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Carotenoid enrichment in eggs: From biochemistry perspective
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a b s t r a c t

The emergence of safe and functional eggs for consumer acceptance has gained focus. The production of
carotenoid-enriched eggs has received attention due to its multifunctional biological properties. Nutri-
tional modification of laying hens’ diet can be a strategy to produce such eggs. This review presents the
chemistry of carotenoids in nature and eggs, the accumulation process of carotenoids into eggs, and the
functions of carotenoids in eggs. Our findings showed that carotenoids can be deposited into the egg and
contribute to improving its nutritive value. The biosynthesis, chemical structure, and metabolism
pathways of carotenoids lead to the deposition of carotenoids into eggs in their original or metabolized
forms. Also, some factors modulate the efficiency of carotenoids in fowls before accumulation into eggs.
Carotenoid-enriched eggs may be promising, ensuring the availability of highly nutritive eggs. However,
further studies are still needed to comprehend the full metabolism process and the extensive functions of
carotenoids in eggs.
© 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

A fresh whole egg contains about 36% lipids in its whole weight.
The lipids of the yolk are exclusively associated with lipoprotein
aggregates. Composed of triglycerides, phospholipids, and choles-
terol at 62%, 33%, and 5%, respectively, less than 1% of yolk lipids are
carotenoids, which give the yolk its hue ranging from a very pale
yellow to a dark bright orange (Abeyrathne et al., 2022; Anton,
2007). With the well-known functional properties of carotenoids
such as antioxidant and anti-inflammation, fortification and
enrichment of edible eggs with carotenoids can increase the con-
tent of carotenoids in eggs and improve the quality and nutritional
value of eggs (Andersen, 2015; Zaheer, 2017). The so-called
“designer egg” belongs to the “functional food” concept, which is
any healthy food similar in appearance to traditional foods, eaten as

part of a regular diet, and believed to provide physiological ad-
vantages beyond the essential role of delivering nutrition, such as
health-promoting or disease-preventing properties (Lesnierowski
and Stangierski, 2018; Rajasekaran and Kalaivani, 2013).

Carotenoid-enriched eggs have also gained interest because of
the high bioavailability response in humans after egg consumption
compared with carotenoid consumption from other sources. The
natural micellar matrix (triglycerides, phospholipids, and choles-
terol) that is found in egg yolk offers a vehicle for the effective
absorption of egg-derived carotenoids in humans (Kelly et al.,
2017). On the other hand, data have indicated that carotenoid-
enriched eggs can not only be a good nutritional food but also a
good vector for the distribution of other essential nutrients vital to
human health. Moreover, carotenoid absorption from other
carotenoid-rich meals, such as raw vegetable salad, has been
improved by simultaneously eating eggs (Kim et al., 2015). There-
fore, as a large source of natural antioxidants, carotenoid-enriched
eggs may not be able to substitute fruit and vegetables but can
greatly boost the diet's nutritional value, participating significantly
in the daily consumption of carotenoids (Alagawany et al., 2019;
Surai et al., 2000).

From the natural source to concentration in eggs, carotenoids
undergo different processes that greatly modulate their form,
structure, and functions in edible eggs. They may be isomerized or
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metabolized into more bioaccessible forms before deposition into
eggs. In addition, the efficiency of carotenoids in fowls is subject to
several factors similar to that described in mammals by
Castenmiller and West (1998), summarized in the mnemonic
“SLAMENGHI”. This is explained as species of carotenoids, linkages
at the molecular level, amount of carotenoids consumed in a meal,
the matrix in which the carotenoid is incorporated, effectors of
absorption and bioconversion, nutrient status of the host, genetic
factors, host-related factors, and interactions between these fac-
tors. Finally, carotenoids could have several positive effects on eggs
before consumption by humans.

Despite the progress in research regarding carotenoids’ enrich-
ment and fortification in eggs, there are still numerous aspects to
explore. Therefore, it is important to review where the research
stands. We hypothesized that carotenoid absorption in fowls, its
metabolism, accumulation, and efficiency in eggs, as well as its
biological functions in eggs, are still not fully understood. There-
fore, we aimed to review the advances and gaps in the production
of carotenoid-enriched eggs from a biochemistry perspective. We
focused on carotenoid chemistry in nature and eggs, the absorp-
tion, transport, and accumulation of carotenoids in eggs as well as
the different factors influencing them, and finally the functions of
carotenoids to improve egg quality.

2. Overview of the chemistry of carotenoids

Over 700 carotenoids are found in nature, and they are generally
categorized into two groups: carotenes and xanthophylls based on
their chemical structures (Kopec and Failla, 2018; Kotake-Nara and
Nagao, 2011). The chemical structures of the most common natural
carotenoids are shown in Fig.1A. The carotenes are nonpolar, highly
conjugated C40 hydrocarbon chains, linear (lycopene) or cyclic at
each end of the molecule (b-carotene, a-carotene). The b-carotene
is the most common form of carotene in plants. The a-carotene
differs from b-carotene in the position of the double bond in the
cyclic group at one end (Higuera-Ciapara et al., 2006; Namitha and
Negi, 2010). The xanthophylls are regarded as oxygenated carotene
derivatives that are more polar than carotenes. These oxygenated
derivatives are identified based on the presence of various oxygen-
containing functional groups, e.g., hydroxyl (zeaxanthin, b-cryp-
toxanthin, and lutein) and carbonyl (astaxanthin, canthaxanthin,
and capsanthin) (Mohd Hatta and Othman, 2020). Both zeaxanthin
and lutein are isomeric, differing only by the conversion of one
double bond, such that all double bonds in zeaxanthin are conju-
gated (Mohd Hatta and Othman, 2020). The b-cryptoxanthin has a
bipolar structure with an electronegative hydroxyl group on one
side and an unsubstituted b-ionone ring on the other end of the
molecule (Liu et al., 2012). The structures of a-carotene, b-carotene,
and b-cryptoxanthin allow them to generate vitamin A after
cleavage during metabolism, hence they are considered pro-
vitamin A (details in Section 4.2.1). In natural forms, xanthophylls
can exist either in free form or esterified with fatty acids such as
stearic, palmitic, myristic, or lauric at one or both hydroxyl groups.
They can also form complexes with lipoproteins (car-
otenolipoproteins) or proteins (carotenoproteins) (Higuera-Ciapara
et al., 2006; Rodriguez-Amaya, 2016). An example of such com-
plexes is a xanthophyll ester known as lutein dipalmitate, shown in
Fig. 1B.

Each carotenoid can potentially form many geometrical isomers
due to its many conjugated double bonds. However, the most
common forms are the two configurations of every double bond
from the polyene chain which lead to trans (E) or cis (Z) geometric
isomers (Fig. 1B). In nature, themajority of carotenoids detected are
primarily all-E isomers (Honda et al., 2020a; Yu and Liu, 2020). In

addition, carotenoids can present optical configurations such as
(3R,30R), (3S,30S), and (3R,30S) (Honda et al., 2017).

3. Regulations and sources of carotenoids used for egg
enrichment

Carotenoids are primarily used in the poultry industry to
enhance yolk color to increase consumer acceptance. In this regard,
several laws governing their use in animal feed have been enacted,
which vary from one country to another. The regulation (EC) No.
1831/2003 of the European Parliament defines the use of additives
in animal nutrition and establishes criteria for licensing and la-
beling of feed additives within the European Union (EU). According
to this regulation, xanthophylls such as lutein, zeaxanthin,
canthaxanthin, capsanthin, citranaxanthin, and ethyl ester of b-
apo-80-carotenoic acid (apo-ester) were authorized for use in
chicken feed. The b-carotene is classified in the vitamins and pro-
vitamin A groups. In addition are saponified paprika extract (cap-
santhin), lutein-rich extract of Tagetes erecta, and lutein/zeaxanthin
extract of Tagetes erecta (European Union Register of Feed Additives,
2016, 2020, 2023). Apo-ester has a maximum concentration of 5
mg/kg complete feed for laying hens and 15 mg/kg complete feed
for chickens. Meanwhile, canthaxanthin has a maximum concen-
tration of 8 mg/kg complete feed for laying hens and 25 mg/kg
complete feed for chickens. On the other hand, saponified paprika
extract (capsanthin) has maximum concentration of 40 mg/kg feed
for laying hens and chickens (EFSA FEEDAP Panel, 2014, 2019,
2020). In the United States, the Food and Drug Administration
(USFDA), an agency of the Department of Health and Human Ser-
vices (HHS), is mainly responsible for enforcing food color laws
under Title 21 of the Code of Federal Regulations (Code of Federal
Regulations, 2016). The ingredients added to animal feed for
meat, milk, or egg coloring purpose are included in the regulations
for coloring additives, whereas colors used on packaging are
considered color additives if they could migrate to the contents of
the package. This is in contrast to the EU, where feed additives and
food materials are regulated separately (Lehto et al., 2017).
Xanthophyll supplements should not exceed 30 mg/lb
(66.13 mg/kg) of solid or semisolid food or every pint of liquid food,
and broiler chicken feed should not exceed 4.41 mg/kg (Abdel-Aal
et al., 2017).

Improvement of egg functional properties has driven the
exploration of various sources of carotenoids to achieve such
nutritional targets. Carotenoids such as lutein, zeaxanthin, lyco-
pene, b-carotene, b-cryptoxanthin, canthaxanthin, and astaxanthin
have been mostly added to eggs for enrichment and bio-
fortification. Carotenoids used for egg biofortification often exist as
either naturally occurring products, biofortified plants, or synthetic
carotenoids. Among natural products, carotenoids can be derived
from algae such as Chlorella vulgaris, Vischeria helvetica, Trachy-
discus minutus, Japonochytrium marinum, and Heamatococcus plu-
vialis (Ambati et al., 2019; Coudert et al., 2020; Henriquez et al.,
2016; Jiru et al., 2021; Nwoba et al., 2020); yeasts (Phaffia rhodo-
zyma, Rhodotorula rubra) (Akiba et al., 2000; Pârvu and
Paraschivescu, 2014); bacteria (Paracoccus carotinifaciens) (Honda
et al., 2020b); plants, leaves, and flowers (calendula (Calendula
officinalis L.), basil (Ocimum basilicum L.), stevia (Stevia rebaudiana),
marigold (Tagetes erecta), alfalfa (Medicago sativa), and spinach
(Spinacia oleracea)) (Kljak et al., 2021a; Pirgozliev et al., 2022;
Sunder et al., 2022; Yıldız et al., 2020); plant by-products (red
pepper powder, tomato pomace, carrot derivatives, broccoli meal,
grapeseed meal, sea buckthorn meal, chili pepper meal, rosehip
meal, and paprika oleoresin) (Alay and Karadas, 2017; Arimboor
et al., 2015; Hammershoj et al., 2010; Hu et al., 2011; Konca et al.,
2021; Moeini et al., 2013; Reda et al., 2022; Sowbhagya, 2019;
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Fig. 1. Structural formula of free carotenoids, carotenoid esters, and carotenoid geometric isomers. (A) Structural formula of main natural carotenoids involved in egg enrichment
and fortification. (B) Carotenoid esters represented by lutein dipalmitate and carotenoid cis isomers represented by 9-cis b-carotene and 13-cis b-carotene.
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Vlaicu et al., 2021); and animal by-products (crab meals and golden
snail egg powder) (Anderson et al., 2008; Coral-Hinostroza and
Bjerkeng, 2002; Nusantoro et al., 2020). Regarding biofortified
plants, commercial and biofortified maize containing a set of ca-
rotenoids (Burt et al., 2013; Kljak et al., 2021b; Liu et al., 2012;
Moreno et al., 2016) were applied as well. Last are synthetic sour-
ces, used in the poultry industry to manipulate the carotenoid
content of egg yolk. Except apo-ester exclusively present in syn-
thetic form (EFSA FEEDAP Panel, 2009), other carotenoids are
mainly chemically synthesized for commercial reasons and avail-
able from different companies. Among them are synthetic zeax-
anthin (EFSA FEEDAP Panel, 2009), synthetic canthaxanthin (EFSA
FEEDAP Panel, 2014), and synthetic lycopene (An et al., 2019).

Primarily, carotenoids from natural sources are on the increase
as consumers are now raising health and safety concerns over the
use of synthetic carotenoids in feeds and foods (Marounek and
Pebriansyah, 2018). Therefore, in an organic egg production sys-
tem the use of synthetic carotenoids and saponified extracts of
carotenoids is not tolerated. As a result, the birds raised in outdoor
areas obtain carotenoids from plants to which they are exposed in
the process of feeding (Sunder et al., 2022).

4. Absorption, transport, metabolism, and depletion

4.1. Absorption and transport of carotenoids to egg yolks

Dietary carotenoids are absorbed by birds, like other animals,
through the intestinal mucosa, where they are built into lipoprotein
particles and transported via the blood to peripheral organs and
tissues (McGraw et al., 2002). Therefore, the release of carotenoids,
dispersion into the gastrointestinal tract, solubilization in mixed
micelles, absorption in the gut, transit into circulatory systems,
metabolism in the liver or site of deposition, and deposition into
organs, integuments, and eggs are all separate physiological stages
in the expression of carotenoids in birds (Toomey et al., 2017).

First, carotenoids are released from the food matrix by the
digestive enzymes in the duodenum and dispersed into the
gastrointestinal tract thanks to dietary lipids. Thereafter, the ca-
rotenoids are solubilized in mixed micelles (consisting of fatty
acids, phospholipids, bile acids, cholesterol, and mono-
acylglycerols) for intestinal uptake and absorption (Desmarchelier
and Borel, 2017). Two uptake mechanisms of carotenoids then
take place: passive diffusion and active diffusion. According to the
basic process of diffusion, the micelles transfer to the brush
boundary membrane through the unstirred water layer, then the
carotenoid moves from the micellar formation and diffuses into the
enterocyte cytoplasm through the membrane (Yonekura and
Nagao, 2007). When it comes to the active pathway, carotenoid
absorption is facilitated by the scavenger receptor class B type 1
protein (SR-B1), which is partly responsible for transporting lipids
and cholesterol from lipoproteins to tissues as well as from tissues
to lipoproteins (Canene-Adams and Erdman, 2009). SR-B1 is a cell
surface high-density lipoprotein (HDL) receptor that mediates HDL-
phospholipids, -cholesterol ester, -phosphatidylserine, and
-apoptotic cell uptake (Shen et al., 2018). In a study of the Wis-
consin hypoalpha mutant (WHAM) chicken, the disruption of
carotenoid transport function was identified as caused by a muta-
tion in the SR-B1 gene in that breed. That implicates SR-B1 as a
major modulator of carotenoid-based coloration in chicken
(Toomey et al., 2017) and shows a relationship between carotenoid
and lipid uptake. It is believed that carotenoid absorption modu-
lation occurs on the apical side of intestinal cells where the SR-B1 is
expressed (Shmarakov and Blaner, 2013). Because SR-B1 and the
cluster of differentiation 36 (CD36) have similar lipid mobilization
roles, it has been proposed that CD36 may also play a role in the

absorption of carotenoids. Niemann-Pick C1 (NPC1), which is a
major sterol carrier in the intestine, is a contender for carotenoid
absorption as well. In human cells and mice, NPC1 is involved in
intestinal absorption of a-carotene, b-carotene, b-cryptoxanthin,
and lutein, but not lycopene and phytoene (Reboul, 2019). After
intestinal absorption, carotenoids are incorporated in portomicrons
(lipid-rich 90% triacylglycerol) released from the intestinal cells
into the portal vein, for transport to the liver (Alvarenga et al., 2011;
Surai et al., 2001). Fig. 2A summarizes the absorption and transport
mechanisms of carotenoids to the liver.

In the liver, carotenoids and metabolites (the metabolism pro-
cess is presented in Section 4.2) are incorporated into HDL, low-
density lipoprotein (LDL), and very low-density lipoprotein
(VLDL) to be transported to the target tissues and ovary by the
bloodstream (Bortolotti et al., 2003; Grashorn, 2016). HDL is an
important lipoprotein for the transport of carotenoids into the
bloodstream. The deficiency of HDL in WHAM chickens was found
to be the major cause of the low levels of plasma phospholipids in
the mutant chickens and by extension limiting the level of carot-
enoids in serum, which was colorless (Attie et al., 2002). However,
the role of HDL in the transport of carotenoids may be limited to
some tissues. In particular, it was proven that the retinas of WHAM
chicks acquire their lutein and zeaxanthin mainly from the HDL
transport mechanism, whereas the heart and adipose tissue may
derive their lutein mainly from LDL and VLDL, which are not sup-
pressed in WHAM chicks (Connor et al., 2007). It is also suggested
that in the feeding state, LDL and VLDLmainly drive the transport of
carotenoids from the liver to organs, meanwhile, in the fasted state,
carotenes are driven by LDL and xanthophylls by HDL and minorly
by VLDL (Moreno et al., 2016). Oogenesis in birds requires a sig-
nificant movement of cholesterol and other lipids, as well as ca-
rotenoids, from the liver into the oocytes, which is necessary for the
embryo's growth and development (Toomey et al., 2017). Lipids and
carotenoids are mostly delivered into the developing oocyte via
VLDL. In laying hens, VLDL has certain particular characteristics.
VLDL particles produced in the liver of laying chickens have a
diameter of around 30 nm, which is substantially smaller than that
in immature hens. In addition, these so-called yolk-targeted very
low-density lipoprotein (VLDLy) are not susceptible to lipoprotein
lipase (LPL)-mediated hydrolysis (Bortolotti et al., 2003; Moreno
et al., 2016). Fig. 2B summarizes the incorporation of carotenoids
into lipoproteins inside the liver and transport to the follicles.

The tiny size of VLDLy enables it to pass the ovarian follicle's
basal lamina and granulosa cells and bind to the LR8 receptor (a
low-density lipoprotein receptor family member with eight ligand
binding repeats) present in the membrane that surrounds the
oocyte (perivitelline layer). It is then endocytosed without modi-
fication to produce yolk. The ovarian follicle's basal lamina sieves
out portomicrons carrying dietary fats, preventing them from
passing through. Only lipids including carotenoids, delivered by the
liver, are integrated into the yolk as a result of this combination of
follicular ultrastructures and VLDLy size, allowing for regulation of
the yolk's lipid and carotenoid properties (Alvarenga et al., 2011).
Fig. 2C highlights the deposition mechanism of carotenoids and
metabolites in the follicles.

The deposition of carotenoids into egg yolks generally occurs
very quickly following ingestion. However, because the rapid phase
of the follicular growth of the oocytes (mainly consisting of lipids
deposition into the oocytes) lasts 6 to 14 days depending on the size
of the egg yolk, carotenoid accumulation after feed supplementa-
tion needs a similar duration to be stabilized (Nys and Guyot, 2011).
Considering the trend of egg yolk color, the maximum accumula-
tion of carotenoid in laying hens’ egg yolk is reached on day 12 of an
experiment with diets based on different corns (Ortiz et al., 2021).
Similarly, experiments conducted by Nelson et al. (1990) have
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shown that egg yolk color change under the effect of canthaxanthin
stabilized from day 10 to 12 with only a very slight change
appearing after day 13. Furthermore,Walker et al. (2012) found that
color change following astaxanthin supplementation reached a
peak after 8 days of feeding and became stable over time. Similarly,
Karadas et al. (2006) reported that the color of egg yolk stabilized
within 7 to 9 days after ingestion by quail of diet supplemented
with lucerne-, marigold-, and tomato-derived natural carotenoids.
All these accumulation stabilizations were irrespective of the doses
of supplementation.

4.2. Metabolic transformations and existential form of carotenoids
in eggs

From ordinary corn-based feeding regimes, lutein and zeax-
anthin are the most common carotenoids tested in eggs because of
the high content of these carotenoids in maize (Zaheer, 2017).
While comparing the carotenoid profile of egg yolk from different
species of fowls, Sinanoglou et al. (2011) found that lutein was
significantly higher in ostrich, turkey, and duck yolk, whereas
zeaxanthin was higher in quail and goose yolk. Because of the

designer egg concept, following incorporation of further caroten-
oids into the diet, carotenoids including lycopene (Honda et al.,
2019), astaxanthin (Dansou et al., 2021a), b-carotene, canthaxan-
thin, b-cryptoxanthin, adonirubin, and adonixanthin (Honda et al.,
2020b), as well as further lutein and zeaxanthin (Abdel-Aal et al.,
2017) were detected in egg yolks. On the other hand, carotenoids
in fowlsmay go through oxygenation, hydrogenation, esterification,
de-esterification, enzymatic cleavage, or isomerization before
deposition into eggs.

4.2.1. Enzymatic cleavage and apocarotenoids in eggs
Carotenoids such as b-carotene and b-cryptoxanthin are provi-

tamin A. After absorption, b,b-carotene 15,150-dioxygenase (BCO1)
oxidatively cleaves these carotenoids at the central 15,150 double
bond to produce one or two retinal (vitamin A aldehyde)molecules.
The retinal thus formed is reduced to retinoic acid or retinol
(vitamin A) (Fig. 3A) (Dela Sena et al., 2016; Harrison and Kopec,
2018). Thenceforth, although provitamin A carotenoids may be
present in egg yolk after supplementation, a huge amount of them
is converted into vitamin A before deposition into egg yolks,
thereby enhancing the content of vitamin A in eggs. Vitamin A is by

Fig. 2. Absorption and transport mechanism of carotenoids from the food matrix to the egg yolks. (A) In the gastrointestinal tract, carotenoids in the food matrix are first released
under the effects of intestinal enzymes, then dispersed in lipids and solubilized in mixed micelles. The mixed micelles pass the unstirred water of the intestine for uptake to the
enterocyte through passive diffusion or other lipid transporters such as the scavenger receptor class B type 1 protein (SR-B1), the cluster of differentiation 36 (CD36), or the
Niemann-Pick C1 (NPC1). Once in the enterocytes, the carotenoids are incorporated into portomicrons for transport to the liver by the portal vein. (B) In the liver, the carotenoids
and their metabolites are incorporated into different lipoproteins including the yolk-targeted very low-density lipoprotein (VLDLy) for transport to the oocytes. (C) The carotenoid
containing VLDLy passes through the granulosa layer, binds to the LR8 receptor (a low-density lipoprotein receptor family member with eight ligand binding repeats) in the
perivitelline layer without degradation, and is endocytosed in the oocyte.
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Fig. 3. Oxidative cleavage of carotenoids by b-carotene oxygenase 1 (BCO1) and b-carotene oxygenase 2 (BCO2). (A) BCO1 cleaves provitamin A carotenoids (b-carotene shown here)
at the central 15,150 double bond to produce retinal which yields vitamin A and retinoic acid after dehydrogenase. (B) BCO2 at the 9,100 double bond breaks no-provitamin A
carotenoid (lutein shown here) to yield either 3-hydroxy-b-apo-100-carotenal or 3-hydroxy-a-apo-100-carotenal. Also, BCO2 can cleave provitamin A carotenoid (b-carotene shown
here) to produce b-apo-100-carotenal which in turn is cleaved by BCO1 to produce retinal.
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far the main apocarotenoid derived from the enzymatic cleavage of
provitamin A. However, the conversion rate is closely related to the
vitamin A status in the diet. A high vitamin A status is assumed to
decrease provitamin A carotenoid cleavage and conversion into
vitamin A, and vice versa (Rodriguez-Concepcion et al., 2018). On
the other hand, the formation of vitamin A may be more critical for
b-carotene than b-cryptoxanthin. For instance, when laying hens
were fed a diet based on either b-carotene biofortified maize or b-
cryptoxanthin biofortified maize, egg yolks content in b-cryptox-
anthin significantly increased, meanwhile, the content in b-caro-
tene did not change. Meantime, there was an increase in the yellow
color score of eggs enriched with b-carotene suggesting a deposi-
tion of b-carotene as well, although this may be very low (Liu et al.,
2012).

Alternatively to BCO1, b,b-carotene 90,100-oxygenase (BCO2)
catalyzes the oxidative cleavage of the provitamin A carotenoids a-
carotene, b-carotene, and b-cryptoxanthin but also the non-
provitamin A carotenoids such as zeaxanthin and lutein at the
9,10 and 90,100 double bonds as demonstrated by purified recom-
binant chicken BCO2 (Fig. 3B) (Dela Sena et al., 2016). In chicken
myoblasts, BCO1 was responsible for the catalytic conversion of b-
carotene into retinoic acid to inhibit the cells’ proliferation. How-
ever, when BCO1 was deficient, the BCO2 gene was overexpressed,
leading to a proliferation decrease and contributing to a residual
response to b-carotene (Praud et al., 2017). On the other hand, the
ability of chickens with a derived BCO2 genotype to allocate stored
carotenoids to their eggs suggested a physiological benefit of the
introgressed BCO2 in limiting any deficit of carotenoids during egg
production (Fallahshahroudi et al., 2019). Thus, carotenoids in
birds, like mammals, are broken down by two major recognized
enzymes: the b-carotene oxygenase 1 (BCO1), specifically active on
provitamin A carotenoids, and the b-carotene oxygenase 2 (BCO2),
active on both pro- and non-provitamin A carotenoids. Because of
the asymmetry of carotenoid molecules, cleavage by BCO2 can
result in several apocarotenoids from a single molecule. Nonethe-
less, BCO2was ineffectivewith lycopene and b-apocarotenoids, and
the catalytic activity of BCO2 with b-carotene as the substrate was
at least 10-fold lower than that of BCO1 (Dela Sena et al., 2016). In
mice cells, BCO2 can asymmetrically cleave a full-length carotenoid
at the 9,10 double bond to form an apocarotenoid which is then
cleaved again at the 90,100 double bond site, resulting in the pro-
duction of a di-apocarotenoid product (Bandara et al., 2021).
However, neither chicken BCO2 nor BCO1 was effective on hydroxy
apocarotenoids whereas the cleavage of no hydroxylated apocar-
otenoids was assured by BCO1 as represented in Fig. 3B (Dela Sena
et al., 2016).

4.2.2. Isomerization and carotenoid isomers in eggs
During the transfer of carotenoids from the food matrix to eggs,

they may be subject to isomerization. Factors such as acidic pH
(Mel�endez-Martínez et al., 2009), the presence of metal ions (Li
et al., 2012), and heat treatment (Mezzomo and Ferreira, 2016)
favor the isomerization of all-E carotenoids to Z isomers. Therefore,
the inner temperature (up to 50 �C) (Sarra et al., 1992), the pH
(2.5e7) (Mabelebele et al., 2013), and the different chemical and
enzymatic reactions in the gastrointestinal tract of chicken may
offer a good environment for isomerization of carotenoids. To
illustrate this, lycopene content in egg yolk following supplemen-
tation of laying hens’ diets with all-E lycopene revealed that egg
yolk contained more than 65% of Z isomers (Honda et al., 2019).
Similarly, Honda et al. (2020b) found that 25% of astaxanthin con-
tent in egg yolk was present in Z isomers, meanwhile the feeding
source, P. carotinifaciens, accumulated less than 5% of astaxanthin Z
isomers. From our study on astaxanthin supplementation in the
diet of laying hens, we also found a huge increase of Z isomers in

egg yolks when compared with the feeding source (Dansou et al.,
2021b). The total Z-isomer ratios of astaxanthin, adonirubin, and
adonixanthin in P. carotinifaciens cell powder were 3.9%, 11.3%, and
5.0%, respectively, and those in the pulverized form were 4.2%,
11.6%, and 5.3%, respectively. However, contrary to both diets, the Z-
isomer ratios of astaxanthin, adonirubin, and adonixanthin in egg
yolk were approximately 25%, 20%, and 7%, respectively (Honda
et al., 2020b). These results sustain the assumption of the isomer-
ization of all-E isomers into Z isomers but also suggest that the
accumulation of carotenoid Z isomers in egg yolk differs depending
on the type of carotenoids.

4.2.3. Other metabolic reactions
Following the chemical and enzymatic reactions occurring

during the passage of carotenoids from the food matrix to depot
sites, different metabolites of carotenoids were found in some
birds' eggs. After feeding zebra finches with a diet enriched with
lutein, cryptoxanthin, and zeaxanthin, anhydrolutein was found in
the eggs and serum of the said birds (McGraw et al., 2002). In
addition, supplementation of laying hens' diet with seaweed meal
containing fucoxanthin, violaxanthin, and furanoid gave rise to the
presence of fucoxanthinol, fucoxanthinol 30-sulfate, and para-
centrone (metabolites of fucoxanthin), and difuranoid auroxanthin
(metabolite of violaxanthin/furanoid derivatives) in egg yolks,
meanwhile neither fucoxanthin nor violaxanthin was detected in
egg yolks (Strand et al., 1998). On the other hand, a metabolite of
lutein, 30-oxolutein (3-hydroxy-30-oxo-b,ε-carotene), was detected
in quail, turkey, and laying hen's eggs, following feeding with a diet
containing lutein but free of 30-oxolutein (Tyczkowski et al., 1986).
Such ability of laying hens to metabolize oxycarotenoids and de-
posit the derivatives in the egg yolks was confirmed in another
study involving laying hens fed a diet containing a huge amount of
lutein, little lutein monoester and lutein diester, traces of epox-
ylutein, and an undetectable amount of 30-oxolutein. More than 20
carotenoids such as lutein, lutein monoester, lutein diester, 30-
oxolutein, cryptoxanthin, zeaxanthin, b-carotene, and zeacarotene
were detected after analysis of the egg yolks (Schaeffer et al., 1988).
The chemical reactions involved in these metabolic trans-
formations are presented in Fig. 4.

It may be worth mentioning some metabolic processes that
occur in colorful birds and broilers as well, although not within the
primary scope of this review. Birds can metabolically oxidize car-
otenes to form xanthophylls and differently colored forms, which
are then absorbed into different tissues and organs (Anton, 2007;
McGraw et al., 2002). Ingested carotenoids may also be metaboli-
cally modified before deposition, for example, by ketolase activity
at the b- and ε-rings (Mendes-Pinto et al., 2012). Dehydrogenation,
like 4-oxidation reactions, is a common metabolic conversion in
colorful songbirds, especially those with yellow plumage. Such
dehydrogenation involves the conversion of hydroxyl groups to
carbonyls at the C3 position on the end rings of the carotenoid
molecule (McGraw et al., 2003). Otherwise, red plumage colorants
are formed following a series of oxidation reactions at the C4 or 40

positions. One or two keto groups are then inserted into the b-
ionone rings of a given dietary carotenoid molecule (McGraw et al.,
2003). Enzymatic 4-oxidation of the b-end group appears to be the
predominant metabolic pathway leading to the production of red
pigments. Because xanthophylls are absorbed preferentially, ado-
nirubin found in wild bullfinches might be formed by a double
oxidation of b-cryptoxanthin, astaxanthin from zeaxanthin, and a-
doradexanthin from lutein. Papilioeritrinone may be produced by
oxidation of the allylic hydroxyl of the ε-end group in a-doradex-
anthin, whereas canthaxanthin may be derived from b-carotene in
low concentrations (Morishita et al., 2001). In broiler chicks,
canthaxanthin was found partly reduced to hydroxyechinenone, a
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more polar hydroxycarotenoid whose hydroxyl group was acylated
in part to form an ester, less polar than canthaxanthin (Tyczkowski
and Hamilton, 1986). In another study, a part of canthaxanthin was
reduced to 4-hydroxyechinenone that in turn was reduced in part
to isozeaxanthin (Tyczkowski et al., 1988). All those different re-
actions show the complexity of the mechanism of metabolism of
carotenoids in birds, and probably before accumulation into eggs.
Nonetheless, there is no evidence on whether all the above-
mentioned metabolites can be stored in egg yolks.

4.2.4. Metabolism sites of carotenoids
Several studies suggested the liver as the main site of carotenoid

metabolism. However, the metabolism sites still cannot be clearly
identified. del Val et al. (2009) found that the liver may act as the
main site for the synthesis of carotenoid metabolites in common
crossbills. Schiedt et al. (1985) also reported that zeaxanthin was
esterified and stored in the liver of laying hens. Similarly,
Tyczkowski et al. (1986) reported that the oxidation of lutein might
occur in the liver, fromwhere 30-oxolutein is partially released into
the intestinal lumen via the bile and the residual 30-oxolutein goes
to the serum where it is transported to depot sites including eggs.
However, these authors did not exclude the possibility of oxidation
of lutein in the oviduct in opposition to Schaeffer et al. (1988) who
assumed later that the metabolism site of lutein was not the ovary
based on the concentrations and ratios of lutein and its metabolites
in serum and yolk. Moreover, Wyss (2004) has reported that the

conversion sites of carotenoids into vitamin A in chickenmay be the
duodenum, liver, kidney, and lungs because BCO1was expressed in
all these organs. Alternatively, Fallahshahroudi et al. (2019) showed
that BCO2 expression was maintained in the intestine and liver
while being downregulated in adipose tissues, muscle, and skin
during carotenoid accumulation. Because VLDLy responsible for
carotenoid transport to the yolk originated extensively from the
liver, the latter could be considered as the main source of carot-
enoid metabolites present in eggs, although an oviduct source of
metabolism cannot be rejected. However, because both liver and
eggs serve as storage organs, some metabolites from other organs
might reenter the circulatory system, be reimported by the liver,
and then deposited into the yolk. Hence, the carotenoidmetabolites
in eggs may also originate from other organs where they are not
used. Currently, there is no evidence on the site of the metabolism
of carotenoids. Moreover, the different enzymatic and chemical
reactions appearing in the animal that favor the metabolism of
carotenoids are still uncovered. The accumulation of carotenoid
metabolites in egg yolks requires more attention. Fig. 5 presents a
proposed pathway for carotenoid metabolism in birds leading to
the deposition of the metabolites in eggs.

4.3. Depletion of carotenoids in eggs

Aminimal dose of carotenoid content in eggs was achieved after
12 days of washout period, feeding laying hens with a diet depleted

Fig. 4. Possible reaction mechanisms for the metabolic conversion of carotenoids which metabolites were determined in eggs.
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in carotenoid in an experiment by Moreno et al. (2020). Wu et al.
(2009) applied a 14-day period of carotenoid deprivation to reach
the carotenoid content in eggs lower than the method detection
limit. However, the depletion of carotenoids from egg yolk may
depend on the dose of supplementation in the feed. Depletion of
carotenoid from high dose carotenoid-enriched eggs was found to
be slower than that in moderate- or low-dose supplementation. It
was reported that yolk pigmentation in a group of laying hens fed a
diet supplemented with 1.5% R. rubra yeast began to diminish 2
days after removal and stabilized at the level of the control group.
Meanwhile, the pigmentation of yolks in the group supplemented
with 3.0% began to diminish 3 days after depletion shifting grad-
ually for 7 days before eventually stabilizing at the level of the other
groups (Pârvu and Paraschivescu, 2014).

5. Enrichment efficiency of carotenoids

Production of efficient carotenoid-enriched eggs requires opti-
mization of the use of carotenoids in birds. According to Surai
(2012), overall, canthaxanthin is deposited at 30% to 45%, zeax-
anthin at 25%, and astaxanthin at 14% in egg yolk. In their experi-
ment, Burt et al. (2013) found that b-cryptoxanthin had a higher
average efficiency of deposition in eggs (99%) than lutein (43%) and
zeaxanthin (30%). On the other hand, Hammershoj et al. (2010)
reported that lutein supplementation from various dietary sour-
ces resulted in concentrations of approximately 7e120 mg/kg of
yolk, whereas the content of zeaxanthin was comparatively low,
varying between 0.2 and 13 mg/kg yolk showing the large range of
efficiency. Table 1 summarizes the efficiency of carotenoids to
enrich table eggs as measured in different study conditions. It is
worth mentioning that the comparison of efficiency inter- or intra-
carotenoids from one study to another might be challenging due to
the differences between animals and study conditions. Thus, the
efficiency of carotenoids to enrich egg yolk cannot accurately be
discussed without referring to the different beforehand processes
and parameters influencing the deposition of carotenoids in eggs.

Different parameters were revealed as key factors influencing the
absorption, transport, metabolism, and deposition of carotenoids,
and then their efficiency to enrich egg yolks. The most prevalent
factors that affect the efficiency of carotenoids are summarized in
Fig. 6.

5.1. Amount of carotenoids

A common feature of all carotenoid supplementation is the
dose-dependent accumulation in egg yolks. Several studies
demonstrated that the more carotenoids in the feed, the higher the
concentration in eggs. This is consistent for different carotenoids,
regardless of the source including fortified maize, algae supple-
mentation, and by-product residual (Gao et al., 2020; Honda et al.,
2019; Moreno et al., 2020; Weber et al., 2013). By contrast, the ef-
ficiency is generally decreased with an increase in supplementation
dose. The lutein content in egg yolks improved remarkably when
bird diets were supplemented with up to 500 ppm (500 mg/kg) of
lutein, but the transfer efficiency was lowered as the dietary lutein
increased. The transfer efficiency declined from 10% with 125 ppm
(125 mg/kg) in the diet to 2% to 3% with a lutein level of 500 ppm
(500 mg/kg) (Leeson and Caston, 2004). Similarly, the efficiency of
lycopene diminished as the amount of supplementation increased
(from 65 to 650 mg/kg diet) in an experiment on laying hens. Based
on regression analysis, the optimum lycopene accumulation in egg
yolk was expected to occur at 420 mg/kg in the diet (Olson et al.,
2008). In addition, a limit on the deposition rate of canthaxanthin
into egg yolks was recorded because laying hens fed a diet sup-
plemented with 12 mg/kg diet of canthaxanthin yielded just 20% to
39% more canthaxanthin in eggs than those supplemented with
just 6 mg/kg diet canthaxanthin (Johnson-Dahl et al., 2017). Higher
supplementation of calendula and dandelion did not achieve a
higher content of carotenoid in eggs (15.27 and 15.36 mg/g at 1%,
respectively, compared with 21.76 and 22.8 mg/g at 3% supple-
mentation level (Kljak et al., 2021a)). However, the same authors
also reported that with marigold supplementation, the values were

Fig. 5. Proposed pathway of carotenoid metabolism in birds leading to the deposition of the metabolites into eggs. Carotenoids (C), non-provitamin carotenoids (NPV-C), provitamin
carotenoids (PV-C), apocarotenoids (Apo-C), b-carotene oxygenase 1 (BCO1), and the b-carotene oxygenase 2 (BCO2), bold blue arrows (known pathways), bold dash red arrows
(uncertain pathways). Carotenoids in the intestine are subject to BCO1 and BCO2 enzymatic cleavage as well as other chemical reactions to form vitamin A, apocarotenoids, and
other derivatives. The metabolites and non-converted carotenoids are transferred into the liver, the main site of metabolism, where they can be exposed to further enzymatic and
chemical reactions before transfer to the ovary and peripheric organs. Unused carotenoids and metabolites in the peripheric organs could reenter the circulatory system, pass into
the liver, and transfer to oocytes for accumulation. Meanwhile, carotenoids in the oocytes could be exposed to oxidative reactions during passage to the oviducts as well.
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33.96 mg/g at 1% and 66.95 mg/g at 3%. This suggests that the effect
of carotenoid dose level in the feed also depends on the species of
carotenoid. In our study, we also found that a very low supple-
mentation of astaxanthin in the diet may result in a lower efficiency
in eggs because laying hens might give priority to carotenoid in use
as an antioxidant instead of storage in eggs (Dansou et al., 2021b).
In conclusion, both very low and very high additions of carotenoid
in the diet may affect its bioavailability and accumulation in eggs.

5.2. Matrix and sources of carotenoids

The matrix in which a carotenoid is embedded is another
determining factor that affects its absorption and bioavailability
(Kopec and Failla, 2018). Based on the pigmentation efficacy,
different studies revealed that yellow synthetic carotenoids
including apo-ester and canthaxanthin were more efficient than
natural carotenoids including marigold and algae Chlorella
(Balnave and Bird, 1996; Englmaierov�a et al., 2013a). Likewise,
Sirri et al. (2007) reported that diets supplemented with the
yellow pigment apo-ester caused a better accumulation of b-

carotene in eggs than diets with marigolds. The efficiency of apo-
ester to facilitate b-carotene accumulation in eggs was 50% and
55% for Hy-Line and ISA Brown, respectively, compared with 16%
and 18% for Hy-Line and ISA Brown, respectively, when it comes
to marigolds. Consequently, the efficiency ratio of apo-ester to
marigold was about 3:1 which was also reflected in the
coloration.

To improve the transfer efficiency of carotenoids to egg yolks,
some treatments are performed. Pulverization treatment of
P. carotinifaciens powder increased the efficiency of carotenoid
deposition in egg yolks (Honda et al., 2020b). Moreover, the smaller
size of corn particles can increase surface contact with intestinal
enzymes and carriers, favoring the enterohepatic absorption of
carotenoids for the pigmentation of egg yolks, thereby allowing
more effective absorption of carotenoids (Oliveira et al., 2019). In
addition, the saponification of natural paprika and marigold
pigmentation products resulted in increased pigmentation quality
of these products. The pigmenting ability of saponified xantho-
phylls was a minimum of 1.5 times that of nonsaponified xantho-
phylls (Galobart et al., 2004).

Table 1
Dose response and transfer efficiency of carotenoid in poultry as measured in different conditions of study.

Carotenoids Species Sources Carotenoid content in
diet, mg/kg

Carotenoid content in egg, mg/g Transfer efficiency, % 1 References

a-Carotene Laying hens Bolero Orange 34.2 0.58 0.2 Hammershoj et al. (2010)
Laying hens Rainbow Yellow 5.6 0.16 0.5 Hammershoj et al. (2010)
Laying hens Purple Haze Purple 71.2 1.29 0.3 Hammershoj et al. (2010)

b-Carotene Laying hens Bolero Orange 84.9 1.84 0.3 Hammershoj et al. (2010)
Laying hens Rainbow Yellow 15.3 0.52 0.5 Hammershoj et al. (2010)
Laying hens Purple Haze Purple 121.2 3.39 0.5 Hammershoj et al. (2010)

Lutein Quail Marigold extract 10.56 2 33.792 22.6 Karadas et al. (2006)
Laying hens Tagets premix 128 and 518 1.43 and 1.65 mg/60 g egg3 10 and 3 Leeson and Caston (2004)
Laying hens Bolero Orange 1.7 8.25 19.5 Hammershoj et al. (2010)
Laying hens Rainbow Yellow 1.9 10.40 27.4 Hammershoj et al. (2010)
Laying hens Purple Haze Purple 6.5 12.23 18.8 Hammershoj et al. (2010)
Laying hens Marigold extract 191.33 and 388.70 107.41 and 118.86 Grcevic et al. (2019b)
Laying hens Tomato powder 0.25, 0.5, and 0.75 13.2, 13.6, and 13.9 Habanabashaka et al. (2014)
Laying hens Lutein powder extract 67.20 133.9 Englmaierov�a et al. (2013)
Laying hens Chlorella 21.4 49 Englmaierov�a et al. (2013)
Laying hens Marigold flower extract 3.9, 4.7, and 6.2 22.6, 26.2, and 29.8 Sk�rivan et al. (2016)
Laying hens Corn gluten meal 6.90, 10.27, 13.61, and

16.95
91.9, 142.7, 163.2, 197.1, and
242.9

Shin et al. (2016)

Laying hens Corn distillers dried
grains with solubles

9.87, 14.57, 19.27, and
23.95

91.9, 119.9, 150.7, 176.6, and
211.9

Shin et al. (2016)

Laying hens Lutein 250 1.04 mg/60 g3 14.0 Sk�rivanov�a et al. (2017)
Laying hens Chlorella alga 12,500 0.70 mg/60 g3 16.4 Sk�rivanov�a et al. (2017)

Zeaxanthin Laying hens Bolero Orange 0.1 2.23 18.9 Hammershoj et al. (2010)
Laying hens Rainbow Yellow 0.3 2.62 27.9 Hammershoj et al. (2010)
Laying hens Purple Haze Purple 1.0 2.15 20.1 Hammershoj et al. (2010)
Laying hens Marigold flower extract 3.0, 3.8, and 4.5 14.6, 17.0, and 19.2 Sk�rivan et al. (2016)
Laying hens Lutein 250 0.96 mg/60 g3 13.7 Sk�rivanov�a et al. (2017)
Laying hens Chlorella alga 12,500 0.70 mg/60 g3 15.3 Sk�rivanov�a et al. (2017)

Canthaxanthin Laying hens Carophyll1 red, roche 0.5, 1, 2, 4, 8, 16, 32, and
64

1.58, 2.92, 4.66, 9.92, 20.8, 41.2,
86.7, and 154.5

50.9, 45.8, 37.2, 40.3,
40.6, 38.6, 43.6, and 47.2

Grashorn and Steinberg (2002)

Laying hens Reagent-grade 0.37, 0.75, 1.5 0.11, 0.33, 0.52 Akiba et al. (2000)
Lycopene Quail Tomato powder 2.26 1.48 5.8 Karadas et al. (2006)

Laying hens Roche lycopene
(10%, water soluble)

12 mg 1.88 2 Kang et al. (2003)

Laying hens DSM nutritional
products Inc.

10 and 20 0.80 and 0.88 1.06 An et al. (2019)

Laying hens Tomato oleoresin 100, 200, and 300 1.58, 1.67, and 1.71 Honda et al. (2019)
Laying hens Synthetic 20 2.4 Orhan et al. (2021)
Laying hens Tomato powder 20 2 Orhan et al. (2021)
Laying hens Tomato powder 10.5, 21, and 31.5 0.5, 0.83, and 0.95 Habanabashaka et al. (2014)

Astaxanthin Laying hens Heamatococcus pluvialis 7.1, 14.2, 21.3, and 42.6 2.43, 6.65, 10.67, and 22.13 4.19, 5.54, 6.07, and 5.76 Dansou et al. (2021b)
Laying hens H. pluvialis 25, 50, and 100 12.87, 21.06, and 44.20 Gao et al. (2020)
Laying hens Genetically-engineered

maize BKT
4.42 6.56 Moreno et al. (2020)

1 Some of the experiments did not report the efficiency value.
2 The data from the original research articles have been converted into milligrams per kilogram in order to be consistent.
3 The carotenoid contents were reported as milligrams per 60 g of egg.
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5.3. Genetics and host-related factors

Limitations in carotenoid accumulation can arise after ingestion
andmay depend on the physiological demands in relationship with
the health status, genetics, and nutritional state of each bird
(Hargitai et al., 2006). The impact of sex was remarkable in
passerine birds because they emphasize feather coloration for
sexual attractiveness above deposition into eggs (McGraw, 2005).
Therefore, feather coloration could affect the allocation of carot-
enoids to eggs. On the other hand, differences regarding interspe-
cies variation inmicelle, portomicron, or lipoprotein concentrations
or affinities to xanthophyll carotenoids likely cause variations in
carotenoid accumulation. Passerine birds had greater amounts of
carotenoids in serum than gamebirds (McGraw, 2005). In table egg
production, Kojima et al. (2022) found that zeaxanthin and lutein
content in the egg yolk of Rhode Island Red and Silky Fowl henswas
affected by breed. Silky Fowl hens had higher carotenoid contents
than Rhode Island Red. In addition, the lutein but not zeaxanthin
and astaxanthin content in egg yolk was affected by the interaction
between breeds and diet type. Similarly, ISA Brown had a higher
carotenoid deposition rate in eggs than Hy-Line (Sirri et al., 2007).

It is assumed that birds have different needs of carotenoids
depending on their reproductive state and age. Bortolotti et al.
(2003) found that the diet content of carotenoids at the end of
the laying season of Red-Legged Partridge (Alectoris rufa) affected
egg content but not plasma concentration. Later, Hammouda et al.
(2014) reported no difference between plasma lutein levels in
early-laying and late-laying females, but the egg yolk lutein content
decreased in late laying compared with early-laying. The decrease
in lutein transfer to eggs within the breeding season may reflect a
change in the distribution of carotenoids between self-
maintenance and reproduction. This could also support the obser-
vations from laying hens. Lutein and zeaxanthin contents in eggs
from early-age laying hens (21.8 and 13.4 mg/g, respectively) were
significantly higher than laying hens of intermediate- and late-age.

Moreover, the carotenoid contents calculated on a per egg basis also
showed the significantly highest content in eggs from early-age
laying hens, in comparison to eggs from intermediate-age and
late-age laying hens. An active metabolism of laying hens at an
early agemay be a possible reason behind the higher content at that
stage as well (Ko et al., 2020). We also found that a long-term
supplementation (24 weeks) of astaxanthin to laying hens led to
a decrease in deposition in egg yolks probably due to egg yolk size
and saturation in astaxanthin accumulation (Dansou et al., 2021b).

In addition, the absorption and deposition of carotenoids in
organs may be impaired by parasites. The concentration of lutein in
the eggs of Barn swallows whose immune system was threatened
with an antigen that induced a humoral immune response was
lower than that of the eggs of unchallenged females. This suggested
that the use of carotenoids for health care was prioritized rather
than accumulation in eggs (Saino et al., 2002). In conclusion, bird
strain, laying order, reproduction output, age, and maternal infec-
tion all can modulate the absorption of carotenoids, then the
deposition in eggs.

5.4. Species and molecular linkage of carotenoids

Fowls seem to discriminate against some carotenoids while fa-
voring others during absorption. It was shown that xanthophylls
were more effective in birds and laying hens than carotenes so that
they are used more frequently than the latter (Blount et al., 2001;
Møller et al., 2000). Laying hens fed a xanthophyll-enriched maize-
based diet more efficiently accumulated violaxanthin in egg yolk at
different proportions than b-carotene (Moreno et al., 2020). Simi-
larly, in a study implying different carotenoid by-products sup-
plementation to diet, lutein was preferentially and more effectively
delivered to quail egg yolk than any other individual carotenoid,
meanwhile, b-carotene presented the lowest efficiency (Karadas
et al., 2006). When laying hens were fed diet supplemented with
carrots (Daucus carota), the average deposition efficiency of lutein

Fig. 6. Factors influencing the efficiency of carotenoids to enrich eggs.
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and zeaxanthin was around 25%, meanwhile, b-carotene was
deposited quite ineffectively with an average of 0.5% (Hammershoj
et al., 2010). In breeder hens, alfalfa extract supplementation
resulted in eggs that are mainly enriched with lutein with some
zeaxanthin. In the eggs laid by the supplemented hens, however, a
small amount of b-carotene was retrieved, whereas no b-carotene
was found in the eggs of the control birds (Karadas et al., 2005a).

Added to the conversion of b-carotene into vitamin A discussed
in Section 4.2.1, the inability of laying hens to deposit b-carotene
into the egg yolk may also be ascribed to the polarity effect. In fact,
nonpolar carotenes are absorbed, transported, and incorporated
less effectively than more polar xanthophylls (Hargitai et al., 2006).
Polar carotenoids such as canthaxanthin and b-8-apocarotenoic
acid ethyl ester affected egg yolk coloration following a week of
supplementation whereas b-carotene did not (Na et al., 2004). The
deposition efficiencies of lutein (on average 25.52%) and zeaxanthin
(on average 26.05%) were higher than those of b-cryptoxanthin (on
average 8.30%) and b-carotene (on average 5.65%) (Kljak et al.,
2021b). In an experiment by Burt et al. (2013), the ratio of
lutein:zeaxanthin in the diet as compared with egg yolk indicated
that lutein is preferentially accumulated in the egg yolk compared
with zeaxanthin for those corns. This ratio was even lower in egg
yolk, especially considering the diet supplemented with marigolds.
This also suggests a link between the type of carotenoid and the
matrix to affect the carotenoid deposition into eggs.

Studies revealed that the physicochemical properties and
additional molecular groups such as ester or aldehyde might affect
the deposition of carotenoids into eggs. Before the absorption of
carotenoid esters, the fatty acid group is cleaved by pancreatic
carboxyl ester lipase to form free xanthophylls in the gastrointes-
tinal tract (von Lintig et al., 2020). Thus, the degree of esterification
is believed to decrease the absorption of carotenoids. In fishes,
mice, and in vitro, the bioavailability of free astaxanthin and
astaxanthin monoester was significantly higher than that of
astaxanthin diester. Moreover, astaxanthin ester with short-chain
fatty acids was more bioavailable than that with long-chain fatty
acids. Meanwhile, low unsaturated fatty acids astaxanthin ester
presented better bioavailability than their high unsaturated fatty
acid counterparts (White et al., 2003; Yang et al., 2021). Never-
theless, there are controversial findings about the effect of esteri-
fication degree on carotenoid bioavailability. Mariutti and
Mercadante (2018) have reported similar or even higher bioavail-
ability of carotenoid esters with comparison to free carotenoids as
analyzed in the plasma and serum of humans. Failla et al. (2019)
also reported comparable bioavailability of esterified and free ca-
rotenoids. In laying hens, a quantitative study revealed equivalent
plasma lutein and capsanthin concentrations regardless of whether
free or esterified carotenoids were given (Breithaupt et al., 2003).
Lutein concentrations in plasma between laying hens fed either
unesterified or esterified luteinwere not significantly different after
7 days of the test. However, the concentration was higher in laying
hens fed unesterified lutein than in those fed esterified lutein on
day 3 of the experiment (Wu et al., 2009). In fact, the hydrolyzation
of carotenoid ester may delay the absorption of carotenoid but
should not affect the total amount of carotenoid absorbed. The
lower amount of carotenoid absorbed with esterified carotenoids in
the aforementioned studies was mostly analyzed in plasma within
70 h after consumption. Few studies exist on the esterification ef-
fect on carotenoids' efficiency in laying hens’ eggs. The carotenoid
contents in eggs from laying hens fed a diet supplemented with
lutein, zeaxanthin, and meso-zeaxanthin diacetates were higher
than the contents in eggs from laying hens fed unesterified carot-
enoids. Furthermore, the content of carotenoids in eggs from a diet
supplemented with zeaxanthin diacetate and meso-zeaxanthin
diacetate was higher than in those fed lutein (unesterified and

diacetate) and a mixture of meso-zeaxanthin and lutein (diacetate)
(Nolan et al., 2016). This may lead to even better bioavailability of
carotenoid esters and deposition into eggs, but also revealed that
the effect of esterification also depends on the type of carotenoid.

Finally, the geometrical configuration of carotenoids may also
affect their efficiency. In fishes, crustaceans, and humans, a better
bioavailability of Z isomers than all-E isomers or a preferential
distribution of Z isomers into certain organs is also suspected
(Yeum and Russell, 2002; Yu and Liu, 2020). An in vitro study by
Yang et al. (2017) revealed that both all-E to Z and Z to all-E isom-
erizations of astaxanthin were possible. However, most impor-
tantly, their study demonstrated that the bioaccessibility of 13-Z
isomers was higher than those of 9-Z and all-E. In laying hens, all-E
to Z isomerization of carotenoids leading to a better accumulation
of Z isomers in eggs is clearly established (Section 4.2.2). However,
there is no evidence of the better absorption of Z isomers compared
with all-E isomers. Further studies employing in vitro cells and
stable isotopes may be valuable to elucidate this aspect.

5.5. Absorption effectors

Different dietary factors known as effectors may also influence
the accumulation of carotenoids in egg yolk. In general, because
carotenoids are lipophilic compounds, their efficiency is increased
with incorporation of dietary lipids. Fat has three separate effects; it
creates a hydrophobic milieu for the released carotenoids, stimu-
lates bile salt production, and promotes the creation of micelles
(Priyadarshani, 2017). Many authors have highlighted the impor-
tance of dietary fat in carotenoid absorption. However, the amount
of dietary fat required for optimum absorption of carotenoids is
unclear. Selvaraj et al. (2006) reported that higher dietary fat up to
6% did not increase tissue lutein levels and that 3% dietary fat may
be enough to optimize lutein absorption up to 50 mg/kg feed. Be-
sides, the saturation of fat has the potential to influence the
bioavailability of xanthophylls. Feeding laying hens with diets
enriched in saturated fatty acids and with a low dietary unsatu-
rated/saturated ratio may reduce lutein, zeaxanthin, and total
carotenoid levels in egg yolk during the early-laying period. In
contrast, providing diets with a higher content of polyunsaturated
fatty acids and fewer saturated fatty acids did not affect egg yolk
carotenoids (Papadopoulos et al., 2019). Moreover, with the
particular characteristics of xanthophyll esters such as higher fat
solubility and de-esterification before absorption, their re-
quirements for fat for better assimilation are much higher. There-
fore, efficient absorption of xanthophyll esters at levels similar to or
higher than their free-form counterparts required greater fat intake
(Fern�andez-García et al., 2012).

By contrast, fibers are generally known to reduce the bioavail-
ability of carotenoids in the intestine (Priyadarshani, 2017). For
example, lutein retention in egg yolk was tested in laying hens fed
either diet-based corn distillers' dried grains with soluble or corn
gluten meal. The results showed a lower concentration of lutein in
egg yolks from corn distillers’ dried grains (47.7 mg/g) than with
corn gluten meal (77.4 mg/g) (Shin et al., 2016). Moreover, other
nutritional factors were evaluated to be detrimental (aflatoxin, high
amount of vitamin A) or beneficial (reproductive hormones,
vitamin E, and other carotenoids) to the absorption of carotenoids.
Zaghini et al. (2005) reported that aflatoxin B1 may interfere with
lipid metabolism, carotenoid absorption, or yolk deposition,
resulting in changes in certain color characteristics. Aflatoxin
inhibited carotenoid absorption to a higher extent in low fat diets
than in high fat diets, demonstrating the intricacy of mycotoxin
interactions. In Japanese quail, GnRH association with a carotenoid
supplementation diet favored the deposition of carotenoid into egg
yolks. The concentrations of carotenoids and vitamins in yolks were
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significantly and positively correlated with testosterone concen-
tration in egg yolks (Peluc et al., 2012). Vitamin E (a-tocopherol)
efficiency to improve carotenoid absorption was evaluated and it
was found that eggs from the group of laying hens supplemented
with lutein ester associated with tocopherol accumulated more
lutein (13.72 mg/kg), zeaxanthin (0.65 mg/kg), and a-tocopherol
(297.40mg/kg) than the group supplemented with only lutein ester
(10.96, 0.55, and 205.20 mg/kg, respectively). Hence, a-tocopherol
in diet may improve the bioavailability of lutein. Owing to the use of
a-tocopherol as an antioxidant, better bioavailability may be due to
increased absorption of lutein in the presence of tocopherol and/or
greater stabilization of lutein/zeaxanthin (Islam et al., 2016).

5.6. External conditions

The metabolic activity of birds rises in colder weather, resulting
in a greater rate of free radical generation and an increase in the
antioxidant system's activity level. As a result of their elevated
antioxidant demands, females may be unable to invest substantial
amounts of carotenoids in their eggs in cold weather and carot-
enoid distribution to the eggs may be limited due to the females'
increased antioxidant requirement. Following that, the concentra-
tion and profile of yolk carotenoids in the same bird population
may change significantly between seasons and environmental
conditions (Hargitai et al., 2006). Shuvra, Shorna, and Hy-Line
white commercial layer strains were exposed to two different
ambient temperatures (cyclic heat stress 25e35 �C and thermo-
neutral 20e21 �C). The results showed that cyclic heat stress
generally decreased the yolk color score compared with thermo-
neutral temperature, the Hy-Line commercial layer strain pre-
sented the lowest yolk color score. There was also a pronounced
correlation between the strain and temperature (Hassan et al.,
2018). Furthermore, exposure to some parasites and toxins can
also reduce the availability of carotenoids. It was found that lutein
and vitamin D3 concentrations in yolks were lower in a polluted
zone than in an unpolluted one. Thus, females in an unpolluted
zone could have better access to lutein-rich food sources and can
invest more of these nutrients in the yolk (Espin et al., 2016).
Consequently, the rearing conditions (housing and temperature) of
poultry could affect the bioaccessibility of carotenoids.

Though organic egg production requires more natural carot-
enoid addition than conventional egg production, researchers have
demonstrated some promising results based on season and system
management to improve considerably the carotenoid content of
organic eggs. Therefore, organic-plus system raising (10 m2 per hen
with access to pasture) of laying hens resulted in eggs with much
higher amounts of carotenoids and tocopherols in yolks than eggs
obtained from an organic system (4 m2 per hen with access to
pasture) and standard housing system (hens kept in cages without
access to pasture) in four seasons: winter, spring, summer, and
autumn. In addition, the highest contents of total carotenoids in egg
yolks were observed in the organic-plus hens during spring and
autumn (Mugnai et al., 2014). On the other hand, lyophilized per-
manent pasture had 128, 115, 75, and 79 mg/kg of dry matter of
lutein, zeaxanthin, a-tocopherol, and b-carotene, respectively. After
hens grazed in combination with sequential feeding of whole
wheat and balanced mixed diet, the egg yolks significantly accu-
mulated more carotenoids than the eggs from the control group
without grazing. The grazing enhanced egg concentrations of
lutein, zeaxanthin, a-tocopherol, and b-carotene by 260, 174, 270,
and 2 mg per egg, respectively (Sk�rivan and Englmaierov�a, 2014).

Finally, we could mention that the efficiency of carotenoids
might be underestimated during analysis because the measure-
ment of their metabolites is often neglected. Thenceforth, it may be
important to do proper measurements and study the functional

properties of the metabolites to maximize the efficiency of carot-
enoids in eggs.

6. Functions of carotenoids in eggs

6.1. Influence of carotenoids on the quality of eggs

The primary use of carotenoids in the poultry industry is the
enhancement of meat and egg yolk color (Mel�endez-Martínez et al.,
2021). There are numerous studies on the effect of carotenoids on
the coloration of egg yolks. Carotenoids such as b-cryptoxanthin,
canthaxanthin, lycopene, and astaxanthin confer color to the egg
yolk ranging in shade from orange to red, whereas lutein and
zeaxanthin give egg yolk a yellow color (Fan et al., 2021; Liu et al.,
2012; Orhan et al., 2021). With the color measurement CIE L*a*b*
(the International Commission on Illuminationwhere L*, a*, and b*
stand for relative lightness, redness, and yellowness, respectively),
an increase in yolk yellowness leads to a significant increase in the
b* score (Sk�rivan et al., 2016). An increase in yolk redness leads to a
significant increase in the a* score with a slight decrease in the L*
score and b* score (Niu et al., 2008). Islam et al. (2017) explained
this negative correlation between the a* score and L* score by the
increase in darkness by certain carotenoids. However, this does not
apply to all carotenoids because other carotenoids showed a posi-
tive or fair correlation between the different color measurement
scores.

Several studies have reported that carotenoids do not affect the
physical quality of eggs such as egg weight, shell thickness,
albumen height, Haugh Unit (Honda et al., 2019; Hsu et al., 2015;
Shahsavari, 2014; Walker et al., 2012). Nonetheless, some positive
effects of carotenoids were reported. Egg and egg yolk weights from
hens fed a diet supplemented with either purified lycopene (62.80
and 18.66 g for egg and egg yolk, respectively) or tomato powder
(63.01 and 18.75 g), were greater than those of hens fed the control
diet (60.50 and 16.49 g) (Orhan et al., 2021). In addition, astax-
anthin from the bacterium Paracoccus marcusii contributed to egg
weight increase compared with the control group (Conradie et al.,
2018). Moreover, there were linear changes in egg weight and
yolk color as tomato powder content increased in laying hens’ diet
(Akdemir et al., 2012). On the other hand, some research presented
positive effects on the internal quality of eggs. For instance, the
dietary inclusion of lycopene contributed to enhancing the
albumen width of eggs (Honda et al., 2019). Besides, the inclusion
levels of Dunaliella salina biomass had a linear correlation with the
egg weight, yolk weight, and yolk index increase, as well as phys-
icochemical parameters of eggs such as increase in total caroten-
oids and decrease in thiobarbituric acid reactive substances
(TBARS) (Fernandes et al., 2020). Eggshell thickness was influenced
by a diet supplemented with 6% flaxseed meal as a source of n-3
polyunsaturated fatty acids (PUFA) and either 2% dehydrated kapia
peppers, 2% dehydrated sea buckthorn pomace, or 2% dehydrated
carrots as a rich source of carotenoids. The highest eggshell thick-
ness was recorded in the dehydrated sea buckthorn pomace group,
which was significantly higher than the two other groups (Panaite
et al., 2021). In fresh eggs, the dietary addition of canthaxanthin has
improved the resistance of egg yolk vitelline membrane as well
(Damaziak et al., 2018).

Despite numerous studies reporting the beneficial effects of
carotenoids' inclusion on egg quality, evidence cannot be found on
the real implication of carotenoids in these improvements. Egg yolk
weight is extensively related to bird intrinsic factors and diet
composition, including lipid content. The lipid content of egg yolk
ranged from 22.9% to 34.0% of its total weight, and 60.7% to 64.7% of
its dry matter in different chicken genotypes (Antova et al., 2019).
Even though it is not possible to change the global lipid content of
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yolks, studies have established that the profile of fatty acids in egg
yolk is strongly dependent on diet, and the proper balance between
linoleic acid and oleic acid in the hen's feed was proven to increase
the retention of other lipids and then increase the weight of the
yolks (Ahmad et al., 2019; Nys et al., 2011). On the other hand, lipid
metabolism may be impaired in laying hens because hepatic lipo-
genesis and lipidemia are increased, which could lead to fatty liver
hemorrhagic syndrome. Carotenoids are known to decrease fatty
liver hemorrhagic syndrome in laying hens, mainly through the
restoration of mitochondrial function which normalizes lipid
metabolism by improving the balance between lipolysis and fat
synthesis and improves b-oxidation of lipids and energy generation
(Arroyave-Ospina et al., 2021; Clugston, 2020). Therefore, a hy-
pothesis for the egg weight increase by carotenoids may be that
carotenoids improve hepatic lipid metabolism, which regulates the
synthesis and disposal of specific fatty acids contributing to the
increase of egg yolk weight and then the whole egg weight.
Another explanation may be that the different matrixes in which
the carotenoids are imbedded presumably contain other nutritional
compounds, that might have impacted the eggs as well. This
consideration should be taken into account when studying the ef-
fect of carotenoids on egg physical quality.

6.2. Influence of carotenoids on the nutritional value of eggs

Apart from the increase of total carotenoids content, which is an
important aspect of the nutritional value of eggs, carotenoids were
used for many other purposes in eggs such as the alleviation of
cholesterol levels or regulation of triglycerides and fatty acids
content (Puertas and Vazquez, 2019). In laying hens, dietary sup-
plementation with red yeast Sporidiobolus pararoseus resulted in
egg yolks with considerably lower cholesterol and triglycerides
(Tapingkae et al., 2018). While evaluating the efficacy of two
different sources of lycopene, purified lycopene was more effective
in increasing the concentration of lycopene in egg yolk, whereas
tomato powder was more effective in lowering the cholesterol
concentrations in egg yolk (Orhan et al., 2021). Similarly, lycopene
contributed to the reduction of triglycerides in yolks as the tri-
glycerides content of yolks in the group of bacterial lycopene and
commercial lycopene supplements was slightly lower than in the
control group (Hsu et al., 2015). At 6% and 9% inclusion levels of
tomato waste meal, yolk total lipids were at the lowest levels (6.94
and 6.38 mg/mL) compared with the control group (8.38 mg/mL).
Similar results were observed for total cholesterol, free fatty acids,
phospholipids, and triglycerides (Habanabashaka et al., 2014). In
terms of fatty acids, marine by-product meal was found to be a
better choice for enhancing the composition of egg yolk by
increasing n-3 highly unsaturated fatty acids (n-3 HUFA) compared
with fish meal. This is possible due to the carotenoid content in
marine by-products which reduces the oxidation of n-3 HUFA
(Toyes-Vargas et al., 2018). Likewise, rapeseed oil combined with
algae (Nannochloropsis oculate) in diets improved the nutritional
benefit of egg yolk as n-3 PUFA was enhanced following supple-
mentation of the algae in the diet (Fredriksson et al., 2006).
Moreover, there was a positive correlation between the inclusion of
alfalfa and marigold in quail breeder diets and the increase of ret-
inyl palmitate and total vitamin A in egg yolks. Vitamin A was
present as retinol (52%e62%), retinyl linoleate (9%e11%), retinyl
stearate (4%), retinyl oleate (11%e15%), and retinyl palmitate (13%e
22%) (Karadas et al., 2005b).

Carotenoids are also used to decrease lipid peroxidation in fresh
eggs. Dietary astaxanthin strengthened the antioxidant potential
and lipid profile in laying hens. Thus, in the plasma, liver, and egg
yolks, total antioxidant capacity, superoxide dismutase, and gluta-
thione peroxidase activities were elevated (Gao et al., 2020).

Moreover, antioxidant activity evaluation revealed that bacterial
lycopene had a 100% scavenging capacity of 1,1-diphenyl-2-
picrylhydrazyl (DPPH) at 4.65 mg/mL concentration, which was
more efficient than butylated hydroxytoluene (BHT) and industrial
lycopene (Hsu et al., 2015). In a study including diets supplemented
with tomato powder, concentrations of serum and egg yolk lyco-
pene, lutein, b-carotene, and vitamin A improved, whereas
malondialdehyde (MDA) decreased linearly with the increase of
supplementary tomato powder concentrations (Akdemir et al.,
2012).

6.3. Influence of carotenoids on the storage capacity of eggs

One of the most significant criteria that determine consumer
demand and choice is the freshness of the egg. However, during
storage, this freshness diminishes and is associated with a reduc-
tion in Haugh Units, albumenweight proportion, and an increase in
egg weight loss, yolk weight proportion, albumen pH, yolk pH, and
change in yolk lipid (Akter et al., 2014; Grcevic et al., 2019a).
Biochemical changes in the composition and function of egg
membranes are responsible for this process. The pH of the freshly
laid yolk is normally around 6, but the pH rises steadily to a value
between 6.4 and 6.9. During storage, the balance between chemical
compounds that regulate the albumen pH level is disrupted causing
a rise in the pH from 7.6 to 9.7 (Sunwoo and Gujral, 2014). Ac-
cording to Obianwuna et al. (2022a), natural products are efficient
to improve albumen quality because of their high bioavailability,
antioxidant properties, and function to improve gut microflora,
which is crucial for animal health and biofortification of animal
products. Plant-derived antioxidants contain bioactive compounds
including carotenoids that can pass into eggs. As a result, the key
benefit of using natural antioxidants comes from their ability to
inhibit oxidation processes and limit oxidative products in animal
and food systems (Obianwuna et al., 2022b).

To maintain the quality of eggs during storage, carotenoid
functions were evaluated. The main effect of carotenoids was
found to be a significant reduction of egg yolk's pH and the
improvement of oxidation in egg yolk. For instance, lycopene was
tested in laying hens, and it was found that after 30 days of storage
at room temperature, the combined use of lycopene (800 mg/kg of
diet) and minerals reduces yolk pH. At refrigerator temperature,
the use of 800 mg/kg lycopene of feed stabilized the yolk color
intensity during storage (Cruz et al., 2015). Similarly, astaxanthin-
derived H. pluvialis was found to inhibit egg weight loss and
maintain yolk color during storage at 4 �C and 25 �C (Heng et al.,
2020). Moreover, the use of marigold extract has been proven
effective in reducing egg weight loss and oxidation, and
strengthening eggshells during 28 days storage of eggs. With
2 g/kg dietary inclusion of marigold extract, egg weight was
59.02 g and eggshell thickness 0.387 mm, being better than the
values of the control group of 58.43 g and 0.380 mm, respectively
(Grcevic et al., 2019a). Dietary carotenoids supplementation
lowered the n-6:n-3 ratio in egg yolk and cholesterol content of
the egg yolk, and enhanced yolk pH and yolk oxidative stability
after 28 days storage at 4 �C (Panaite et al., 2021). We also found
that during storage, the carotenoid level of eggs could signifi-
cantly decrease. On days 28 and 42 of storage, the amount of
astaxanthin in the egg had dropped by 25.08% and 40.94%,
respectively. However, astaxanthin contributed to improving the
stability of DHA-enriched eggs during storage by inhibiting the
further oxidation of nonesterified PUFA, which is a key role in
improving the storage stability of DHA. The enrichment of
astaxanthin in yolk favored hydroxy radical inhibition, hence
lowered oxidation products, including 4-hydroxy-2-hexenal
(HHE), 4-hydroxy-2-nonenal (HNE), and MDA (Wang et al., 2022).
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7. Conclusions and perspectives

Carotenoids are investigated due to their importance in the food
chain. Naturally found in plants, microorganisms, and some wild
animals, they can also be chemically synthesized and incorporated
into edible eggs through feeding, providing specific functions.
Studies revealed that carotenoids were different in structures and
sources, which combined with human handling and individual
factors related to the animal could affect the transfer efficiency to
eggs. Present in different forms in eggs following enzymatic and
chemical transformation in fowls, they can contribute to the
improvement of egg quality, enhancement of other nutrients in
eggs, and stability of eggs during storage. However, few recent
studies exist regarding the metabolism of carotenoids in birds, and
among the existing literature, few works reported the fate of ca-
rotenoids in laying hens, the principal species involved in the
production of table eggs. With the increasing use of novel carot-
enoids such as astaxanthin in the poultry industry, more work
should address the fate of these carotenoids and their specific
functions in eggs as well. Moreover, limited studies have focused on
the measurement of the metabolites of carotenoids in eggs.
Consideration could be given to the metabolites to measure the
efficiency of carotenoids more effectively. In addition, the role of
carotenoids in egg quality improvement is not well defined because
the matrix in which the carotenoids are embedded might greatly
affect the egg quality and then lead to misinterpretation of the
carotenoid functions. Further studies are required to clarify these
points. The carotenoid-enriched egg is an emerging industry that
requires knowledge investment by researchers.
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