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Astaxanthin (Ax) and lutein are important fat-soluble pigments and essential nutrients for human and
animal health. Haematococcus pluvialis microalga and Phaffia rhodozyma yeast are ideal species for
commercial Ax production. Marigold flowers are a main source of commercial lutein. Dynamics of dietary
Ax and lutein in the gastrointestinal tract are similar to lipids, but their activities are tremendously
challenged by many physiological and dietary factors; few data are available about these in poultry.
Dietary Ax and lutein have insignificant effects on egg production and egg physical properties, but have
pronounced effects on yolk color, nutrition, and functionality. The two pigments can also enhance

Z?Sﬁg;‘;s(;n antioxidative capacity and immune function of laying hens. A few studies have shown that Ax and lutein
Astaxanthin can improve fertilization and hatchability of laying hens. Considering the pigmentation and health
Egg yolk benefits of Ax and lutein from hen feed to human food, the commercial availability, chicken yolk
Food chain improvement, and immune function of Ax and lutein are the focuses of this review. The potential roles of
Laying hen carotenoids in the cytokine storm and gut microbiota are also briefly presented. The bioavailability,
Lutein

metabolism, and deposition of Ax and lutein in laying hens are suggested for future research.

© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction carotenoids (Rodriguez-Amaya, 2016). Different carotenoid struc-

tures naturally possess different physical, chemical and functional

Carotenoids are red, orange, and yellow pigments widely
distributed in fruits, vegetables, fungi, flowers, and some kinds of
animals (Liu et al., 2021a). Photosynthetic organisms can produce
carotenoids through biosynthesis, whereas carotenoids found in
the cells of humans and animals are only from the diet (Langi et al.,
2018). Carotenoids are fat-soluble solids with more than 750
different structures (Rodriguez-Amaya, 2019). Based on their
structures, carotenes and xanthophylls are two main subclasses of
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properties. Astaxanthin (Ax), lutein, and zeaxanthin are the main
subclasses of xanthophylls or oxycarotenoids, and the former two
pigments are easily obtainable because they are more abundant in
plants than zeaxanthin.

Astaxanthin, also known 3,3’-dihydroxy-,p’-carotene-4,4’-
dione, naturally occurs in algae and microbes (Mularczyk et al.,
2020). In contrast to Ax, lutein (pB,e-carotene-3,3’-diol) is pre-
sented mainly in plants (Eisenhauer et al., 2017). Lutein acts as a
color pigment in the human eye, along with zeaxanthin (Abdel-Aal
et al,, 2013). Besides the coloration, Ax and lutein have recently
been demonstrated effective on antioxidation, immunity, and
preventing some chronic diseases for humans and animals (Zafar
et al., 2021). Natural Ax and lutein exist mainly in mono- or di-
esters whereas synthesized ones present as their free states. Nat-
ural Ax and lutein are considered more safe and reliable for use as
nutraceuticals or colorants (Li et al., 2020; Stachowiak and Szulc,
2021).

As known, Ax and lutein can be spread through the food chain.
Animal-derived foods, including chicken eggs, salmon, and trout,

2405-6545/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).



H. Shi, X. Deng, X. Ji et al.

although not usually the most abundant sources of Ax and lutein
for humans, contain highly bioavailable and stable pigments
(Bunger et al., 2014; Khalighi et al., 2021). Astaxanthin or lutein-
enriched eggs have been found to increase their serum contents
and mitigate hypertension (Bunger et al., 2014; Hatabu et al., 2020).
Besides the yolk color, adding lutein or Ax to the diet of laying hens
can generate significantly beneficial effects on antioxidative status,
anti-inflammation, and immunity, all of which are desirable for
both consumers and producers (Shevchenko et al., 2020). Astax-
anthin supplementation in the laying hen's diet appreciably
affected the egg yolk color and conferred a better accumulation of
total Ax and cis-isomers into eggs as the supplementation dose
increased (Dansou et al., 2021).

The properties and application of Ax and lutein for human
health and nutrition have been updated regularly; however, for
animals, related information is scarce. Only Raza et al. (2021) briefly
reviewed the beneficial effects of Ax on broiler chickens and ru-
minants. Considering the global consumption of chicken eggs in the
food chain, the natural enrichment in the yolk and most impor-
tantly the physiological functions of the two pigments, this paper
reviewed the natural sources, dynamics in vivo, and application of
Ax and lutein as feed additives in laying hens, with special interest
in egg quality.

2. Sources of astaxanthin and lutein
2.1. Source of astaxanthin

Natural Ax can come directly from algae, bacteria, and yeast, and
indirectly from fish and shellfish when they eat phytoplankton, also
known as microscopic marine algae, the base of several aquatic
food webs. Commercial Ax is mainly from algae and yeasts. Hae-
matococcus pluvialis (H. pluvialis) exhibits a red color at its mature
stage due to accumulated Ax. H. pluvialis has an excellent Ax con-
tent (55 mg/g of dry weight) and productivity, in particular, under
environmental stress conditions (Gruji¢ et al.,, 2022; Todorovi¢
et al., 2021). Other strains with high Ax yields include Neochloris
wimmeri, Protosiphon botryoides, and Scotiellopsis oocystiformis,
which can produce 15 mg/g of dry biomass of Ax on average
(Barreiro and Barredo, 2018).

The Ax production capacity of Phaffia rhodozyma (P. rhodozyma)
strains, red yeasts, has been reviewed by Mussagy et al. (2021),
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which is up to 6.4 mg/g of dry weight. In contrast, bacteria, such as
Escherichia coli, has a maximum Ax quantity of 6.2 mg/g of dry
weight (Gong et al., 2020). Fish and shellfish contain an extensive
range of the pigment from 4 mg/kg in salmon to 2.1 g/kg in Portunus
segnis (Ambati et al., 2014; Hamdi et al., 2020). For comparison,
yeasts and bacteria produce less Ax than algae. By literature anal-
ysis, algae species have the best production capacity of Ax by dry
weight; therefore, microalgal Ax is a promising supplement for
livestock and poultry production (Saadaoui et al., 2021; Trichet and
Amaya, 2022). The summary of Ax sources and contents (>20 mg/g
of dry weight) in algae is listed in Table 1.

2.2. Source of lutein

Lutein has a wide range of food sources in nature. It is a main
component of plant pigments in yellow corn, vegetables, fruits, and
flowers, especially rich in orange fruits and vegetables, including
papaya, pumpkin, citrus, wolfberry, kale, spinach, and leek
(Eisenhauer et al., 2017). Commercially, marigold is a significant
source of natural lutein, with a proximate content at 0.24 mg/g in
yellow-green flowers and 21 mg/g in orange ones (on a dry weight
basis); the darker the color, the higher the content (Manzoor et al.,
2022). In terms of existing forms, there is little free lutein in orange
blossoms, mainly in the form of diesters (Barreiro and Barredo,
2018). The contents of lutein in algae are varied from 3 to 21 mg/
g on a dry weight basis (Lin et al., 2015; Mary Leema et al., 2022;
Ren et al., 2021). Generally, among algae species, Chlorella has a
higher lutein content than Auxenochlorella, Chlamydomonas, Coc-
comyxaonubensis, and Scenedesmus. Algae have a faster growth rate
and more free lutein than marigold flowers, and this may explain
why marigold is presently a primary source of commercial lutein.
The main sources and contents (>10 mg/g of dry weight) of lutein
in algae and marigold are shown in Table 1.

3. Dynamics in vivo of astaxanthin and lutein
3.1. The dynamics of astaxanthin in the body

Astaxanthin dynamics in vivo, including absorption, transport,
metabolism, and deposition, are shown in Fig. 1. Free Ax is sus-

ceptible to chemical changes under the conditions of the gastro-
intestinal tract (Chen et al, 2022). It can be metabolized or

Table 1
Sources and contents of astaxanthin and lutein in algae and marigold.
Main source Strain number Yield, mg/g Reference
Astaxanthin content (>20 mg/g of dry weight) in algae
Haematococcus pluvialis CCALA 840 55 Todorovi¢ et al. (2021)
H. pluvialis CCALA1081 46 Grujic et al. (2022)
H. pluvialis LUGU (KM115647.1) 36 Yu et al. (2021)
H. pluvialis NIES-144 36 Ranjbar et al. (2008)
H. pluvialis CCAP34/7 27 Harker et al. (1996)
H. pluvialis UTEX 2505 25 Panutai et al. (2021)
Scenedesmus quadricauda PUMCC 4.1.40 24 Rajput et al. (2021)
H. pluvialis CCAP34/7 23 Orosa et al. (2001)
H. pluvialis UTEX16 22 Zhang et al. (2009)
Lutein content (>10 mg/g of dry weight) in algae
Chlorella sorokiniana NIOT-2 21 Mary Leema et al. (2022)
Scenedesmus sp. ANI-KL 8D 15 Low et al. (2022)
C. sorokiniana Kh12 14 Patel et al. (2022)
Chromochloris zofingiensis BKT1 (mutant) 14 Huang et al. (2018)
C. sorokiniana FACHB-275 13 Zheng et al. (2022)
Chlorella vulgaris UTEX 265 12 Gong and Bassi (2017)
Parachlorella sp. JD-076 12 Heo et al. (2018)
C. sorokiniana FZU60 11 Ma et al. (2020)
Lutein content (>10 mg/g of dry matter) in marigold (Tagetes erecta L.)
Marigold petals PNG variety 21 Manzoor et al. (2022)
Marigold petals 10 Kashyap et al. (2022)
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Fig. 1. Challenge factors involved in dynamics in vivo of astaxanthin and lutein.

decomposed into other molecular forms by digestive enzymes in
epithelial cells. The strong acidic environment in the gastric cavity
is also a huge challenge for maintaining Ax activity (Zhou and Wei,
2021). Additionally, the activity, delivery, and absorption of Ax can
be compromised by the rheological properties of gastrointestinal
tract. Therefore, how to safely transport free Ax into target sites via
the digestive system has recently been a tough question (Chen
et al., 2022). In contrast, natural Ax, which is dominated by its es-
ters, is more stable and bioavailable under gastrointestinal condi-
tions. A better understanding of Ax dynamics is essential to develop
a better strategy to improve the in vivo retention and biological
functions of Ax. However, the biochemistry and physiology
involved in absorption, tissue deposition, and metabolism of Ax are
not fully elucidated in poultry.

The absorption process for Ax is considered similar to that of
lipids due to its fat—soluble properties, mainly involving disruption
of the food matrix and molecular linkages, uptake in lipid droplets,
micelle formation, and uptake from micelles into enterocytes and
incorporation for transport into chylomicrons. Aside from the
physiological factors of the gastrointestinal tract mentioned above,
Ax absorption can be affected by dietary factors (food matrix, lipids,
cholesterol, and fiber), cecal microbiota, and animal age (Li et al.,
2022; Schmeisser et al., 2021). A decrease in gut microbiota can
lead to a lower oral absorbability of Ax in the small intestine (Li
et al, 2022). Fatty acid-mediated protein encapsulation can
improve the water-solubility, storage stability, and oral absorption
of Ax (Huang et al., 2022). Additionally, Ax absorption is negatively
related to dietary fibers and positively related to cholesterol, -
tocopherol, and sodium taurocholate (Zimmer et al., 2022). Like-
wise, Ax esters are easier to absorb than its free form. In the future,
it will be interesting to compare the absorption efficiency among
different sources as well as chemical forms of Ax.

After absorption from the gastrointestinal tract, the Ax is
transported into the liver for metabolism and delivery to the other
organs; of course, the remainder Ax is stored in the tissues. The
storage or deposition potential of Ax varies in the liver, skin, fat, egg
and muscle, with muscle appearing to have the lowest storage
capacity (Schmeisser et al., 2021; Surai et al., 2016; Xi et al., 2022).
Meanwhile, some Ax undergoes physiological decomposition. The

326

metabolism of carotenoids is involved in many oxidases and non-
oxidases via random or nonrandom (double bonds) cleavages.
Xanthophylls can only serve as a substrate for beta-carotene-9,10'-
oxygenase, potentially giving rise to several 3-hydroxy metabolites
depending on the side and number of cleavages (Giordano and
Quadro, 2018). Astaxanthin carotenoid is metabolized into (rac)-
3-hydroxy-4-oxo-beta-ionone and its reduced form (rac)-3-
hydroxy-4-oxo-7,8-dihydro-beta-ionone independent of the
xenobiotic-metabolizing enzymes in rat hepatocytes (Wolz et al.,
1999). In rats, the first-pass extraction ratio of Ax in the liver
(0.490) is lower than in the gastrointestinal tract (0.901), indicating
that the liver is a primary metabolism site, and a related enzyme is
cytochrome P-450 1A1/2 (Choi et al., 2011). It is deduced that
poultry have a similar process for the absorption and metabolism of
Ax, which needs further validation.

3.2. The dynamics of lutein in the body

As shown in Fig. 1, lutein has similar dynamics in vivo to Ax. In
animals, the digestion and absorption of lutein is affected by
physiological and dietary factors (Bhat and Mamatha, 2021; Tso
et al,, 2018). Before being absorbed by enterocytes, lutein esters
are hydrolyzed by gastrointestinal enzymes, such as cholesterol
esterase (Mrowicka et al., 2022). The absorbed lutein is mainly
stored in the liver and deposits in fat, adrenal glands, skin, shell,
and egg yolk. The main steps include release from food in the
gastrointestinal tract, forming chylomicrons together with cholate,
cholesterol, fatty acids, etc., transport from the intestinal mucosa
through the lymphatic vessels to the blood and the liver, and finally
transport from the liver through very low-density lipoproteins
(VLDL) to the surrounding tissues (Schnebelen-Berthier et al., 2021;
Tyssandier et al., 2002). VLDL, LDL, and high-density lipoprotein
(HDL) are all involved in the transport of lutein (Britton et al., 2009).
The blood concentration of lutein is highly dependent on its degree
of esterification and intake level (Xiong et al., 2022).

Due to the underdeveloped intestinal lymphatic system in
poultry, carotenoids are mainly transported through the portal vein
system to the liver and then the ovary (Nimpf et al., 1989). Carot-
enoid deposition in the egg yolk is highly related to the VLDL
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receptor, which can bind to VLDL and transport yolk precursors,
including VLDL and vitellogenin, to the oocyte. The VLDL receptor
plays a vital role in regulating egg production, yolk weight, and egg
quality (Greco et al., 2022; Qian et al., 2012). Lutein is bonded and
taken up by growing chicken oocytes via VLDL receptor-mediated
endocytosis and ultimately deposits in the yolk (Cao and Wang,
2014). Like Ax, lutein is delivered to the liver and other tissues for
deposition or further metabolism. Information about the metabolic
processes of lutein is very limited in poultry, where 3’-oxolutein is
the only known metabolite of lutein in chickens (Tyczkowski et al.,
1986). Future work should focus on the bioavailability and meta-
bolism of lutein as well as Ax in poultry.

4. Application of astaxanthin in laying hens
4.1. Astaxanthin and yolk indices

Supplementing Ax in the hen diet increased yolk color and Ax
content. The effects of sources and dietary doses of Ax on the
chicken egg yolk color and pigments contents are summarized in
Table 2. Yolk color is an important sensory index for consumers
(Siinder et al., 2022). The evaluation of the egg yolk pigmentation is
performed by examining the appearance, the yolk color fan score, L*
(lightness), a* (red), and b* (yellow) values of the egg yolk. Studies
showed that adding Ax dose-dependently improved the yolk color
and had no negative effects on other indicators. Similarly, yolk color
scores increased significantly with Ax supplementation from 0.48
to 23.9 at week 8 and 0.66 to 23.5 at week 24. Furthermore, Ax can
fully affect a* of the egg yolk and satisfy the consumer preference
for the yolk color (Grashorn, 2016). Walker et al. (2012) found in an
8-week trial that color changed after Ax addition, peaked after 8
days of feeding, and stabilized over time. This may explain the
similarity between the data at weeks 8 and 24, and the minimal
change in yolk color with feeding duration (Dansou et al., 2021).

The increased yolk color is mainly from accumulated Ax, which
accounts for 48.3 pg/g when hens are fed with a diet containing
microalgal H. pluvialis at 160 mg/kg of feed after a 4-week feeding
trial (Heng et al., 2021). Dietary Ax-rich corn (containing Ax at
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24.3 mg/kg of diet) can lead to 14.2 pg/g of Ax in the yolk in a 3-
week trial (Liu et al., 2021b). Paracoccus carotinifaciens, an aerobic
Gram-negative bacterium, produces a carotenoid mixture that
contains Ax as a main component. The dietary concentration of
P. carotinifaciens at 8 mg/kg results in 6.65 pg/g of Ax in the yolk
(Honda et al., 2021). Additionally, yeast P. rhodozyma and marine
byproducts, especially cooked shrimp head, can also significantly
increase the Ax content in the yolk. It can be seen from the above
data that microalgae, bacteria, yeasts, Ax-rich corn, and marine
byproducts can be used as suitable sources to produce biofortified
Ax eggs. It is worth reminding that future research should focus on
the relationships among Ax sources, dietary concentrations,
deposition rates, and hen species.

The nutritional and functional components in the egg yolk
mainly consist of lipids, proteins, and minerals. Besides coloring the
egg yolk, dietary Ax can also affect the metabolism of lipids and
fatty acids, which reflects its biological function. In the chicken egg
yolk, the primary saturated fatty acids are palmitic acid and stearic
acid. Shevchenko et al. (2020) found that Ax at a dose of 10 mg/kg of
feed reduced the content of palmitoleic acid by increasing the
proportion of cis-10-heptadecenoic acid, and at a dose of 30 mg/kg
reduced the proportion of n-3 polyunsaturated fatty acids,
including cis-4,7,10,13,16,19-docosahexaenoic acid, in the lipids of
the yolk. Inclusion of red crab meal or krill meal in the rations of
laying hens increased the n-3 and n-6 fatty acid content in eggs
(Carrillo-Dominguez et al., 2005; Prommetta et al., 2020). Up to
now, whether Ax influences proteins or minerals in the yolk is also
unclear.

4.2. Astaxanthin and other egg indices

The quality of the albumen and physical indices do not appear to
be sensitive to dietary Ax. Most literature showed that albumen
height, Haugh unit, eggshell thickness, and eggshell strength were
unaffected by dietary Ax in laying hens (Conradie et al., 2018;
Dansou et al., 2021; Heng et al., 2021; Honda et al., 2021). Only a
few studies fortuitously found that dietary Ax increased eggshell
weight (Zhu et al,, 2021) and egg size (Conradie et al., 2018).

Table 2
Summary of dietary astaxanthin and lutein effects on the chicken yolk color and pigment contents.

Item Pigment Hen Yolk Reference

Source Dietary content, Species Age, Consumption, Color Pigment content,
mg/kg week week ugl/g

Astaxanthin Haematococcus pluvialis 40/80/160 Nongda No. 3 4 + 15.7/34.3/48.3 Heng et al. (2021)
H. pluvialis 25/50/100 Hy-Line Brown 50 6 + 12.9/21.1/44.2 Gao et al. (2020)
H. pluvialis 10/20/40/80 Shaver Leghorn 19 6 + 18.4/17.7/30.1/31.1 Magnuson et al. (2018)
H. pluvialis 21.3/42.6 Hy-line Brown 20 12 + 9.85/23.5 Dansou et al. (2021)
H. pluvialis 10/20/30 Hy-Line W36 23 12 + 19.9/18.4/15.4 Shevchenko et al. (2021)
Astaxanthin-rich corn 243 Hy-Line Brown 28 4 + 14.2 Liu et al. (2021b)
H. pluvialis 243 Hy-Line Brown 28 4 + 135 Liu et al. (2021b)
Paracoccus carotinifaciens 8 Lohmann Julia Lite 91 3 + 6.65 Honda et al. (2021)
Shrimp/scallop/squid head’ Bovans white 48 3 + 2.2/1.2/0.5 Toyes-Vargas et al. (2018)
Phaffia rhodozyma 0.96/1.44/1.92 Lohmann Brown 60 6 + undetected Zhu et al. (2021)

Lutein Marigold 2.86 Comb White Leghorns 4 + 49.4 Titcomb et al. (2019)
Algal D. tertiolecta 2206 Hy-Line Brown 65 3 + 40 Kim and Shin (2022)
Marigold 12/10 (non-/ Hy-Line Brown 56 5 + 11.1/18.0 Wen et al. (2021)

coated)

Yellow/orange corn 3.0/4.1 Novogen White 32 4 + 7.10/7.40 Ortiz et al. (2021)
Stevia leaf 1.18/1.52 Hy-Line Brown 23 4 + 3.71/4.52 Pirgozliev et al. (2022)
Red/orange carrot leaf 3.20/3.20 Comb White Leghorns 4 + 3.67/3.04 Titcomb et al. (2019)
White corn 1.70 Comb White Leghorns 4 2.04 Titcomb et al. (2019)
White corn 0.5 Novogen White 32 4 1.1 Ortiz et al. (2021)
Shrimp/scallop/ Bovans white 48 3 + 7.2/18.8/4.6/7.8 Toyes-Vargas et al. (2018)

mackerel/squid’

-+, Color burn.

! Cooked marine byproduct meals, shrimp head, scallop viscera, whole mackerel, and squid viscera, added at 50 g/kg of feed.

327



H. Shi, X. Deng, X. Ji et al.

Literature about the effects of Ax on the chemical composition of
albumen and eggshell is unavailable.

4.3. Astaxanthin and egg production

There are inconsistent effects of Ax and its source products on
the production performance of laying hens. Zhu et al. (2021) found
that dietary P. rhodozyma supplementation tended to increase feed
intake and egg production, and the highest egg production was
seen in the diet containing Ax at 1.2 g/kg; however, there were no
significant differences in egg weight and feed conversion. However,
Dansou et al. (2021) reported that Ax addition had no effect on egg
weight and egg mass, but feed intake tended to increase. Compared
to the white-corn based diet, Paracoccus marcusii-sourced Ax
increased egg production, but did not influence the body weight of
hens (Conradie et al., 2018). Marine byproducts, including scallop
viscera, squid viscera, and shrimp head, added at 50 g/kg as dietary
Ax sources affected egg laying rate, egg mass, and feed conversion
ratio. Out of the marine sources, the dried scallop viscera had the
highest egg laying rate, egg mass, and feed efficiency (Toyes-Vargas
et al., 2018).

4.4. Astaxanthin and antioxidation

The antioxidative properties of Ax are attributed to the presence
of conjugated double bonds, the hydroxyl group, and the unsatu-
rated ketone group at the end of the conjugated double bond chain,
as well as the constitutive a-hydroxy ketone from the hydroxyl and
ketone groups. The molecular structural characteristics determine
that Ax has an active electron to attract unpaired electrons from
free radicals or actively provide electrons to free radicals, and thus
effectively burst free radicals, especially single linear reactive oxy-
gen species (Guan et al., 2019). Astaxanthin is a stronger antioxi-
dant compared to B-carotene, vitamin E, and vitamin C, which are
54, 14 and 65 times stronger, respectively (Igielska-Kalwat et al.,
2015). Indeed, research showed that Ax had a strong singlet oxy-
gen quenching capacity, reduced the level of reactive oxygen spe-
cies, and effectively suppressed lipid peroxidation (Hormozi et al.,
2019). In the plasma, liver, and egg yolk, Ax increased the activ-
ities of superoxide dismutase, catalase, and glutathione peroxidase,
but decreased malonaldehyde (an indicator of lipid peroxidation) in
laying hens (Gao et al., 2020; Zhu et al., 2021).

The polyene chain in Ax traps radicals in the cell membrane,
while the terminal ring of Ax can scavenge radicals at the outer and
inner parts of the cell membrane (Ambati et al., 2014). With
increasing dietary Ax, there is a linear increase in the ability to
scavenge hydroxyl radical and superoxide anions, which may be
related in part to the upregulated mRNA expression of genes
encoding antioxidant enzymes and nuclear factor erythroid 2-
related factor 2 in laying hens (Heng et al., 2021). Free Ax com-
bined with oxygen radicals inhibited oxidation of free docosahex-
aenoic acid and improved the storage stability of docosahexaenoic
acid-enriched eggs at 4 °C (Wang et al., 2022).

4.5. Astaxanthin and immunity

The strong antioxidative capacity of Ax in theory and in practice
predicts its immune function. Indeed, this has been well docu-
mented in human research. The related benefits of Ax to immunity
include promoting immune mediator secretion, protecting immune
cells and inhibiting inflammatory responses, and these are also
proven in broilers (Cao and Wang, 2014). In laying hens, Zhu et al.
(2021) reported that the content of serum IgG was significantly
increased by Ax, but not for IgA and IgM, indicating that an
appropriate amount of Ax is beneficial for innate immunity. Besides
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being accumulated in the yolk, supplemental dietary microalgal Ax
at 10, 20, 40, and 80 mg/kg seemed to be highly bioavailable for
deposition in the plasma and liver of hens, and maximum levels in
the plasma and liver reached 4.06 pg/mL and 5.79 pg/g, respectively
(Magnuson et al., 2018). The high levels of circulating Ax will un-
doubtedly result in coordinated changes in intrinsic antioxidant
systems and consequently the whole immune system. Further-
more, via absorption and transport, dietary Ax can break through
the productive barrier into the yolk, and recent studies in rodents
have shown that Ax can permeate through the blood-brain barrier
to exert neuroprotective benefits (Chik et al., 2022; Fu et al., 2022).
Therefore, Ax can also modulate immunity through the nervous
system, as well as coordinating a humoral immune response.

Inflammation, as a transient phenomenon of immune processes,
includes a mix of pro- and anti-inflammatory factors. It is thought
that the major pro-inflammatory cytokines are interleukin (IL) 18,
IL6, and tumor necrosis factor-o. (TNF-a), whereas IL1 receptor
antagonist, IL4, IL6, IL10, IL11, and IL13 are typical anti-inflammatory
cytokines (Samuel, 2020). The anti-inflammatory mechanisms of Ax
target inflammatory factors and multiple signaling pathways.
Astaxanthin has been shown to have a significant anti-inflammatory
effect on neurological diseases, diabetes, gastrointestinal diseases,
hepatic and renal diseases, and eye and skin disorders (Chang and
Xiong, 2020). In hens, Tolba et al. (2020) reported that dietary Ax
decreased serum pro-inflammatory factor TNF-o, but also lowered
IL10, an anti-inflammatory cytokine. The information about the ef-
fect of Ax on inflammatory markers and associated signaling path-
ways is very limited, and requires further study.

More importantly, the cytokine storm can also be attenuated by
Ax. A cytokine storm, also known as cytokine cascade and hyper-
cytokinemia, is a potentially fatal immune reaction consisting of a
positive feedback loop between cytokines and white blood cells,
with highly elevated levels of various cytokines. In theory, the anti-
inflammatory properties of Ax can predict its effect on the cytokine
storm as reviewed by Darenskaya et al. (2021) and Talukdar et al.
(2020). How Ax decreases the cytokine storm and consequently
morbidity and mortality in farm animals will be an interesting topic
for future research.

4.6. Astaxanthin and metabolism

For metabolic parameters in laying hens, Shevchenko et al.
(2021) reported that the use of Ax at 10 mg/kg in the diet
increased serum glucose, phosphorus and calcium, and reduced
serum cholesterol, alanine aminotransferase, aspartate amino-
transferase and alkaline phosphatase, but did not affect serum
creatinine and protein. They also specified that an Ax dose of
20 mg/kg increased serum glucose and cholesterol, decreased cal-
cium and alkaline phosphatase; whereas a dose of 30 mg/kg
increased serum glucose, cholesterol and alkaline phosphatase, but
reduced creatinine and aspartate aminotransferase. Furthermore,
Ax from H. pluvialis added at 25, 50 or 100 mg/kg linearly increased
HDL and VLDL, but decreased hematologic triglyceride, cholesterol
and LDL, and linearly increased hepatic HDL, but not for other pa-
rameters in laying hens (Gao et al., 2020). Dietary Ax at 80 mg/kg
decreased hepatic polyunsaturated fatty acids, but increased serum
alanine aminotransferase (Magnuson et al., 2018). The fluctuation
of tissue concentrations of cholesterol, calcium, alkaline phospha-
tase, creatinine, and aspartate aminotransferase in diets containing
Ax needs to be studied further.

4.7. Astaxanthin and fertility

The egg hatching rate is usually expressed as the percentage of
total eggs hatched out. Decreasing the number of dead embryos is
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critical for enhancing the hatching rate of fertilized eggs. It has been
well documented that Ax can enhance antioxidation and immunity,
such as quenching free radicals, protecting the body from oxidative
damage, promoting the production of antibodies, and strength-
ening defense function, all of which provide a guarantee for egg
fertility and hatchability. Bai (2021) reported that adding Ax at 15 g/
kg to the feed of laying breeder hens improved the percentages of
fertilization, hatchability, and healthy chicks. Maternal intake of Ax
can improve hatchability of fertilized eggs stored at high temper-
ature and there are interactions between Ax levels and the storage
temperature (Saito and Kita, 2011). These results suggest that the
lowered hatchability of eggs stored at high temperatures can be
restored through maternal intake of dietary Ax, and the beneficial
effects of AXx may be more effective at the early stage of embryonic
development.

Astaxanthin can also increase egg fertilization by protecting the
semen quality of breeder roosters (Najafi et al., 2020). Additionally,
Ax ameliorated the aging in vitro of oocyte quality and improved
the developmental competence of both fresh and vitrified porcine
and bovine oocytes through its antioxidant properties (Jia et al.,
2020; Xiang et al., 2021). Astaxanthin improved the develop-
mental competence of in vitro-grown oocytes and modified the
steroidogenesis of granulosa cells derived from bovine early antral
follicles (Abdel-Ghani et al., 2019). Therefore, AX may be beneficial
for poultry artificial insemination, but data about this is poor.

4.8. Astaxanthin and gut microbiota

It is well known that dietary nutrients, gut microbiota and the
host interact in subtle ways. Astaxanthin has been shown to confer
many benefits to the host through modulating gut health. Astax-
anthin was found to affect gut microbiota composition, which is
associated with reductions in local and systemic inflammation,
oxidative stress, and improvement of metabolic homeostasis in
mice (Wu et al., 2020). Furthermore, Ax prevented alcoholic fatty
liver disease by modulating mouse gut microbiota (Liu et al., 2018).
Astaxanthin from H. pluvialis alleviates obesity by modulating lipid
metabolism and gut microbiota in mice fed a high-fat diet (Wang
et al., 2021a). Astaxanthin alleviated ochratoxin A-induced cecum
injury and inflammation in mice by regulating the diversity of cecal
microbiota and toll-like receptor 4/myeloid differentiation factor
88/nuclear factor kappa-B signaling pathway (Chen et al., 2021b).
Information about the effect of Ax on gut microbiota in food ani-
mals is scarce. Only Wang et al. (2021b) argued that intestinal
microbiota biodiversity and richness were unaffected by dietary Ax
from P. rhodozyma in shrimp. Therefore, how dietary Ax influences
gut microbiota and the host, either directly or indirectly, in food
animals deserves further study.

5. Application of lutein in laying hens
5.1. Lutein and egg quality

The effect of sources and dietary doses of lutein on the chicken
yolk color and pigment contents is summarized in Table 2. Dietary
lutein is also a critical source for the yolk color. Studies showed that
lutein increased the a* and b* value of the egg yolk and had no
effect on the L* value (Titcomb et al., 2019; Wen et al., 2021). A high
level of lutein at 250 mg/kg reduced the L* value (Englmaierova
et al, 2013), but low levels at 10 to 40 mg/kg did not
(Lokaewmanee et al., 2011). Likewise, Karadas et al. (2006) reported
that adding marigold extract increased the scores of Roche color
fan, and Skrivan et al. (2016) found that increasing doses of mari-
gold flower extract increased the values of a*, b*, and the ratio of a*
and b*, but decreased L* value.
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Dietary lutein from marigold can be accumulated in the yolk up to
a level of 49.4 pg/g (Titcomb et al., 2019). Algal lutein from Dunaliella
species added at 2.2 g/kg of diet can enrich lutein at about 40 pg/g in
the yolk, equivalent to a 60 g/kg deposition rate (Kim and Shin, 2022).
The extremely low deposition rate may be the main reason why algal
source lutein is used less in practice, but more studies are needed.
Fortunately, Demarco et al. (2022) suggested that cell disruption is a
better method to increase the extractability of compounds and
consequently enhance the bioavailability of algal Ax because the algal
cell wall blocks digestion in animals. Additionally, stevia leaf, red-
carrot leaf, and marine byproducts supplemented in the hen diet
can have a significant coloring effect on the yolk, with maximum
lutein content in the yolk measured at 4.52, 3.67 and 8.8 ng/g,
respectively (Pirgozliev et al., 2022; Titcomb et al., 2019; Toyes-Vargas
et al.,, 2018). Dried stevia leaf rich in lutein (50.4 mg/kg) supple-
mented at 10 and 20 g/kg to laying hens significantly increased the
yolk color , but egg albumen, eggshell, and chemical compositions
were not affected (Pirgozliev et al., 2022). Lutein is present in all
distillery dry grain soluble samples and in all cases exceeded the
content in corn (Shin et al.,, 2018). Diets containing 200 g/kg of corn
distillery dry grain soluble fed to hens for 12 weeks enhanced yolk
lutein content from 39.1 to 103 pg/g, with no effect on albumen and
eggshell (Shin et al., 2016). Biofortified orange corn increased egg yolk
pigmentation and lutein density of laying hens (Ortiz et al., 2021).

Yolk lipids can also be influenced by dietary lutein, but other egg
parameters, including albumen height, Haugh unit, albumen pH,
yolk pH, eggshell thickness, eggshell weight, egg dry matter, protein
and minerals seem unresponsive to the dietary inclusion of lutein,
except for fat. Gréevic et al. (2019) found that marigold extract at 2 g/
kg of feed increased total n-3 and docosahexaenoic acids with a most
favorable ratio of n-6 to n-3. Additionally, yellow corn and red sor-
ghum increased the concentrations of saturated and mono-
unsaturated fatty acids in egg yolk (Rosa et al., 2017). Vegetables rich
in lutein improved the albumen quality of chicken eggs (Obianwuna
et al., 2022). The diet with added lutein or its original materials had
no significant effects on shell-breaking strength, shell thickness, shell
ratio, albumen ratio, and Haugh unit (Lokaewmanee et al., 2011;
Titcomb et al., 2019; Pirgozliev et al., 2022). Ortiz et al. (2021) re-
ported that the diet containing lutein-rich orange corn increased the
Haugh unit compared to white corn.

5.2. Lutein and egg production

The addition of non-saponified lutein from marigold flower
meal and saponified lutein from marigold flower extract in the diet
of Boris Brown laying hens at 10, 20, 30 and 40 mg/kg from 26 to 28
weeks of age had no significant effect on the egg mass, feed intake
and egg weight (Lokaewmanee et al, 2011). Similarly, non-
microencapsulated at 600 mg/kg (12 mg/kg available lutein) and
microencapsulated lutein at 90.1 mg/kg (10 mg/kg available lutein)
supplemented to laying hens (Hy-Line Brown, 54 weeks old) for 35
days did not affect the productive performance (Wen et al., 2021).
Also, lutein differences in the diets based on white, yellow and
orange corn did not cause significant changes in egg laying rates,
egg weight and hen body weight (Ortiz et al., 2021). Additionally,
marine byproducts with varied contents of lutein fed to hens
increased yolk color but compromised egg production and feed
efficiency (Toyes-Vargas et al., 2018). Inferentially, based on the
literature, plant-derived dietary lutein is not enough to cause a
change in egg production, but more studies are needed.

5.3. Lutein and antioxidation

As previously reported, lutein is among the strongest of anti-
oxidants, containing 11 conjugated double bonds, with a low
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polarity, and exists in acyclic, monocyclic or bicyclic forms. Lutein is
highly active against reactive oxygen species and free radicals, and
is involved in photoprotection. Macular lutein is mainly localized in
retinal membranes around Henle's fibers to filter against harmful
short-wave blue light (Chae et al., 2021). Lutein, as a membrane
antioxidant, is excellent to counter singlet oxygen and free radicals.
Meanwhile, lutein has also been found to exert antioxidative effect
in the adrenal glands, corpus callosum, lungs, testes, skin and brain.
Of course, brain lutein, as a result of its antioxidative role, is
considered protective to cognitive function (Beydoun et al., 2022).

In hens, marigold-derived carotenoids added at 60 mg/kg to the
diet improved the color and singlet oxygen quenching activity of
egg yolk (Kojima et al., 2022). Supplementing marigold extract at 1
and 2 g/kg did not influence the obtained results of lipid oxidation
in yolks (Grcevi¢ et al., 2019). Diets consisting of marigold flower,
dried basil herb and flowers of calendula and dandelion decreased
lipid oxidation in laying hens (Kljak et al., 2021). Jang et al. (2014)
reported that lutein promoted the accumulation of vitamin A and
glycogen in the liver and lipid absorption, improving hepatic anti-
oxidation. Chen et al. (2021a) demonstrated that the addition of
marigold extract at 200 or 300 mg/kg of feed significantly increased
the activities of superoxide dismutase and glutathione peroxidase,
while malonaldehyde content was significantly reduced in a Chi-
nese species of chickens. Similar results were found by Yuan (2009)
in a global commercial species of laying hens.

More interestingly, like other carotenoids, lutein also has a
salutary effect on the body, making it resistant and strong against
chronic disease, and this, coupled with its conjugated double bond
system, solidly lays the ground for its immune, anti-inflammatory
and therapeutic potential in laying hens.

5.4. Lutein and immune system

The structure and high chemical reactivity of lutein make it
capable of exerting bioprotective effects on the body. Indeed, it is
evident that lutein is involved in many beneficial processes, such as
immune function, intercellular signaling pathways, cell cycles and
gut microbiota; also, it helps against neurological disorders, eye
diseases, cardiac complications, microbial infections, skin irritation,
bone decay, etc (Mitra et al., 2021). Manochkumar et al. (2021)
suggested that lutein provides neuroprotection by inhibition of
neuro-inflammation and excitotoxic pathways, microglial activation,
modulation of autophagy, attenuation of oxidative damage and
activation of defensive antioxidant enzymes. The eye is regarded as
an immune privileged site, where immune responses are reparative
or protective, since cytokines released by immune cells compromise
visual acuity by inducing inflammation and fibrosis. In the eye,
circulating lutein is helpful to energy metabolism, proteostasis,
antioxidation, anti-inflammation, innate immunity and longevity
(Yamaguchi et al., 2022). Captive and caged animals easily become
lutein deficient, which probably impairs the immune system and
visual system and causes an early cull as a result, which may be a
novel strategy to deepen the production capacity of farm animals.

Lutein can also regulate the response index of immunity and
inflammation in hens. Gao et al. (2015) found that a supplemental
xanthophylls mixture (lutein to zeaxanthin ratio 40:60)
decreased pro-inflammatory cytokines, IL1p, IL6, interferon y and
TNF-a, and increased anti-inflammatory cytokine expression of IL4
and IL10 in breeding hens and chicks. Chen et al. (2021a) reported
that adding marigold extract at 200 or 300 mg/kg increased IgA,
IgM and IgG in Taihang laying hens. Notably, the addition of lutein
to commercial laying hens increased the Newcastle antibody titers,
an allergen-specific antibody (Yuan, 2009). Additionally, Chung
et al. (2017) observed that pre-treatment with lutein dose-
dependently lowered lipopolysaccharide-induced secretion and
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mRNA expression of IL6, IL1B and TNF-a. Given the active
involvement of lutein in the processes of antioxidation, immunity
and inflammation, it is putative that lutein is also capable of
inhibiting a cytokine storm. Farm animals are the most susceptible
population to a variety of viruses, which may result in a cytokine
storm, but related literature is scarce.

5.5. Lutein and metabolic parameters

The significant effects of dietary lutein on antioxidative activity
and immunity will inevitably affect the metabolism of hens.
However, few data are available which examine the effects of lutein
supplementation on hematologic and hepatic parameters in hens.
Adding lutein at 40 mg/kg in the diet of laying hens increased
cyclooxygenase-2, inducible nitric oxide synthase, caspase-3, B cell
lymphoma/leukemia-2 and HDL cholesterol in the liver, but did not
increase serum triglycerides, cholesterol and LDL (Gao et al., 2018).
Adding marigold flower meal did not affect the content of crude fat
and cholesterol in the yolk of Hy-Line gray hens (Xin et al., 2022).
Further studies are required to elucidate the effect of lutein on
metabolomics and proteomics in hens.

5.6. Lutein and fertility

Circulating and accumulated lutein in the body also benefits the
reproductive function of hens. Specifically, yolk lutein is not a color
aesthetic but rather one of the protectors of egg hatchability. Lutein
in the yolk is closely related to embryonic development, deter-
mining the survival rate of the embryo and the immune capacity of
the offspring (Surai et al,, 2001). Lutein alleviated arsenic-induced
reproductive toxicity via nuclear factor erythroid 2-related factor
2 signaling in male mice (Li et al., 2016). Lutein administered at
125 mg/kg increased the number of oocytes, embryo quality,
fertilization rate, and 2-cell blastocysts in a mice model with
polycystic ovary syndrome (Bandariyan et al., 2021). Maternal ca-
rotenoids throughout pregnancy can benefit the infant's carotenoid
status (Addo et al, 2021). Additionally, eggs with an increased
lutein content have a high lysozyme activity, an active antibacterial
enzyme, so lutein can enhance antibacterial capacity during egg
incubation and then improve the hatching rate (Cucco et al., 2007).
Interestingly, lutein can vertically spread from parent to offspring in
both birds and mammals, via dietary lutein or egg injection to
improve the fertilization rates and hatching rates of animal
breeders, especially broiler breeders. Although few data about this
is available, it is recommended that lutein administration to
improve farm animal reproduction be investigated as a future
application prospect.

5.7. Lutein and gut microbiota

Recently, the research has also focused on interactions between
carotenoids and gut microbiota. Increasing total carotenoids was
associated with higher gut bacterial diversity and greater abun-
dance of some genera relevant to microbial macronutrient meta-
bolism (Frankenfeld et al, 2022). A dominant population of
Bifidobacteria and Lactobacilli in the gut microbiota can contribute
to a good health status. Dietary supplementation of good prebiotics
rich in lutein significantly increased populations of Bifidobacteria
and Lactobacilli, reduced opportunistic pathogens, Bacteroides spp
and Clostridium spp, and also decreased the activity of beta-
glucuronidase, an enzyme involved in colorectal carcinogenesis
(Molan et al., 2014). Additionally, many observational studies have
shown the potential role of carotenoid supplementation in
lowering the risk of progression of dysbiosis, leaky gut and low-
grade inflammation (Rinninella et al., 2018).
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Furthermore, microbiota dysbiosis and leaky gut can induce
low-grade or acute inflammation, which seriously compromises
the health and production performance of farm animals, particu-
larly captive and caged animals. Coupled with the prohibition of
growth-promoting antibiotics in many countries, this is becoming a
deadly threat to animal production. Even if poor data are available
about the influence of lutein on gut health in farm animals, it is
plausible to suggest that carotenoids with strong antioxidative
properties are capable of protecting gut health via modulating the
gut microbiota.

6. Conclusions and outlook

Astaxanthin and lutein are the most abundant pigments in
plants and the main sources of yolk color. Dietary supplementation
of Ax and lutein can improve antioxidation, anti-inflammation,
immunity and the metabolism of laying hens. Bioavailability and
metabolism in vivo of Ax and lutein are the major problems for
their current application in laying hens. Future application pros-
pects will involve egg biofortification, gut microbiota, fertility,
hatchability and related mechanisms of Ax and lutein in laying
hens. Additionally, the visual and neuro-protective properties of
the two pigments are suggested for application in animal breeders
to avoid an early cull.
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