d153, large yolk deposition in the follicles occurred, resulting in the rapid
growth and appearance of more than two layers of granulosa cells in the follicles (Figure 4E–H).

Table 2. Weight measurements from d90 to d153.

Age (d) Body Weight (g) Liver Weight (g) Ovary Weight (g) Follicle Numbers
(Diameter > 12 mm)

90 1085.33 ± 71.39 b 21.46 ± 0. 60 b 0.45 ± 0.03 c -
97 1136.20 ± 24.44 b 22.52 ± 2.59 b 0.47 ± 0.01 c -
104 1084.97 ± 48.56 b 22.21 ± 2.76 b 0.48 ± 0.01 c -
111 1127.59 ± 142.19 b 23.30 ± 4.46 b 0.52 ± 0.04 c -
118 1127.59 ± 142.19 b 24.79 ± 4.39 b 0.62 ± 0.12 c -
125 1338.51 ± 138.49 b 22.92 ± 3.29 b 0.74 ± 0.17 c -
132 1713.40 ± 131.03 a 39.82 ± 7.78 a 1.50 ± 0.17 c 1.00 ± 0.23 c

139 1760.00 ± 101.76 a 37.13 ± 7.73 a 17.80 ± 10.96 b 4.44 ± 0.28 b

146 1731.12 ± 176.08 a 36.69 ± 6.83 a 36.47 ± 5.41 a 6.00 ± 0.24 a

153 1794.00 ± 228.54 a 36.64 ± 4.99 a 47.68 ± 13.64 a 6.44 ± 0.17 a

Data are shown as the mean ± standard error (SE) (n = 9). Means within a column marked without the same
superscripts differed significantly (p < 0.05).
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Figure 2. Hematoxylin-eosin (HE) staining of the liver samples with different ages (magnified 200×). 
(A) d90, (B) d125, (C) d139, and (D) d153. Oil red O staining frozen sections of liver samples at 
different ages (200×). (E) d90, (F) d125, (G) d139, and (H) d153. The black arrow indicates the “small 
fatty vacuoles”, the red arrow indicates the “small lipid droplets”. 

Figure 2. Hematoxylin-eosin (HE) staining of the liver samples with different ages (magnified 200×).
(A) d90, (B) d125, (C) d139, and (D) d153. Oil red O staining frozen sections of liver samples at different
ages (200×). (E) d90, (F) d125, (G) d139, and (H) d153. The black arrow indicates the “small fatty
vacuoles”, the red arrow indicates the “small lipid droplets”.
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Figure 4. Histological analysis of the chicken ovary at different ages. d90 ((A) 40×, (B) 200×),
d125 ((C) 40×, (D) 200×), d139 ((E) 40×, (F) 200×), and d153 ((G) 40×, (H) 200×). The black arrow
indicates the “primordial follicles”, the red arrow indicates the “granulosa cells”, and the white arrow
indicates the “lipoproteins”.
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3.3. Serum Biochemical Parameter Assay

The biochemical parameters, including E2, FSH, LH, LEC, VTG, VLDLy, TG, and TC in serum
were measured (Figure 5). There were no significant differences in the levels of E2 from d90 to d118.
However, the E2 levels increased from d125, reached the peak at d132 (p < 0.05), and suddenly decreased
significantly from d139 to d153 (p < 0.05) (Figure 5A). The FSH levels were not significantly different
from d90 to d104, however, they increased significantly from d111 to d132 (p < 0.05), and maintained
their levels from d132 to d153 (Figure 5B). The level of LH increased significantly from d132 and
reached the top on d153 (p < 0.05) (Figure 5C). Meanwhile, the levels of LEC, VTG, VLDLy, TG, and TC
remained insignificant from d90 to d118 and then increased significantly from d125 (p < 0.05) and
remained steady from d146 to d153 (Figure 5D–H). Partial correlations show that the age of egg-laying
hens was significantly correlated with the levels of E2, FSH, LH, LEC, VTG, VLDLy, TG, and TC in
serum (Table 3).

Table 3. Partial correlation coefficients between age and serum biochemical parameters.

Variable E2 FSH LH VTG VLDLy LEC TC TG

Age 0.824 ** 0.874 ** 0.765 ** 0.867 ** 0.913 ** 0.872 ** 0.861 ** 0.863 **

The superscript double asterisk (**) denotes statistical difference of p < 0.01.

3.4. Expression Abundance of Hormone Receptors and Yolk Precursor Synthesis-Related Genes

In this study, the mRNA and protein levels of estrogen receptors and expression patterns of yolk
precursor synthesis-related genes were determined on d90, 125, 139, and 153. The results showed that
both mRNA and protein levels of estrogen receptor alpha (ER-α) in the liver increased significantly on
d125 and reached the peak on d139 (Figure 6A,B). However, there was no significant difference among
the time points for the expression abundance of ER-β (Figure 6C,D). In addition, the expression levels
of apoVLDL-II and VTG-II at d90 were almost undetectable, but on d125 they increased remarkably,
followed by a rapid rise at d139 and then remained at a higher level at d153. The levels of mRNA
expression of peroxisome proliferator-activated α (PPARα) and γ (PPARγ) showed a gradual downward
trend from d90 to d153, meanwhile, fatty acid synthase (FAS) and microsomal triglyceride transport
protein (MTTP) levels presented opposite changing trends (Figure 7). As is shown in Table 4, there were
also some significant correlations between age and gene expression. The age of egg-laying hens was
positively correlated with the gene expression of ER-α (r = 0.73, p < 0.01), apoVLDL-II (r = 0.925,
p < 0.01), VTG-II (r = 0.889, p < 0.01), FAS (r = 0.873, p < 0.01), MTTP (r = 0.763, p < 0.01) and negatively
correlated with PPARα (r = −0.63, p < 0.01), and PPARγ (r = −0.808, p < 0.01). However, there was no
significant correlation between age and ER-β expression.

Table 4. Partial correlation coefficients between age and gene expression.

Variable ER-α ER-β apoVLDL-II VTG-II FAS PPARα PPARγ MTTP

Age 0.73 ** 0.319 0.925 ** 0.889 ** 0.873 ** −0.63 ** −0.808 ** 0.763 **

The superscript double asterisk (**) denotes a statistical difference of p < 0.01.

In the ovaries, the expression of ER-α and ER-β reflected a similar pattern from d90 to d153, with a
sharp increase from d90 to d139 and then decreased on d153. On d125, FSHR expression increased
significantly, which was maintained until d139 and then reached its peak at d153. Furthermore,
LHR was expressed with an increased trend from d139 and reached its top on d153 (Figure 8).
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Figure 5. Age-related changes of the biochemical parameters in serum. Levels of estradiol (E2) (A),
follicle-stimulating hormone FSH (B), luteinizing hormone (LH) (C), vitellogenin (VTG) (D), very low
density lipoprotein y (VLDLy) (E), lecithin (LEC) (F), total cholesterol (TC) (G), and triglyceride (TG) (H)
in the blood serum were detected using ELISA kits from d90 to d153. Data was expressed as the
mean ± SE (n = 9). Different letters indicate significant differences (p < 0.05).
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Figure 7. Expression of genes related to yolk precursor formation in the liver of hens on d90, d125,
d139, and d153. The mRNA expression of apoVLDL-II (A), VTG-II (B), PPARα (C), PPARγ (D), FAS (E),
and MTTP (F) in the liver. Data are expressed as the mean ± SE (n = 9). Different letters indicate
significant differences (p < 0.05).



Animals 2020, 10, 2348 11 of 14Animals 2020, 10, x  13 of 16 

 
Figure 8. The levels of expression of hormone receptor genes in the ovary of hens on d90, d125, d139, 
and d153. The mRNA expression of ER-α (A), ERβ (B), FSHR (C), and LHR (D) in the ovary. Data are 
expressed as the mean ± SE (n = 9). Different letters indicate significant differences (p < 0.05). 

The morphological and histological results demonstrated a change in the liver and the ovary 
during the period of sexual maturity in hens. With an increase in age, the serum biochemical 
parameters, expression of yolk precursor synthesis-related genes, and major reproductive hormone 
receptors increased dramatically.  

4. Discussion 

Egg laying is one of the normal physiological functions for most oviparous animals after sexual 
maturity. Egg yolk is part of the fertilized egg that supplies nutrients, energy, and provides 
immunity for the developing embryo [3,29]. During the laying period of hens, large amounts of the 
egg yolk proteins and lipids are synthesized in the liver and transported to the ovary [30].  

Great morphological and histological changes occur in the liver and the ovary of pullet during 
sexual maturity period. In this study, the weights of the body, liver, and ovary increased 
dramatically from d139 to d146. Clearly, the liver color was getting brighter with the increasing age 
(from d90 to d153), which indicated that the vitellogenesis and lipogenesis increased with age. 
Meanwhile, the ovary also developed some white follicles, hierarchical follicles with obvious egg 
yolk deposition, and yolk-filled follicles in the hierarchy at d125, d139, and d153, respectively. We 
speculated that the age-related changes of the weight and the color of the liver were associated with 
yolk precursor synthesis that occurred in the liver and the deposition of these precursors in the 
oocyte increased the ovary weight. Further, histological analysis showed that the key period for 
hepatic lipid synthesis was from d139 to d153. Additionally, the mRNA expression of yolk precursor 
synthesis-related genes, apoVLDL-II and VTG-II increased sharply (from almost zero on d90 to 
hundredfold on d125 and d139) in the liver. The expression of liver lipogenesis-related gene FAS and 
fat transport-related gene MTTP also significantly increased on d125 and maintained the level on 
d139 and d153. However, the expression of lipogenesis-related genes such as PPARα and PPARγ 
were significantly decreased on d139 and d153. These results are in accordance with a previous 

Figure 8. The levels of expression of hormone receptor genes in the ovary of hens on d90, d125, d139,
and d153. The mRNA expression of ER-α (A), ERβ (B), FSHR (C), and LHR (D) in the ovary. Data are
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The morphological and histological results demonstrated a change in the liver and the ovary
during the period of sexual maturity in hens. With an increase in age, the serum biochemical parameters,
expression of yolk precursor synthesis-related genes, and major reproductive hormone receptors
increased dramatically.

4. Discussion

Egg laying is one of the normal physiological functions for most oviparous animals after sexual
maturity. Egg yolk is part of the fertilized egg that supplies nutrients, energy, and provides immunity
for the developing embryo [3,29]. During the laying period of hens, large amounts of the egg yolk
proteins and lipids are synthesized in the liver and transported to the ovary [30].

Great morphological and histological changes occur in the liver and the ovary of pullet during
sexual maturity period. In this study, the weights of the body, liver, and ovary increased dramatically
from d139 to d146. Clearly, the liver color was getting brighter with the increasing age (from d90
to d153), which indicated that the vitellogenesis and lipogenesis increased with age. Meanwhile,
the ovary also developed some white follicles, hierarchical follicles with obvious egg yolk deposition,
and yolk-filled follicles in the hierarchy at d125, d139, and d153, respectively. We speculated that
the age-related changes of the weight and the color of the liver were associated with yolk precursor
synthesis that occurred in the liver and the deposition of these precursors in the oocyte increased the
ovary weight. Further, histological analysis showed that the key period for hepatic lipid synthesis
was from d139 to d153. Additionally, the mRNA expression of yolk precursor synthesis-related genes,
apoVLDL-II and VTG-II increased sharply (from almost zero on d90 to hundredfold on d125 and
d139) in the liver. The expression of liver lipogenesis-related gene FAS and fat transport-related gene
MTTP also significantly increased on d125 and maintained the level on d139 and d153. However,
the expression of lipogenesis-related genes such as PPARα and PPARγ were significantly decreased on
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d139 and d153. These results are in accordance with a previous study that showed that the VLDLy
levels resisted the lipolytic activity in the laying hen [31]. Accordingly, we found that LEC, VTG,
VLDLy, TG, and TC levels in serum increased at d125 and remained steady on d146. This showed
that the results obtained for these serum biochemical parameters were consistent with the age-related
changes of gene expression in the liver. These findings are in line with the study of Liu et al. (2018),
who reported that the aging process influences the capacity of liver yolk precursor synthesis [32].

Previous studies detected that yolk precursor formation in the liver of oviparous animals
were largely influenced by estrogens [30,33]. E2 activates the expression of liver yolk precursor
synthesis-related genes by binding to their specific estrogen receptors, especially ERα [34,35]. Moreover,
previous studies demonstrated that exogenous estrogen administration to hens stimulated the synthesis
of hepatic apoB and VLDL [36,37] and induced hepatic biosynthesis of phospholipid and triacylglycerol
in birds [38]. In this study, the E2 levels in the serum significantly increased at d125, this development
was similar to a previous report that found that the E2 levels in hen plasma at d119 were higher than
d91 [39]. On d125, there was a rapid rise in the expression of ER-α; while the expression of apoVLDL-II
and VTG-II levels in the liver also increased significantly on d125 and 139, however, ER-β expression
recorded no significant difference. These results are consistent with previous researches that reported
that estrogen released in hens during the laying period predominantly increased the mRNA expression
of ApoVLDL-II and VTG-II by acting on ER-α [35,40].

In addition, the rapid follicle development in the ovary of chickens is accompanied with absorption
and deposition of yolk precursors. Follicular growth and development are regulated by FSH and
LH [41]. In the process of follicular growth and maturation, FSH secreted by the pituitary gland
plays a leading role by stimulating the follicle to secrete estrogen through the FSH receptor of the
ovary, promoting the deposition of yolk material and enables the follicle to reach maturity as soon
as possible [42]. When follicular growth and development reach a certain stage, FSH can promote
the granulosa cells with lumen follicles to generate LH receptors and induce LH secretion [43]. In the
present study, we found that the FSH levels in serum increased from d111, which happened earlier
before the increase for the E2 level. This indicated that a rise in the level of E2 may depend directly
on the increase of FSH. We further detected the mRNA expression of ER-α, ER-β, FSHR, and LHR in
the ovaries and the results showed increased expressions for FSHR, LHR, ER-α, and ER-β on d139,
which indicated that FSH, LH, and E2 jointly regulated follicular development during sexual maturity
in hens.

5. Conclusions

Generally, the correlation between liver-blood-ovary alliances regulated the transport and exchange
of synthetic substances to ensure synchronous development and functional coordination between the
liver and ovary. Moreover, the age-related hormone changes directly influenced the transcriptional
changes of genes related to fat metabolism and yolk precursor synthesis. We confirm that E2 is an
activator that is regulated by FSH, which induces histological and functional changes in hepatocytes
through the ER-α pathway.
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12. Cieślik, E.; Cieślik, I.; Molina-Ruiz, J.; Walkowska, I.; Migdal, W. The content of fat and fatty acids composition

in chicken liver. Anim. Biotechnol. 2011, 27, 1855–1856. [CrossRef]
13. He, Q.; Wang, S.Z.; Leng, L.; Na, W.; Wang, Q.G.; Li, H. Differentially expressed genes in the liver of lean and

fat chickens. Genet. Mol. Res. 2014, 13, 10823–10828. [CrossRef]
14. Deeley, R.G.; Mullinix, D.P.; Wetekam, W.; Kronenberg, H.M.; Meyers, M.; Eldridge, J.D.; Goldberger, R.F.

Vitellogenin synthesis in the avian liver. Vitellogenin is the precursor of the egg yolk phosphoproteins. J. Biol.
Chem. 1975, 250, 9060–9066.

15. Cochrane, A.; Deeley, R. Estrogen-dependent activation of the avian very low density apolipoprotein II and
vitellogenin genes: Transient alterations in mRNA polyadenylation and stability early during induction.
J. Mol. Biol. 1988, 203, 555–567. [CrossRef]

16. Bergink, E.W.; Wallace, R.A.; Van de Berg, J.A.; Bos, E.S.; Gruber, M.; AB, G. Estrogen-induced synthesis of
yolk proteins in roosters. Am. Zool. 1974, 14, 1177–1193. [CrossRef]

17. Capony, F.; Williams, D.L. Apolipoprotein B of avian very low density lipoprotein: Characteristics of its
regulation in nonstimulated and estrogen-stimulated rooster. Biochemistry 1980, 19, 2219–2226. [CrossRef]

18. Ratna, W.N.; Bhatt, V.D.; Chaudhary, K.; Ariff, A.B.; Bavadekar, S.A.; Ratna, H.N. Estrogen-responsive genes
encoding egg yolk proteins vitellogenin and apolipoprotein II in chicken are differentially regulated by
selective estrogen receptor modulators. Theriogenology 2016, 85, 376–383. [CrossRef] [PubMed]

19. Montorzi, M.; Falchuk, K.H.; Vallee, B.L. Vitellogenin and lipovitellin: Zinc proteins of Xenopus laevis
oocytes. Biochemistry 1995, 34, 10851–10858. [CrossRef] [PubMed]

20. Walzem, R.L.; Hansen, R.J.; Williams, D.L.; Hamilton, R.L. Estrogen induction of VLDLy assembly in
egg-laying hens. J. Nutr. 1999, 129, 467S–472S. [CrossRef] [PubMed]

21. Walzem, R.; Davis, P.; Hansen, R. Overfeeding increases very low density lipoprotein diameter and causes
the appearance of a unique lipoprotein particle in association with failed yolk deposition. J. Lipid Res. 1994,
35, 1354–1366.

22. Perry, M.; Gilbert, A.; Evans, A. Electron microscope observations on the ovarian follicle of the domestic fowl
during the rapid growth phase. J. Anat. 1978, 125, 481.

23. Griffin, H. Manipulation of egg yolk cholesterol: A physiologist’s view. World Poult. Sci. J. 1992, 48, 101–112.
[CrossRef]

24. Evans, M.I.; Chu, W.W.; Berkowitz, E.A. Regulation of the Chicken Very Low Density Apolipoprotein II
Gene: Interaction of Estrogen and Insulin. Recent Prog. Horm. Res. 1994, 49, 335–339.

http://dx.doi.org/10.1016/0005-2760(92)90132-F
http://dx.doi.org/10.3184/147020604783637462
http://dx.doi.org/10.1017/S1466252315000195
http://dx.doi.org/10.1021/jf960416p
http://dx.doi.org/10.1080/07315724.2002.10719248
http://www.ncbi.nlm.nih.gov/pubmed/12480795
http://dx.doi.org/10.2298/BAH1104855C
http://dx.doi.org/10.4238/2014.December.19.3
http://dx.doi.org/10.1016/0022-2836(88)90192-1
http://dx.doi.org/10.1093/icb/14.4.1177
http://dx.doi.org/10.1021/bi00551a035
http://dx.doi.org/10.1016/j.theriogenology.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26452509
http://dx.doi.org/10.1021/bi00034a018
http://www.ncbi.nlm.nih.gov/pubmed/7662665
http://dx.doi.org/10.1093/jn/129.2.467S
http://www.ncbi.nlm.nih.gov/pubmed/10064311
http://dx.doi.org/10.1079/WPS19920010


Animals 2020, 10, 2348 14 of 14

25. Yilmaz, O.; Prat, F.; Ibañez, A.J.; Amano, H.; Koksoy, S.; Sullivan, C.V. Estrogen-induced yolk precursors
in European sea bass, Dicentrarchus labrax: Status and perspectives on multiplicity and functioning of
vitellogenins. Gen. Comp. Endocr. 2015, 221, 16–22. [CrossRef]

26. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2−∆∆CT method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

27. Cui, Z.; Liu, L.; Zhao, X.; Ran, J.; Wang, Y.; Yin, H.; Li, D.; Zhu, Q. Analysis of Expression and Single
Nucleotide Polymorphisms of INHA Gene Associated with Reproductive Traits in Chickens. BioMed Res.
Int. 2019, 2019, 8572837. [CrossRef] [PubMed]

28. Yuan, J.S.; Wang, D.; Stewart, C.N., Jr. Statistical methods for efficiency adjusted real-time PCR quantification.
Biotechnol. J. 2008, 3, 112–123. [CrossRef] [PubMed]

29. Carlander, D.; Stålberg, J.; Larsson, A. Chicken antibodies: A clinical chemistry perspective. Ups. J. Med. Sci.
1999, 104, 179–189. [CrossRef]

30. Johnson, A.L. Reproduction in the Female; Elsevier: Amsterdam, The Netherlands, 2015; pp. 635–665.
31. Griffin, H.; Grant, G.; Perry, M. Hydrolysis of plasma triacylglycerol-rich lipoproteins from immature and

laying hens (Gallus domesticus) by lipoprotein lipase in vitro. Biochem. J. 1982, 206, 647–654. [CrossRef]
32. Liu, X.; Lin, X.; Mi, Y.; Zeng, W.; Zhang, C. Age-related changes of yolk precursor formation in the liver of

laying hens. J. Zhejiang Univ. Sci. B 2018, 19, 390–399. [CrossRef]
33. Cohen, A.; Smith, Y. Estrogen regulation of microRNAs, target genes, and microRNA expression associated

with vitellogenesis in the zebrafish. Zebrafish 2014, 11, 462–478. [CrossRef]
34. Hall, J.M.; Couse, J.F.; Korach, K.S. The multifaceted mechanisms of estradiol and estrogen receptor signaling.

J. Biol. Chem. 2001, 276, 36869–36872. [CrossRef]
35. Li, J.; Leghari, I.H.; He, B.; Zeng, W.; Mi, Y.; Zhang, C. Estrogen stimulates expression of chicken hepatic

vitellogenin II and very low-density apolipoprotein II through ER-α. Theriogenology 2014, 82, 517–524.
[CrossRef]

36. Luskey, K.L.; Brown, M.S.; Goldstein, J.L. Stimulation of the synthesis of very low density lipoproteins in
rooster liver by estradiol. J. Biol. Chem. 1974, 249, 5939–5947.

37. Williams, D.L. Apoproteins of avian very low density lipoprotein: Demonstration of a single high molecular
weight apoprotein. Biochemistry 1979, 18, 1056–1063. [CrossRef] [PubMed]

38. Dashti, N.; Kelley, J.L.; Thayer, R.H.; Ontko, J.A. Concurrent inductions of avian hepatic lipogenesis, plasma
lipids, and plasma apolipoprotein B by estrogen. J. Lipid Res. 1983, 24, 368–380. [PubMed]

39. Reddy, I.; David, C.; Sarma, P.; Singh, K. The possible role of prolactin in laying performance and steroid
hormone secretion in domestic hen (Gallus domesticus). Gen. Comp. Endocr. 2002, 127, 249–255. [CrossRef]

40. Li, H.; Wang, T.; Xu, C.; Wang, D.; Ren, J.; Li, Y.; Tian, Y.; Wang, Y.; Jiao, Y.; Kang, X. Transcriptome profile
of liver at different physiological stages reveals potential mode for lipid metabolism in laying hens. BMC
Genom. 2015, 16, 763. [CrossRef]

41. Johnson, A.L. Regulation of follicle differentiation by gonadotropins and growth factors. Poult. Sci. 1993, 72,
867–873. [CrossRef]

42. Palmer, S.S. Follicle Stimulating Hormone and Steroidogenesis in Ovarian Granulosa Cells during Aging in
the Domestic Hen. Ph.D. Thesis, University of Illinois at Urbana-Champaign, Champaign, IL, USA, 1989.

43. Hammond, R.; Burke, W.; Hertelendy, F. Influence of follicular maturation on progesterone release in chicken
granulosa cells in response to turkey and ovine gonadotropins. Biol. Reprod. 1981, 24, 1048–1055. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ygcen.2015.01.018
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1155/2019/8572837
http://www.ncbi.nlm.nih.gov/pubmed/31485447
http://dx.doi.org/10.1002/biot.200700169
http://www.ncbi.nlm.nih.gov/pubmed/18074404
http://dx.doi.org/10.3109/03009739909178961
http://dx.doi.org/10.1042/bj2060647
http://dx.doi.org/10.1631/jzus.B1700054
http://dx.doi.org/10.1089/zeb.2013.0873
http://dx.doi.org/10.1074/jbc.R100029200
http://dx.doi.org/10.1016/j.theriogenology.2014.05.003
http://dx.doi.org/10.1021/bi00573a019
http://www.ncbi.nlm.nih.gov/pubmed/218611
http://www.ncbi.nlm.nih.gov/pubmed/6854148
http://dx.doi.org/10.1016/S0016-6480(02)00034-5
http://dx.doi.org/10.1186/s12864-015-1943-0
http://dx.doi.org/10.3382/ps.0720867
http://dx.doi.org/10.1095/biolreprod24.5.1048
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Sample Collection for Blood and Tissues 
	Histological Staining 
	Serum Biochemical Parameters Assay 
	RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) 
	Protein Extraction and Western Blot Analysis 
	Statistical Analysis 

	Results 
	Weight Measurements for Body, Liver, and Ovary Tissues 
	Morphological and Histological Analyses 
	Serum Biochemical Parameter Assay 
	Expression Abundance of Hormone Receptors and Yolk Precursor Synthesis-Related Genes 

	Discussion 
	Conclusions 
	References

