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Recently, embryo muscle development, which is crucial
for postnatal skeletal muscle growth, has been inves-
tigated widely. Nutrients in ovo were suggested to be
critical in embryo muscle development since the chick
growth mostly relies on nutrients in eggs at the early
developmental stage. Phytosterol esters (PE), which are
derived from the reactions between phytosterols and
fatty acids, were demonstrated to have important ef-
fects on lipid and cholesterol metabolism regulation. In
order to reveal the effect of maternal lipid metabolism
on the deposition of nutrients in eggs and the develop-
ment of embryonic muscles, broiler hens were fed with
a diet supplemented with 5% PE or control diet. Lipid
deposition in eggs and growth of the hatched chicks
were studied. We found that PE increased bile acid (BA)
deposition in the eggs and serum of hens (p=0.02 and
p<0.01, respectively), altered insulin and glucose level
differentially in female and male offspring, and promot-
ed body weight (p=0.02 for male and female on day 49),
muscle fiber density (p=0.02 for female on day 49), and
myogenin and myogenic determination factor (myoD)
expression (p=0.03 and p=0.02 on day 49) by the acti-
vation of BA receptors in female, but not in male, off-
spring. Our study determined for the first time that PE
promoted muscle development of chicks hatching from
eggs laid by the hens, through regulating bile acid (BA)
deposition and this may be attributed to the activation
of BA receptors.
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INTRODUCTION

Chicken meat serves as the main source of animal-
derived protein for humans, especially in Western life-
styles. Nowadays, nutritional methods are used widely
to improve chicken meat quality (Castro ef al, 2018;
Lai e al, 2018). The poultry skeletal muscle develop-
ment is similar to that of mammals. After hatching, the
total number of muscle fibers remains immutable, and

hypertrophy occurs later. Unlike mammals, poultry ob-
tain nutrients responsible for skeletal muscle develop-
ment almost entirely from the fertilized eggs. I ovo feed-
ing (IOF) is regarded as an effective way to investigate
the mechanism behind the regulatory role of different
nutrients, although it is not applicable in poultry farm-
ing. Exogenous amino acids administered by IOF can
delay muscle loss of late-term poultry embryos (Uni ef
al., 2005). It was also reported that IOF administration
of carbohydrates can improve energy status, increase the
hepatic glycogen content and enhance myofiber growth
until day 35 in late-term embryos by increasing liver and
muscle glycogen turnover and satellite cell proliferation
(Kornasio et al., 2011). It is well known that egg yolks
are rich in lipids and cholesterol. But it is still not clear
whether the lipids, cholesterols or their metabolites have
any effects on poultry embryo growth.

Phytosterol esters (PE), which are derived from the
reactions between phytosterols and fatty acids, were
demonstrated to have many beneficial functions in ro-
dents, such as cholesterol- and triglyceride-lowering ef-
fects (Jain et al., 2008; Schonewille e al, 2014). Recent
studies revealed that PE and soy protein increased the
faccal excretion of BA compared to soy protein alone
in hamsters, and dietary PE suppressed bile acid syn-
thesis in patients (Lin ez al, 2004; O’Neill ez al., 2004).
CYP7A1 is a rate-limiting enzyme in BA synthesis. FXR
interacts with BA to inhibit CYP7A1 expression through
a feedback loop while LXR promotes CYP7A1 expres-
sion with the help of other sterols and both need the
participation of LRH-1 (Elizabeth, 2016). Chenodeoxy-
cholic acid is one of the four types of BA in chickens
which constitutes 80% of BAs. All of these BAs are tau-
rine-conjugated and can be classified as primary and sec-
ondary BAs with distinct functions (Hofmann & Hagey,
2014). Further studies showed that circulating deoxychol-
ic acid content is associated with reduced skeletal mus-
cle volume (Kobayashi et al, 2017). More specifically,
by binding to farnesoid X receptor (FXR) or G protein-
coupled bile acid receptor 1 (TGR5), different BA can
impair or improve glucose homeostasis in the skeletal
muscle (Li e al, 2016). Until now, few studies have as-
sociated the role of BA with the growth and develop-
ment of skeletal muscle in poultry. Here, we hypothesize
that BA can improve chicken muscle development and
our results suggest that PE, as a feed additive for hens,
can increase the deposition of BA in eggs and eventu-
ally promote skeletal muscle growth and development of
female offspring and this may be related to BA receptors
(FXR or TGR5) activation and elevated myogenesis in
the embryo.


mailto:wanglina@scau.edu.cn
https://doi.org/10.18388/abp.2017_

136 L. Wang and others

2020

MATERIALS AND METHODS

Experimental materials and animals. The White
Plymouth Rock chickens (LWS; Gallus gallus domesticus) in
this study were obtained from Guangdong Wens Can-
tian Poultry Industry Group (Xinxing, China). The PE
(a mixture containing 40% (-sitosterol, 20% stigmasterol,
10% campesterol) were purchased as a commercial prod-
uct from Wuhan Xianghe Biological Technology Co.,
Ltd. (Wuhan, China).

Experimental design and sampling. Eighty White
Rock breeder hens (150 days old) were randomly divided
into 2 groups of 40 each. The hens in the first group
were fed a basal diet, while the second group was fed a
basal diet supplemented with 5% PE for 4 weeks. The
detailed composition of the basal diet was listed in Ta-
ble 1. In the last week, eggs were collected for TBA de-
tection or further hatching. Liver and blood samples of
the hens were collected for further analysis.

The hens were maintained in 80 separated cages (25.4
cm wide, 30.5 cm tall and 30.5 cm deep) with feed and
water being supplied ad /fibitum. At the end of the trial,
the hens were sacrificed by jugular vein bleeding and
the left liver apexes were obtained for extraction of total
RNA. All eggs were collected and marked in the fourth
week at 6 PM, with at least 6 eggs per each hen. The
eggs were selected randomly for BA detection (n=8 in
each group), and the remaining eggs were then transport-
ed to a hatching facility (n=185 in control and n=174 in
PE group) at CanTian Hatchery (Xinxing, China). The
eggs were weighed, marked and incubated according to

Table 1. The composition and nutrient content of the basal diet.

Item Percentage (%)

Diet ingredients

Corn starch 449
Soybean, CP 43% 25.5
Wheat 15.6
Wheat bran 2.70
Mountain flour 8.60
Calcium hydrophosphate 1.10
Sodium chloride 0.27
Sodium bicarbonate 0.20
Choline chloride 0.10
Mold inhibitor 0.1
Mineral premix2 0.11
Vitamin premix3 0.04
Calculated nutrient content

Digestible AA percentage 2.6
AME (MJ/kg) 13.5
Water 11.9
Crude protein 16.6
Crude fat 6.08
Crude fiber 2.63
Calcium 3.50
Total phosphorus 0.53
Non-phytic phosphorus 0.32
Lysine 0.90
Methionine 0.44
Threonine 0.61
Arginine 1.07
Tryptophan 0.19

Propionic acid, sodium hydroxide, calcium hydroxide, amorphous sili-
con dioxide, sorbic acid, benzoic acid, propylparaben, methylparaben
and BHA. 2The premix supplied per kg of diet: Cu, 8 mg; Fe, 80 mg; Mn,
100 mg; Zn, 60 mg; I, 0.50mg; Se, 0.40 mg; Co, 0.40 mg. 3The premix
supplied per kg of diet: Vitamin A, 4 000 IU; Vitamin B, 11 mg; Vitamin
B2, 3 mg; Vitamin B5, 40 mg; Vitamin B6, 2 mg; Vitamin B12, 0.01 mg;
Vitamin D3, 1000 IU; Vitamin E, 10 IU; Vitamin K, 32 mg; biotin, 0.05
mg; folic acid, 0.5 mg; D-pantothenic acid, 6 mg; nicotinic, 20 mg; an-
tioxidant, 100 mg.

the standards (37.5°C, 55% humidity, with rotation). 133
control eggs and 125 maternal PE eggs were hatched,
and the gender of hatched chicks was then identified.
After one week the chicks were randomly selected, 120
chicks in each group (60 male and 60 female) were all
fed basal diet (detailed information is provided in sup-
plementary table 1) formulated by the hatchery and
weighed on day 1, 21 and 49 after hatching. Additional-
ly, on day 1 and 49, we collected samples from 20 chicks
(10 male and 10 female) in each group. Specifically, the
whole left legs were separated and weighed immediately
and right legs were used for collecting the medium part
of the gastrocnemius muscle, promptly frozen in liquid
nitrogen and stored at —80°C for further examination. A
brief scheme of the experimental design is presented in
Supplementary Fig. 1. at https://ojs.ptbioch.edu.pl/in-
dex.php/abp.

Sectioning and immunofluorescence staining.
Gastrocnemius muscle (offspring on day 49) transverse
cryosections were obtained from the mid-belly region of
each sample at 10 pum thickness in a cryostat microtome
(Leica, Germany) at —20°C. Sections were then adhered
to Superfrost Plus slides (Jinhua, China) and stored at
4°C for further examination (8 sections per sample). Pri-
or to staining, slides were allowed to dry at room tem-
perature for 10 min. For staining, the slides were fixed
in 4% (v/v) paraformaldehyde for 5 min, rinsed gently
in PBS for 5 min, and air-dried for 15 min in a biosafety
cabinet. After being incubated in cell membrane stain-
ing reagent 1.9393 (Sigma-Aldrich, U.S.A.) for 20 min,
the slides were rinsed gently in PBS for 5 minutes. Fi-
nally, the images were captured using the Nikon Eclipse
Ti-s microscopy system (Nikon Instruments, Japan). We
counted muscle fibers in at least 12 images of sections
from 6 slides for each sample using MetaMorph Imaging
System (Universal Imaging Corp, U.S.A.) and the fiber
numbers were normalized to the muscle fiber area.

Egg and serum analysis. The yolks were separated
from the eggs and then homogenized and diluted in eth-
anol (1:9 in volume). After vortexing, the liquid was cen-
trifuged at 4000 X g for 10 minutes (room temperature).
The supernatant was then diluted with ethanol in equal
volume for total BA (TBA) detection. TBA, cholesterol,
glucose and triglyceride levels were measured by com-
mercial kits from Jiancheng Biological Technology Co.,
Ltd. (Nanjing, China) according to the manufacturer’s
instructions with Synergy 2 spectrophotometer (Gene
Company, US.A)). Detection of serum insulin, insulin-
like growth factor 1, triiodothyronine and tetraiodothy-
ronine was performed using kits from Jiuding Medicine
Technology Co., Ltd. (Tianjin, China) according to the
kit manual, and the results were obtained using HH6003
Radioimmunoassay System (Beijing City, China).

Western blot assay. Gastrocnemius muscle lysates
were prepared by grinding samples with a tissue homog-
enizer in RIPA lysis buffer (Guangzhou, China) contain-
ing 1 mM PMSF. After being centrifuged at 12000 X g
for 10 min at 4°C, the supernatant was used for determi-
nation of total protein concentration using the BCA pro-
tein assay kit (Thermo, U.S.A.). Twenty micrograms of
protein from each lysate were denatured in SDS loading
buffer and centrifuged briefly to remove insoluble com-
ponents. After being separated by 10% sodium dodecyl
sulphate—polyacrylamide gel electrophoresis, the proteins
were transferred to PVDF membranes and then blocked
with 5% (wt/vol) non-fat dry milk in Tris-buffered sa-
line that contained Tween 20 for 2 h at room tempera-
ture. The PVDF membranes were then incubated with
the indicated antibodies, including rabbit anti-B-actin
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Figure 1. Effect of maternal dietary supplementation of PE on growth performance of the offspring.

(A) The weight of eggs laid by breeder hens (n>174 in each group). (B) Weight of male offspring (n=55-60 in each group). (C) Weight
of female offspring (n=52-60 in each group). (D) ADG of male and female offspring (n=42-50 in each group). (E, F, G) The liver, PM, GAS
percentages of male and female offspring on day 1, respectively (n=10). (H, I, J, K) The liver, AF, PM, GAS percentages of male and fe-
male offspring on day 49, respectively (n=10). ADG, average daily weight gain. PM, pectoralis major. GAS, gastrocnemius AF, abdominal

fat. *p<0.05 versus control group. ***p<0.001 versus control group.

and rabbit anti-GAPDH (Bioworld Technology, U.S.A.);
rabbit anti-FXR (Santa Cruz, U.S.A.), rabbit anti-TGR5
and mouse anti-Decorin (Abcam, US.A.); and rabbit
anti-MyoD (BD, U.S.A.) and rabbit anti-Myogenin (Cell
Signaling Technology, U.S.A.). The primary antibodies
were incubated at 4°C overnight, with subsequent incu-
bations with the appropriate secondary antibodies (Bio-
world Technology, U.S.A.) for 1 h at room temperature.
Images were scanned using a FluorChem M Fluorescent
Imaging System (ProteinSimple, U.S.A.) after incubation
in BeyoECL Plus kit (Beijing, China). The bands were
analysed using Image] software (National Institutes of
Health, U.S.A.) and normalized to GAPDH/B-actin.

Quantitative polymerase chain reaction. RNA was
extracted from the liver samples using TRIZOL reagent
(Magen, Guangzhou, China) according to the one-step
RNA extraction protocol. The cDNA was synthesized
from 2 pg of RNA using M-MLV Reverse Transcriptase
(Promega, Shanghai, China) and oligo-dT18 (Takara, Da-
lian, China) and incubated at 37°C for 1 h and at 80°C
for 5 min. Gene quantification was performed by mixing
cDNA, SYBR reagent (Toyobo, Osaka, Japan) and the
primers listed in Supplementary Table 2 at https://ojs.
ptbioch.edu.pl/index.php/abp (Sangon, Guangzhou, Chi-
na) and running the specific procedures with MX3500P
instrument (Applied Biosystems, California, U.S.A) for
35 cycles and Ct values lower than 32 were considered
valid. B-actin was used as a house-keeping gene and the
graph was presented as fold gene changes compared to
that of the control group.

Statistics. Data used for graphics were all expressed
as the mean £S.E.M from two independent experi-
ments, with outliers removed using SPSS 13.0 software.

Every assay was repeated at least two times and we ac-
cepted the results only when the coefficient of variation
was equal or smaller than 10%. We performed unpaired
#test in GraphPad Prism 6.0 to assess the significance of
differences between the groups, with p<0.05 regarded as
statistically significant.

RESULTS

Maternal dietary PE increased body weight of the
offspring

Body weight of the offspring was recorded, and tis-
sue samples were obtained at different time points after
hatching. The results showed that the body weight and
average daily weight gain of the offspring increased sig-
nificantly in the PE group (p<0.05, p<0.001 for female
body weight on day 21) (Fig. 1B, C, D. The statistical
data was supplied in Supplementary Table 3 at https://
ojs.ptbioch.edu.pl/index.php/abp). At the same time, the
egg weight showed no difference (Fig. 1A). Additionally,
no differences were observed for the relative percentages
of liver, pectoralis major, gastrocnemius and abdomi-
nal fat on day 1 and 49 for the offspring in our trial
(Fig. 1E, F, G and H, 1, ], K).

Dietary supplementation of PE stimulated TBA
deposition

After the 4-week trial, the body weight of the hens
showed no difference (Supplementary Fig. 3 at https://
ojs.ptbioch.edu.pl/index.php/abp). TBA deposition in
eggs and serum of hens was significantly higher in the
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Figure 2. Effect of PE supplementation on serum/egg lipid profile of breeder hens.

(A) TBA concentration in eggs (n=6). (B) Serum TBA concentration (n=8). (C) Serum CHO concentration (n=8). (D) Serum TG concentra-
tion (n=8). (E) The relative mRNA expression of genes involved in bile acid synthesis in the livers of the hens. PE, phytosterol esters; TBA,
total BA; CHO, cholesterol; TG, triglycerides; Cyp7A1, cholesterol 7-alpha hydroxylase; FXR, Farnesoid X receptor; LXR, Liver X receptor;
LRH-1, liver receptor homolog-1. *p<0.05 versus control group. **p<0.01 versus control group.

PE group (p<0.05 and p<0.01, respectively) (Fig. 2A,
B), while cholesterol and triglyceride levels in serum re-
mained comparable between the two groups (Fig. 2C,
D). We also found that the expression of cholesterol
7-alpha-hydroxylase (Cyp7Al) in the hen livers increased
(»<0.05), while the expression of liver X receptor (LXR)
and liver receptor homologue 1 (LRH-1) was suppressed
significantly (»p<0.05 and p<0.01, respectively). The ex-
pression of FXR showed no difference after PE supple-
mentation (Fig. 2E).

Maternal dietary supplementation of PE promoted
muscle growth and development of the female
offspring

Immunofluorescence staining of muscle fiber indi-
cated that fiber density in female offspring was signifi-
cantly higher on day 49 in the PE group (»<0.05) but
showed no difference in the male offspring (Fig. 3A).
Western blot analysis revealed that the expression of
Decorin (p<0.01), MyoD (p<0.01), Myogenin (»<0.05),
FXR (»<0.01) and TGRS (»<0.01) on day 49 as well as
the expression of Decorin (p<0.05) and FXR (p<0.05)
on day 1 was significantly higher while the expression of
TGR5 and Myogenin showed no difference in gastroc-
nemius protein from female offspring in the PE group
(Fig. 3B, C). Interestingly, the expression of these pro-
teins which are crucial for bile acid signalling pathways
and muscle development showed no difference in male
offspring on day 1 and day 49 time points (Fig. 3B, C).
The full gels with these proteins are presented in Supple-
mentary Fig. 2 at https://ojs.ptbioch.edu.pl/index.php/
abp.

DISCUSSION

In our study, we only found that PE supplementation
significantly increased weight gain and body weight of
offspring without any change in liver and muscle tissue
index. Previous studies also showed a limited difference
in food intake and performance after PE supplementa-
tion. Dietary supplementation of different doses of phy-
tosterol had no effect on feed intake and conversion of
hens (Shi et al, 2014). Dietary supplementation of 1%

soy sterols had no effect on body weight gain, food in-
take, feed efficiency and egg weight of laying hens in a
4-week trial (Elkin & Lorenz, 2009). In the mouse model,
2% of PE supplementation increased body weight gain
without a change in food intake for a 16-week feeding
period (Bombo ¢ al, 2013) while 8% of PE increased
food intake without a change in body weight gain for a
2-week period (Brufau e al., 2011). More recently, it has
been reported that maternal effect of PE can increase
body weight and tibialis anterior muscle index of mouse
offspring while promoting lean mass and inhibiting fat
mass only in male offspring (Zhao e/ al., 2019), which
also supports our results that male and female offspring
were differentially affected by PE. These results suggest
that the effect of PE on food intake and body weight
gain is determined by the dose and the feeding period.
To our surprise, the effect of PE on animal performance
has not been reported yet and this effect is probably also
related to the dose and the feeding period. Although we
found no difference in muscle index in our study, we
still investigated the effect of PE on the muscle devel-
opment of offspring from a molecular aspect to further
validate our hypothesis.

Here, we found that both serum BA of hens and BA
in the egg were promoted by dietary PE. BA homeo-
stasis is maintained by the balance of its synthesis and
breakdown, which plays an important role in the regu-
lation of serum BA level. Many external factors intro-
duced by dietary supplementation can affect the level of
BA. Dietary Rbodobacter capsulatus stimulated the hepatic
metabolism of BA and reduced the concentration of
cholesterol and triglyceride in serum and egg yolk by in-
creasing the excretion of cholesterol, triglyceride and BA
(Salma e al., 2012). Dietary supplementation with 0.10%
lithocholic acid significantly decreased egg production
with no effect on egg size, while increasing serum cho-
lesterol level, total egg lipids and egg cholesterol (Ed-
wards e/ al, 1962). These studies suggest that PE may
also regulate nutrient deposition in serum and eggs.

Apart from the poultry model, maternal diet also
regulates BA levels of offspring in rodents. Serum to-
tal BA level was significantly higher in offspring of low-
isoflavone soy protein isolate-fed mothers compared to
those of casein-fed mothers (Won & Kwon, 2018). Al-
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Figure 3. Effect of maternal dietary supplementation of PE on muscle development of offspring.

(A) Immunofluorescence staining of gastrocnemius muscle fiber of the offspring on day 49 (n=6). Scale bar, 50 um. (B, C) Western blot
analysis of Decorin, MyoD, Myogenin, FXR, and TGR5 levels in gastrocnemius of the offspring on day 1 and 49 (n=8). B-actin or GAP-
DH served as the loading control. FXR, farnesoid X receptor; TGR5, G protein-coupled bile acid receptor 1. *p<0.05 versus control group.

**p<0.01 versus control group.

cohol feeding increased BA pool size and decreased BA
synthesis related gene expression in mice, with no effect
on serum BA level (Donepudi ez 4/, 2018). Phytoster-
ols, which are metabolites of PE, were reported to in-
crease the BA:cholesterol ratio in the bile of dyslipidae-
mic hamsters (Laos ez al., 2014). In addition to the anti-
inflammatory properties of phytosterols in mouse skin
and colon as well as in human patients (De Jong e al,
2008; Medeiros e¢f al., 2007; Vitor et al., 2009), pre-treat-
ment with phytosterols exerted an antioxidant effect on
dextran sodium sulphate-induced colonic inflaimmation
by regulation of the intestinal microflora, as indirectly
shown by the modification of the BA pattern (Aldini e#
al., 2014). Interestingly, PE in maternal diet downregu-
lated total BA deposition in serum and amniotic fluid of
mice as well as the expression of FXR and Decorin but
increased glycolytic muscle fibre formation of offspring
probably by promoting Smad3 phosphorylation (Zhao et
al., 2019). These studies provide a hint that the nutri-
ents in serum and diet can be deposited into eggs, where
BA plays its regulatory role, in different postnatal de-
velopment stages of chicks, and this phenomenon may
be sex-specific. Meanwhile, these studies encouraged us
to investigate if the elevation of BA level can promote

muscle development, which is controlled by myogenic
proteins, by activation of FXR and Decorin expression
in chicks.

In turn, we found that chicks from high-BA-contain-
ing eggs grow faster. Skeletal muscle growth and devel-
opment are modulated by a network of various myo-
genic regulatory factors, among which myogenin and
MyoD havc been 1nvcst1gatcd widely in the literature.
A comprehensive review of their functions is provided
elsewhere (Zammit, 2017). Decorin is a well-known in-
hibitor of myostatin, which can promote the prolifera-
tion and differentiation of muscle cells (Kishioka e af,
2008; Li et al., 2008). We reported that decorin-induced
proliferation of avian myoblasts involves the myostatin/
Smad signaling pathway (Zeng ez al., 2014). In this study,
expression of decorin on day 49 as well as on day 1
was significantly higher in gastrocnemius from female
offspring in the PE group. Therefore, the better growth
performance of female offspring is probably due to the
stronger inhibition of myostatin by decorin. Thus, it is
reasonable that the gastrocnemius of female offspring in
the PE group showed significantly higher expression of
myogenesis factors (MyoD and Myogenin).
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On the other hand, BA probably participates in the
transcription regulation of decorin. TGR5 and FXR were
identified as the cell membrane and nuclear receptors for
BA, respectively. They are expressed in many tissues in
the body (including skeletal muscle, gut and liver), me-
diating metabolism and inflammation under different
health conditions (Chavez-Talavera ez al., 2017). Experi-
ments on human vascular smooth muscle showed that
activation of FXR (nuclear receptor of bile acids) pro-
moted expression of decorin (He ez al, 2008). Similarly,
our previous study proved that the promoter of decorin
in myoblast has binding sites for FXR, which can be
activated by BA (unpublished data). Therefore, the ex-
pression of decorin in skeletal muscle can be probably
promoted by BA, and the program of myogenesis and
muscle hypertrophy may be activated. Also, it was re-
ported that tauroursodeoxycholic acid can inhibit his-
tone deacetylase and restore insulin action and glucose
tolerance in C2C12 cells (Yao ¢# al., 2014). Based on the
above studies, we speculated that BA in egg yolk acti-
vated FXR and TGR5 in the prenatal and postnatal de-
velopment stages of chick skeletal muscle and promoted
the expression of decorin, and subsequently, myogenin
and MyoD. Of course, it would also be interesting to
study the gender disparity in the effect of BA on skel-
etal muscle, which is most likely due to the difference of
lipid metabolism in male and female chicks during the
prenatal stage.

CONCLUSIONS

The present study showed that maternal dietary PE
supplementation of hens promoted BA deposition in
egg yolk and skeletal muscle growth and development
of female offspring probably due to the activation of
BA receptors, accompanied by increased expression of
decorin, MyoD and Myogenin in skeletal muscles of the
offspring.
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