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ABSTRACT The present study evaluated the effects
of natural astaxanthin (ASTA) from Haematococcus
pluvialis on the antioxidant capacity, lipid metabolism,
and ASTA accumulation in the egg yolk of laying hens.
Hy-Line Brown layers (n = 288, 50 wk old) were
randomly assigned to 1 of 4 dietary treatment groups.
Each group had 6 replicates of 12 hens each. All birds
were given a corn-soybean meal-based diet containing
0, 25, 50, or 100 mg/kg ASTA for 6 wk. The results
showed that the total antioxidant capacity, superoxide
dismutase level, and glutathione peroxidase level in the
plasma, livers, and egg yolks were significantly
increased in the ASTA groups compared with those of
the control group (P < 0.05), whereas the content of
malondialdehyde linearly decreased (P < 0.05). The
plasma levels of high-density and very-low-density
lipoprotein cholesterol in the ASTA groups were
significantly higher than those in the control group
(P < 0.05). In addition, ASTA supplementation
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INTRODUCTION

Currently, with the increasing demand for poultry
meat and eggs, nutraceuticals are used as dietary supple-
ments to improve feed quality characteristics in poultry.
Recently, many studies have reported that dietary sup-
plementation with L-carnitine (Ghoreyshi et al.,
2019a,b; Ghoreyshi et al.,, 2019ab), quercetin
(Goliomytis et al., 2014), and saponins (Bera et al.,
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decreased low-density lipoprotein cholesterol and tri-
glyceride plasma levels (P < 0.05). However, there were
no significant differences in the other lipid metabolism
parameters among the ASTA-supplemented groups
relative to the control group except for an increase in
high-density lipoprotein cholesterol in the liver.
Compared with the control, dietary ASTA supple-
mentation significantly increased the enrichment of
ASTA in egg yolks at the end of week 2, 4, and 6
(P < 0.05). The mRNA expression of scavenger recep-
tor class B type 1 (SCARBI) and very-low-density
lipoprotein receptor (VLDLR) in the ASTA groups
was markedly higher (P < 0.05) than that in the con-
trol group in the liver and ovaries, respectively. In
conclusion, these results suggest that dietary ASTA
enhances the antioxidant capacity and regulates lipid
metabolism in laying hens. ASTA enrichment in egg
yolks may be closely related to the upregulation of
SCARBI and VLDLR gene expression.

antioxidant enzyme, SCARB1, VLDLR
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2019) in broiler chickens improves meat quality. In addi-
tion, dietary supplementation with spirulina (Omri et al.,
2019a,b,c), linseeds (Omri et al., 2019a,b,c), and
fenugreek seeds (Omri et al., 2019a,b,c) has successfully
improved the egg quality of laying hens. Hen eggs are
considered one of the most healthy foods in nature
because they contain high-quality proteins and lipids,
as well as trace elements and vitamins (Fredriksson
et al., 2006; Walker et al., 2012). Carotenoids have been
used in the poultry industry for many years to pigment
eggs and meat (Gervasi et al., 2018). Lycopene (Panaite
et al., 2019) and lutein (Leeson and Caston, 2004) can
be deposited in the yolk and significantly deepen the color
of egg yolk. Compared with f-carotenoid and canthaxan-
thin, astaxanthin (ASTA) is deposited more efficiently in
laying hens (Lee et al., 2010).
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ASTAXANTHIN ENHANCES ANTIOXIDANT CAPACITY

ASTA is a xanthophyll carotenoid found in shrimp,
crab shells, and salmon (Ritto et al., 2017) in both syn-
thetic and natural forms. Synthetic ASTA is produced
from petrochemicals by chemical companies. Although
it has the same chemical formula as ASTA, its physiolog-
ical function, for example, the ability to scavenge free
radicals, is far less than that of ASTA (Capelli et al.,
2013). Haematococcus pluvialis (a freshwater unicellular
microalga) is one of the most effective organisms for the
production of ASTA (Shao et al., 2019). It has been
shown that H. pluvialis can produce a large amount of
ASTA under stress conditions, such as high tempera-
ture, light, and high salinity (Sarada et al., 2002).
ASTA has a higher antioxidant activity than various ca-
rotenoids, such as lutein, lycopene, ¢-carotene, and [-
carotene (Naguib, 2000) and more than 550 times the
scavenging activity of singlet oxygen than vitamin E
(Sajad Fakhri and Jorjani, 2018). It can effectively scav-
enge free radicals, increase antioxidant enzyme activity
(Dose et al., 2016; Li et al., 2018), and enhance immune
responses (Callie et al., 2018) in rats. However, the ef-
fects of high levels of dietary ASTA on the lipid meta-
bolism and antioxidant capacity of laying hens and the
enrichment of ASTA in egg yolks remain poorly under-
stood. The United States Food and Drug Administration
has approved ASTA as an edible pigment in animal and
fish feed, and the European Commission considers natu-
ral ASTA a food dye (Singh et al., 2019). Recently, there
has been a growing demand for ASTA from many indus-
tries, such as pharmaceutical, cosmetic, food, nutraceuti-
cal, and feed industries (Gervasi et al., 2019). Therefore,
ASTA is an ideal choice as a feed additive.

High-density lipoprotein (HDL) is a large molecular
complex of lipoproteins mainly synthesized in the liver
and small intestine (Zhang et al., 2018). Scavenger re-
ceptor B class 1 (SCARBI1), known as the HDL recep-
tor, mediates carotenoid uptake in mammals (Hoekstra
and Sorci-Thomas, 2017) and also plays a key role in he-
patic HDL metabolism (Trigatti, 2017). In addition, as
HDL levels decrease, carotenoid levels in the blood and
surrounding tissues also decrease (Dias et al., 2014).

Vitellogenin is a major protein widely found in ovipa-
rous animals that can bind and transport lipids,
thyroxine, vitamins, carotenoids, and riboflavin to oo-
cytes (Zheng et al., 2012). As a yolk protein precursor,
vitellogenin recognizes very-low-density lipoprotein re-
ceptors before entering egg cells; it then enters the cells
to promote the maturation of oocytes (Barber et al.,
1991). Therefore, the VLDLR gene is crucial for the pro-
duction of laying hens. Whether SCARBI or VLDLR is
involved in the deposition of dietary ASTA into the egg
yolk in laying hens remains unclear.

Although numerous reports regarding the effects of di-
etary carotenoids on lipid metabolism and antioxidant
capacity in laying hens have been published (Feng
Xue, 2013; Sun et al., 2014), there is limited information
available on the effects of dietary ASTA from H. pluvia-
lis on laying hens. Therefore, this study investigated the
effects of dietary ASTA on the antioxidant enzyme
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activity, lipid metabolism, and gene expression related
to ASTA enrichment in the egg yolks of laying hens.

MATERIALS AND METHODS
Birds and Diets

All experimental protocols were approved by the An-
imal Care and Use Committee of Beijing University of
Agriculture. H. pluvialis was purchased from Jingzhou
Natural Astaxanthin Inc (Jingzhou, China), and the
ASTA content was 1.3%. Two hundred eighty-eight
50-week-old Hy-Line Brown laying hens with a similar
weight and genetic background were randomly assigned
to 1 of 4 dietary treatment groups following a completely
randomized single factor design. Fach group had 6 repli-
cates of 12 birds, and 3 birds were housed in one cage
(45 cm X 45 cm X 45 ¢cm). All birds had free access to
water and were given a corn-soybean meal-based diet
containing a 0, 25, 50, or 100 mg/kg ASTA mixture
for 6 wk. The composition and nutrient levels of the
corn-soybean meal-based diet are shown in Table 1.

Sample Collection

At the end of the 6-week feeding trial, one bird from
each replicate was randomly selected and sacrificed by
cervical dislocation. Immediately after euthanasia,
blood samples were collected via exsanguination of the
left jugular vein with scalpels and centrifuged at
3,000 X ¢ for 10 min at 4°C to separate the plasma.
Then, the plasma samples were frozen at —80°C until
analysis. The liver and ovaries were immediately
removed and quickly frozen at —80°C for further anal-
ysis. Two eggs in each replicate were sampled on day
14, 28, and 42 to separate egg yolks from egg whites.
FEgg yolks were collected in sterile dishes and mixed.
Frozen egg yolks were lyophilized for 48 h, with the vac-
uum level reaching 133 X 10™* mbar and a condenser
temperature of at least —40°C in a Freeze Dry System
(Tian Feng, Shanghai, China).

Antioxidant Enzymes and Lipid Metabolism
Assay

The levels of glutathione peroxidase (GSH-Px), super-
oxide dismutase (SOD), total antioxidant capacity
(T-AOC), and malondialdehyde (MDA) were measured
in the plasma, liver, and egg yolk. In addition, total
cholesterol, triglycerides (TG), HDL cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C),
and very-low-density lipoprotein cholesterol (VLDL-C)
were measured in the plasma and liver. These assays
were performed using commercial chicken ELISA kits
(Nanjing JianCheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions.
The method and principle to determine antioxidant
and lipid parameter indicators using these kits were
described elsewhere (Qi et al., 2011).
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Table 1. Composition and nutrient content of basal diets of laying hens (air

dried basis, %)."

Ingredient Content, % Nutrient level

Corn 62.66 Metabolizable energy [MJ /kg]” 11.68
Soybean meal 25.66 Crude protein [%] 16.50
Limestone 8.33 Calcium %] 3.50
Soybean oil 0.60 Methionine [%]* 0.32
(Wheat) bran 0.06 Lysine [%]” 0.77
Premix’ 0.54 Total phosphorus [%]* 0.60
Salt 0.49 Tryptophan [%)]” 0.17
Choline 0.16

Dicalcium phosphate 1.50

Total 100.00

'The premix provided the following per kilogram of the diet: vitamin A 9,000 IU,
vitamin D 2,000 IU, vitamin E 10 IU, vitamin K 0.5 mg, vitamin B, 0.006 mg, vitamin Bg
52.5 mg, vitamin B, 0.4 mg, biotin 4.5 mg, folic acid 4.0 mg, D-pantothenic acid 4 mg,
nicotinic acid 30 mg, Cu (as copper sulfate) 8 mg, Fe (as ferrous sulfate) 60 mg, Mn (as
manganese sulfate) 65 mg, Zn (as zinc sulfate) 90 g, I (as potassium iodide) 0.5 mg, and

Se (as sodium selenite) 0.3 mg.
?Calculated values.
*Measured values.

Determination of ASTA in Egg Yolks

A 2.5-g egg yolk sample was accurately weighed into a 50~
mL centrifuge tube. After 5 mL of deionized water was
added to the sample, the centrifuge tube was placed in an ul-
trasonic water bath at 50°C for 30 min. The cooled sample
was transferred to a separating funnel, the suspension was
extracted with 30 mL of dichloromethane 3 times, and
then the liquid was separated. The dichloromethane extract
was transferred to a 250-mL round-bottomed flask, and the
suspension was extracted with 30 mL of dichloromethane 3
more times. The extracts were mixed in the same round-
bottomed flask and evaporated to dryness at 35°C. Then,
5 mL of methanol was added, and the mixture was passed
through a 0.45-wm membrane filter. Finally, the sample
was analyzed by HPLC (Waters, Milford, MA) according
to a previous report (Du et al., 2016). Briefly, ASTA was
separated from other components on a Sun Fire C18 column
(150-mm long, 4.6 mm i.d., 5 pm particle size; Waters). The
elution procedure used methanol as mobile phase A and
acetonitrile as mobile phase B. The analysis time was
10 min, followed by a 2-min rebalance time for a total run
time of 12 min. According to the standard chromatogram
of ASTA, the retention time was 4.5 min. The mobile phase
flow rate was 1 mL/min, the injection volume was 10 pL, the
column temperature was maintained at 30°C, and ASTA
was detected at a wavelength of 474 nm.

Quantitative PCR Analysis

Total RNA was isolated from livers and ovaries using
TRIzol reagent (Ambion/Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s protocol. RNA purity was
estimated by measuring the ratio of the absorbance at
260 and 280 nm (A260/A280) and then visually
confirmed by examining the 18S and 28S bands in a
1% agarose gel stained with ethidium bromide. Then, to-
tal RNA concentrations were measured using a spectro-
photometer at 260 nm. Reverse transcription was
performed using a Thermo First cDNA Synthesis Kit
(#33-20102; SinoGene, Beijing, China). Quantitative
PCR analyses were performed using the Step One Plus
Real-time PCR system (Applied Biosystems, Foster
City, CA). The primers of the selected genes are listed
in Table 2. Quantitative PCR reactions were performed
using a programmable thermal cycler (denaturation at
95°C for 3 min followed by 40 cycles of denaturation at
95°C for 15 s and annealing at 62°C for 30 s followed
by an additional step at 72°C for 30 s, 95°C for 15 s,
60°C for 30 s, and 95°C for 15 s for dissociation curve
analysis). Fach sample was measured in triplicate. All
primer concentrations were optimized before the experi-
ment. The relative gene expression levels were calculated
using the 27 AAC ethod (Livak and Schmittgen., 2001),
with B-actin as the reference gene.

Table 2. Primer sequences used for quantitative real-time PCR.

Genes Primer sequence (5'-3') Product size Tm (°C) Accession number
ACTB F- CGCATAAAACAAGACGAGA 91 bp 62 NM_ 205518.1
R- GACACCTTCACCATTCCA
VLDLR F- TGAGGATGGGTCTGACGAGAG 275 bp 62 NM 205229.1
R- CACACTCCAACTCATCAC
TACCAT
SCARBI1 F-TCACTTCTACAATGCTGACCCAA 241 bp 62 XM _ 015275627.2

R- TGAGCCATCAATGTATCCACTC
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Table 3. Effect of dietary astaxanthin (ASTA) supplementation on antioxidant enzyme
activities and lipid peroxidation levels in the plasma of laying hens.

ASTA levels/(mg/kg) P value
Items 0 25 50 100 SEM Linear Quadratic
GSH-Px (U/mL) 417.13"  438.16" 440.46"  438.05" 2.43 <0.01 <0.01
MDA (nmol/mL) 7.87" 6.31° 2.85¢ 1.92¢ 0.52 <0.01 0.30
SOD (U/mL) 311.39"  334.55™"  348.33"  346.47" 5.37 0.011 0.20
T-AOC (U/mL) 0.34" 0.43" 0.46" 0.45" 0.02 <0.01 0.02

*PMeans within a row with no common superscripts differ significantly (P <0.05).
Abbreviations: GSH-Px, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide

dismutase; T-AOC, total antioxidant capacity.

Statistical Analysis

All data were expressed as the mean = SEM. Indi-
vidual birds were treated as the experimental unit for
parameter determination, and all data were analyzed
by a one-way ANOVA wusing SPSS 22.0 (IBM
Corp., Armonk, NY). In addition, polynomial regres-
sion analysis was used to test the linear and quadratic
nature of the response to the additive dosage of
ASTA, and Duncan’s multiple comparison tests were
used to analyze the differences among various treat-
ments. Statistical significance was defined at
P < 0.05.

RESULTS AND DISCUSSION

Antioxidant Capacity and Lipid
Peroxidation

Normal aerobic metabolism in organisms generates
free radicals, such as hydroxyls, peroxides, and reactive
oxygen species (Higuera-Ciapara et al., 2006). These
molecules arise from the disturbance of the equilibrium
state of prooxidation/antioxidation reactions (Valko
et al., 2007). Excess oxidative molecules are associated
with various disorders because they induce protein
and lipid oxidation and DNA damage. An antioxidant
is a molecule that inhibits oxidation, thus ameliorating
oxidative damage, which plays an important role in the
treatment and prevention of disease (Seifried et al.,
2007). In the present study, the effects of dietary
ASTA supplementation on plasma, liver, and egg yolk
antioxidant parameters are presented in Tables 3-5.
SOD activity in the plasma, liver, and egg yolk of
laying hens increased dramatically in the 50- and 100-
mg/kg ASTA groups compared with that in the control

group (P < 0.05). The activity of GSH-Px in the
plasma, liver, and egg yolk was linearly and quadrati-
cally affected (P < 0.05) by dietary ASTA. In addition,
50-mg/kg ASTA significantly increased the activity of
SOD (P < 0.05). Supplementation with ASTA
increased the T-AOC level (P < 0.05) in the plasma
and liver relative to the control group. However, no sig-
nificant differences in T-AOC were observed among
ASTA-supplemented groups in the plasma. Numerous
studies have demonstrated the antioxidant properties
of SOD and GSH-Px (Battin and Brumaghim, 2009;
Azarabadi et al., 2017; Olson et al., 2018). Dietary
ASTA has been reported to enhance the activities of
GSH-Px and SOD and markedly reduce hepatic lipid
peroxidation and oxidative stress in the liver of rats
(Xu et al., 2017). Similarly, Chen et al. (2015) demon-
strated that dietary ASTA increased the activity of
GSH-Px and SOD in the liver of Mesocricetus auratus
(Chen et al., 2015). In addition, ASTA plays a potential
role in repairing damage in UV C-irradiated mice (Nia
et al., 2018). Similar to previous reports, we showed
that dietary ASTA increased the activities of SOD
and GSH-Px and the T-AOC in the plasma, liver, and
egg yolk.

MDA is a major oxidation product of peroxidized
polyunsaturated fatty acids and an important indica-
tor of lipid peroxidation (Freeman and Crapo, 1981).
In this study, MDA concentrations in the plasma,
liver, and egg yolk decreased linearly with increasing
dietary ASTA levels (P < 0.05), which is similar to
previous studies (Kamath et al., 2008; Li et al.,
2014). The mechanism by which dietary ASTA re-
duces lipid peroxidation may be related to 2 factors.
First, ASTA is a member of the xanthophyll family
of carotenoids, which have a unique molecular struc-
ture with both lipophilic and hydrophilic properties.

Table 4. Effect of dietary astaxanthin (ASTA) supplementation on antioxidant enzyme activities
and lipid peroxidation levels in the liver of laying hens.

ASTA levels/(mg/kg) P value
Ttems 0 25 50 100 SEM Linear Quadratic
GSH-Px (U/mg prot) 24.364 29.11¢ 37.97" 31.68" 1.07 <0.01 <0.01
MDA (nmol,/mg prot) 0.80* 0.63*P 0.58" 0.57" 0.023 <0.01 0.12
SOD (U/mg prot) 268.97° 315.02° 369.55" 318.76° 7.77 <0.01 <0.01
T-AOC (U/mg prot) 0.034° 0.038" 0.048" 0.037>¢  0.0012  <0.01 <0.01

““Means within a row with no common superscripts differ significantly (P < 0.05).
Abbreviations: GSH-Px, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase; T-

AOC, total antioxidant capacity.
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Table 5. Effect of dietary astaxanthin (ASTA) supplementation on antioxidant enzyme activities and lipid

peroxidation levels in the egg yolk of laying hens.

ASTA levels/(mg/kg) P value
Items Time/week 0 25 50 100 SEM Linear Quadratic
GSH-Px (U/ml) 2 1,174.36°  1,856.39*  1,535.90®"  1,707.70%"  103.12 0.12 0.15
4 1,271.06°  2,274.73"  2,915.75" 2,714.29%"  156.22  <0.01 <0.01
6 1,245.61°  4,695.91*  4,725.15"  4,049.71°  301.79  <0.01 <0.01
MDA (nmol,/ml) 2 688.38" 558.58" 562.62" 535.86" 16.32  <0.01 <0.01
4 630.00" 553.34" 525.56" 523.33" 18.21  <0.01 <0.01
6 663.89" 467.59" 438.88"¢ 394.44° 3234 <0.01 <0.01
SOD (U /ml) 2 534.72" 671.72" 550.71" 546.77" 14.78 0.034 <0.01
4 555.31" 625.78" 645.99" 615.59" 9.14  <0.01 <0.01
6 537.97" 657.85 675.16 656.42° 13.63  <0.01 <0.01

““Means within a row with no common superscripts differ significantly (P < 0.05).
Abbreviations: GSH-Px, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase.

It is located both in and outside of the cell membrane
(Ambati et al., 2014). ASTA has a stronger singlet
oxygen-quenching ability relative to various caroten-
oids (Naguib, 2000), reduces the levels of reactive ox-
ygen species, and efficiently inhibits lipid
peroxidation. Second, ASTA may reduce MDA con-
centrations by enhancing antioxidant enzyme activity
to scavenge oxygen free radicals.

Lipid Metabolism Parameters

Both HDL and LDL are apolipoproteins and represent
a form of lipid transport in the blood. Studies have
shown that high levels of plasma HDL can reduce the
risk of cardiovascular disease (Zuliani et al., 2010;
Kishimoto et al., 2016). The effects of different dietary
inclusion levels of ASTA on lipid metabolism in the
plasma and liver are shown in Tables 6 and 7. Dietary
ASTA supplementation significantly (P < 0.05)
increased VLDL-C and HDL-C contents in the plasma.
In contrast, we observed a linear decrease in LDL-C
levels from 0.40 mmol/L to 0.20 mmol/L (P < 0.05) as
dietary ASTA levels increased in the plasma. Mean-
while, the TG level was significantly (P < 0.05)
decreased in the 100-mg/kg ASTA group. No significant
differences in LDL-C, TG, or total cholesterol levels in
the liver were observed among the groups as dietary
ASTA levels increased except for an increase in the level
of HDL-C. The main function of HDL is to promote the

transportation of excess cholesterol from surrounding
tissues (including macrophages) back to the liver and
their eventual excretion from the body (Arnold Von
Eckardstein, 2001). Conversely, LDL is a cholesterol-
rich lipoprotein that transports cholesterol from the liver
to various tissues of the body (Robert Scott Kiss, 2017).
As an important inducer, ASTA plays an essential role
in the movement of cholesterol to HDL (Tizuka et al.,
2012). Zou et al. (2017) reported that the HDL-C level
was significantly higher in the ASTA group than that
in the control group in the plasma of mice. A similar
result was observed in the present study as dietary
ASTA significantly increased HDL-C levels in both the
plasma and liver. Although there was no difference in
LDL-C levels after dietary supplementation with 25- to
100-mg/kg ASTA in the liver, plasma LDL-C levels
were remarkably decreased. For sexually mature laying
hens, the serum VLDL-C level is of great significance
for the production of laying hens. TGs are synthesized
in the liver, transported mainly in the form of VLDL-
C, and finally deposited in egg yolks in the form of
small-sized yolk-targeted VLDL-C (Yue et al., 2011).
In our study, no significant differences in VLDL-C levels
were observed among any of the ASTA-added groups in
the liver. However, the VLDL-C level in the plasma
increased gradually with the addition of increasing
ASTA concentrations (from 50-100 mg/kg). Therefore,
this result further indicated that ASTA had a positive ef-
fect on the regulation of lipid metabolism in laying hens.

Table 6. Effect of dietary astaxanthin (ASTA) addition on lipid metabolism in the

plasma.
ASTA levels/(mg/kg) P value

Items 0 25 50 100 SEM Linear Quadratic
HDL-C (mmol/L) 043> 048" 053> 068"  0.04 0.02 0.42
LDL-C (mmol/L) 0.40°  0.38" 0.31° 0.20° 002  <0.01 <0.01
TG (mmol/L) 459" 4.36 4.59* 357" 012 <0.01 0.03
TC (mmol/L) 329 322 3.16 2.79 0.10 0.12 0.47
VLDL-C (mmol/L) 178"  1.88" 2.26% 233 0.08  <0.01 0.88

““Means within a row with no common superscripts differ significantly (P < 0.05).
Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipopro-
tein cholesterol; T'C, total cholesterol; TG, triglyceride; VLDL-C, very-low-density lipoprotein

cholesterol.
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Table 7. Effect of dietary astaxanthin (ASTA) addition on lipid metabolism in the liver.

ASTA levels/(mg/kg) P value
Items 0 25 100 SEM Linear Quadratic
HDL-C (mmol/gprot) 0.024°  0.032>  0.039*  0.033" 00014  <0.01 <0.01
LDL-C (mmol/gprot) 0.0098  0.0089  0.0087  0.0089  0.0005 0.58 0.61
TG (mmol/gprot) 0.083 0.082 0.083 0.082 0.0013 0.91 0.98
TC (mmol/gprot) 0.044 0.046 0.048 0.045 0.0013 0.61 0.43
VLDL-C (mmol/gprot)  0.030 0.030 0.040 0.033 0.0036 0.57 0.66

““Means within a row with no common superscripts differ significantly (P < 0.05).
Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; TC, total cholesterol; TG, triglyceride; VLDL-C, very-low-density lipoprotein cholesterol.

ASTA Concentration in Egg Yolks

Carotenoids are transported from the intestinal mu-
cosa through the lymphatic vessels to the blood, then
to the liver, and finally transported by very-low-
density lipoprotein (VLDL) from the liver to surround-
ing tissues (Tyssandier et al., 2002). In the present
study, dietary ASTA levels linearly and quadratically
affected the ASTA concentration in egg yolks
(P < 0.05) relative to the control group (Table 8). As ex-
pected, the ASTA content gradually increased with
increasing ASTA concentrations (from 25-100 mg/kg)
in egg yolks (P < 0.05). The highest ASTA content in
egg yolks was observed in the 100-mg/kg ASTA group
at the end of week 6. It has been shown that hens can
convert ASTA esters (ASTA in the algae is mainly in
the monoester form.) from algae into free ASTA and de-
posit the free form in eggs (Holtin et al., 2009). Walker
et al. (2012) reported that the egg yolk color reached a
maximum on D8. Furthermore, the ASTA content in
egg yolks peaked on D10. In addition, other studies
have reported that carotenoids can be deposited in
various tissues, including the skin, muscle, liver, and
egg yolk (Leeson and Caston, 2004; Olson et al., 2008;
Lee et al., 2010). The lutein content in egg yolks
improved remarkably compared with controls when
birds were fed 500 ppm of lutein. However, with an in-
crease in dietary lutein content, the transfer efficiency
of lutein into yolk was very low (Leeson and Caston,
2004). Dietary lycopene supplementation (20, 40, or
80 mg/kg) significantly improved the lycopene content
in egg yolks (Sun et al., 2014). In the present study,
the ASTA content in egg yolks in the ASTA groups
was higher than that in the control group, and the high-
est level of ASTA enrichment was observed in the 100-
mg/kg ASTA group at the end of week 6. Different re-
sults among studies may be explained by several factors,
such as genetics, the concentration of ASTA used, and
the experimental conditions.

Gene Expression of SCARB1 and VLDLR

SCARBI1 is a member of the class B family of scavenger
receptors known to promote the formation of HDL parti-
cles and stimulate cholesterol outflow after it is combined
with HDL (Acton et al., 1996). In the present study, with
increasing dietary ASTA concentrations, SCARBI1
mRNA levels in the liver increased gradually compared
with those in the control (P < 0.05; Figure 1A). Compared
with the control group, SCARBI mRNA expression
increased linearly in the 25 mg/kg to 100 mg/kg ASTA
groups (P < 0.05). The SCARBI mRNA level in the
100-mg/kg ASTA group was higher than that of the other
groups (P < 0.05). A previous study showed that lutein is
transported by HDL in the plasma (Wang et al., 2007).
When the HDL content decreases, carotenoid levels also
decrease significantly (Palozza et al., 2012). A severe defi-
ciency in HDL results in low lutein concentrations in the
plasma and other tissues in the Wisconsin hypoalpha
mutant chicken (Connor et al., 2007).

The distribution of carotenoids in birds varies
throughout different growth stages. In the early stages
of growth, carotenoids are mainly distributed in the
blood, liver, adipose tissue, skin, and feathers. During
sexual maturity, carotenoids are gradually transferred
to reproductive organs, such as the ovaries (Hansen
et al., 2015; Sun et al., 2018). VLDLR, a key receptor
in egg yolk deposition, can bind to VLDL and transport
the yolk precursor into the oocyte (Nimpf et al., 1989).
VLDLR plays an important role in the regulation of
egg production, yolk weight, and egg quality (Qian
et al., 2012). Triacylglycerols, cholesteryl esters, and
free fatty acids are synthesized in the liver and assembled
to form egg-yolk precursors, such as VLDL and vitelloge-
nin particles, which are transferred to the developing
oocyte as key substances for the growth and develop-
ment of embryos (Li et al., 2015). In the present study,
the increase in dietary ASTA from 0 to 100 mg/kg line-
arly enhanced the mRNA expression of VLDLR in the

Table 8. Effect of dietary astaxanthin (ASTA) on the egg yolk ASTA content.

ASTA levels/(mg/kg) P value
Ttems Time/week 0 25 50 100 SEM Linear Quadratic
ASTA content (mg/kg) 2 - 3.69°  11.13>  34.95* 291  <0.01 <0.01
4 - 8.07° 1756  37.47" 3.06 <0.01 <0.01
6 - 12.87°  21.06°  44.20 3.46 <0.01 <0.01

““Means within a row with no common superscripts differ significantly (P < 0.05).
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Figure 1. The effects of dietary astaxanthin (ASTA) supplementation on the mRNA expression of SCARBI (A) and VLDLR (B) relative to that of
B-actin (ACTB). The values are expressed as means = SEM of 6 birds per treatment. Means without a common letter differ (P < 0.05).

ovary (Figure 1B). A significant increase in VLDLR
mRNA expression in the 25-, 50-, and 100-mg/kg
ASTA groups was observed compared with that in the
control group (P < 0.05). The present obtained results
indicated that the mRNA expression levels of both
SCARB1 and VLDLR were remarkably enhanced by
adding ASTA to the diet. In addition, ASTA was
enriched in egg yolks. Thus, we speculate that VLDL
transports ASTA from the liver to the ovary, where it
is bound and taken up by growing chicken oocytes via
specific receptor (VLDLR)-mediated endocytosis and
finally deposited in the egg yolk.

In summary, dietary ASTA improved the antioxidant
capacity and lipid profile in laying hens. The accumula-
tion of ASTA in egg yolks may be partly related to the
key receptor for egg yolk deposition-VLDLR. However,
the mechanism by which dietary ASTA improves the
antioxidant enzyme activity and mRNA expression of
SCARB1 and VLDLR needs to be further studied.
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