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Abstract
The xanthophyll carotenoids lutein (L), zeaxanthin (Z) and meso-zeaxanthin (MZ) are found at the macula, the central part of the retina, where they are
referred to as macular pigment (MP). MP is studied in human subjects because of its proven role in enhancing visual function and its putative role in
protecting against age-related macular degeneration. These beneﬁts are probably due to the antioxidant and short-wavelength ﬁltering properties of
MP. It is known that eggs are a dietary source of L and Z. This experiment was designed to measure the egg yolk carotenoid response to hen supplementation with L, Z and MZ. A total of forty hens were used in the trial and were divided into eight groups of ﬁve hens. Each group was supplemented (with
about 140 mg active xanthophylls/kg feed) with one of the following oil-based carotenoid formulations for 6 weeks: unesteriﬁed L (group 1); L diacetate
(group 2); unesteriﬁed Z (group 3); Z diacetate (group 4); unesteriﬁed MZ (group 5); MZ diacetate (group 6); L–MZ (1:1) diacetate mixture (group 7);
L–MZ diacetate (1:3) mixture (group 8). Yolk carotenoid content was analysed weekly (in four randomly selected eggs) by HPLC. We found that hens
supplemented with Z diacetate and MZ diacetate produced eggs with signiﬁcantly greater carotenoid concentrations than their free form counterparts.
This ﬁnding potentially represents the development of a novel food, suitable to increase MP and its constituent carotenoids in serum.
Key words: Lutein: Zeaxanthin: Meso-zeaxanthin: Lutein diacetate: Meso-zeaxanthin diacetate: Zeaxanthin diacetate: Egg fortiﬁcation: Hen
supplementation

The xanthophyll carotenoids lutein (L), zeaxanthin (Z) and
meso-zeaxanthin (MZ) are found at the macula(1), the central
part of the retina responsible for ﬁne detail and central
vision(2). At this specialised location, they are referred to as
macular pigment (MP) and, via their short-wavelength (blue)
light ﬁltration(3) and antioxidant properties(4), protect against
age-related macular degeneration (AMD)(5). In addition, MP
augmentation in humans has been shown to improve visual

function in the AMD (diseased) retina(6–8) and in the nondiseased (healthy) retina(9). Also, studies have shown that L
and Z are found in the human brain(10,11), and recent reports
suggest a role for these xanthophylls in supporting brain health
and cognitive function(11–13). Of note, the majority of studies
to date have demonstrated MP augmentation and consequential visual beneﬁts using over-the-counter carotenoid supplement preparations. Of interest, however, nutrient-enriched
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(functional) foods may offer an alternative to food supplements as can be seen, for example, with fatty acids (e.g. n-3
and n-6), which are now available from enriched eggs and
milk(14,15).
L and Z are present in a typically varied diet(16), whereas MZ
is only found in trace amounts in marine-sourced foods, such
as salmon, trout and sardines(17,18). Despite the differing
amounts of L, Z and MZ found in foods, it is interesting to
note that the ratio of these xanthophylls in the human retina
is 1:1:1 (MZ:Z:L), suggesting a unique role for each of these
carotenoids at this target tissue. Foods such as kale, spinach
and maize contain high amounts of L and Z, rendering such
foods important sources of these carotenoids. However, the
complex cellular structure of these higher plants impedes the
release of the chromoplast-bound carotenoids(19). It is for
this reason that the bioaccessibility and bioavailability of
these compounds need to be enhanced in order to increase
their concentrations in serum. This can be achieved by optimising the mode of food preparation; for example, chopping,
maceration, cooking of the plant tissue in question, and
incorporation of oil when eaten(20,21).
Of interest, although hen eggs contain lesser concentrations
of L and Z than some leafy greens (e.g. spinach or kale)(16), the
high lipid content of the egg facilitates gastrointestinal digestion and absorption, and enhances the bioavailability of the
carotenoids present in the yolk, making eggs a good source
of these nutrients(22). As a consequence, greater serum carotenoid responses have been observed following supplementation with egg yolk when compared with dietary fortiﬁcation
with spinach/kale extracts and even when compared with oilbased supplement preparations in human clinical trials(23).
Also, in that same study by Chung et al.(23), it was reported
that L bioavailability was comparable between free L and L
esters.
Hen eggs are consumed as part of a typical healthy diet and
are produced on an industrial scale to meet the high demand
of egg and egg-based products on the market. A golden-yellow
egg yolk is sought-after(24), and the carotenoids L, Z and MZ
are already added to hen feed (e.g. Industrial Orgánica) in
order to enhance the cosmetic appearance and commercial
value of the egg yolk, i.e. the increased carotenoid pigment
gives rise to a richer yolk colouration. Also, it is possible
that carotenoid-enriched eggs will offer advantages over standard eggs in terms of increasing MP levels, with consequential
beneﬁts for vision and cognitive function. It is known that, in
general, supplementation with carotenoids results in increases
in serum and retinal concentrations of the carotenoids. This
has been demonstrated with carotenoid-rich foods, such as
eggs(25,26), and with carotenoid supplements containing L, Z
and MZ(6,9,27,28).
However, it is not known if the response of hens to esteriﬁed carotenoids differs with respect to their egg yolk carotenoid concentration, when compared with carotenoids in their
free form. In 2002, Bowen et al. reported higher
bioavailability in humans from a L ester formulation, when
compared with the free form (61 % more bioavailable;
P < 0·05)(29). In 2009, Wu et al. reported that L bioavailability,
measured in hen plasma, from free L and esteriﬁed L

supplements was comparable(30). However, their experiment
did not analyse the impact of supplementation in the eggs of
the hens supplemented with the esteriﬁed and free L supplements. Of note, the present study is the ﬁrst study to compare
L, Z and MZ response in eggs of hens supplemented with free
and esteriﬁed L, Z and MZ. On one hand, the free form of the
carotenoids may offer advantages over the esteriﬁed carotenoids as they are readily available for absorption from the
gut into the bloodstream, whereas esteriﬁed carotenoids
need to undergo enzyme-catalysed hydrolysis, and there is little
known about the digestion, absorption and metabolism of
the esteriﬁed carotenoids. On the other hand, the esteriﬁed
carotenoids may offer advantages over the free-form carotenoids because esteriﬁed carotenoids are known to be more
stable than the free-form carotenoids, and are not degraded,
to the same degree, by factors such as light and heat.
Overall, knowledge in this area is limited and the present
study is designed to address some of these important
questions.
The present trial, known as the Egg Xanthophyll
Intervention Trial (EXIT), was designed to measure egg yolk
carotenoid response to hen supplementation with L, Z, and
MZ in their free and esteriﬁed forms, including testing mixtures of esteriﬁed L and MZ on egg yolk carotenoid response.

Methods
Housing and feed conditions

The experimental methods implemented in this study conformed to Directive 2010/63/EU of the European
Parliament and Council (22 September 2010) on the protection of animals used for scientiﬁc purposes. This study was
reviewed and approved by the Ethics Committee of the
Waterford Institute of Technology, Waterford, Republic of
Ireland.
This hen supplementation trial was housed in a purposebuilt barn (28 × 12 feet; 8·5 × 3·7 m) on a farm, which was
quality assured by the Food Safety Authority of Ireland
(Bord Bia), and which complied with all health standards prescribed by Bord Bia, including Salmonella testing. The hens
were housed in large indoor pens to allow free movement.
Inside the barn there were eight pens, which measured 8
feet deep × 4 feet wide (2·4 m deep × 1·2 m wide) with can
feeders and overhead nipple drinkers (ad libitum). Plastic slats
were used for manure, in that the hens stood on them and
the manure fell down between the slats (there was no litter
material used to avoid contamination from the manure). The
temperature of the bird house was approximately 18°C. A
light program of 15 h light per d was used in this trial, consistent with the standard practice of the hen farm.
The hens were of the Goldline variety, known to be excellent egg layers, and were all approximately 40 weeks of age at
the start of the trial. All the hens were purchased from a local
farmer, and were vetted prior to the commencement of the
trial to ensure that the hens used in the trial were healthy.
Their diet consisted of a standard commercially available
‘crumbled grain’ feed (High Performance Layers Mash,
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Southern Mills). This crumbled grain was selected over a pelleted feed due to its suitability for mixing with the oil-based
carotenoid supplement. A ‘carotenoid-free’ feed was initially
considered, but this concept was discarded in order to keep
the trial conditions similar to those of typical egg production.
The hens had an adaptation period of 1 week in the barn,
where they were fed a standard diet containing the following
ingredients: wheat meal; soya (bean) meal; maize; calcium
carbonate (lime grit); distillers dried grains; barley; rapeseed
meal; sunﬂower seed meal; mono-dicalcium phosphate;
sodium chloride; animal fat; sodium bicarbonate. The
composition of the nutrients was as follows: crude protein
16·0 %; crude oils and fats 2·7 %; Ca 3·80 %; Na 0·17 %;
crude ﬁbre 4·2 %; crude ash 12·6 %; lysine 0·68 %; P 0·56
%; methionine 0·32 %.
Hen intervention groups and feed supplements

The forty hens involved in the trial were divided into eight
groups of ﬁve hens and each group was supplemented with
one of the following oil-based carotenoid formulations: unesteriﬁed L (group 1); L diacetate (group 2); unesteriﬁed Z
(group 3); Z diacetate (group 4); unesteriﬁed MZ (group 5);
MZ diacetate (group 6); L–MZ (1:1) diacetate mixture
(group 7); L–MZ diacetate (1:3) mixture (group 8).The free
carotenoids and their diacetates are presented in Fig. 1. The
two intervention ‘mixture’ groups each comprised a mixture
of L and MZ diacetates, as follows: group 7 in a L:MZ ratio
of 1:1 and group 8 in a L:MZ ratio of 1:3, prepared in-house.
The trial supplements were supplied by Industrial Orgánica
and generally recognized as safe-approved by the Food and
Drug Administration (lutein and zeaxanthin (3R,3′ R) mixture:
GRN 00029; lutein diacetate: GRN 000432; meso-zeaxanthin:
GRN 000481). The supplements consisted of the carotenoid
of interest (e.g. Z is the carotenoid of interest in groups 3
and 4), henceforth referred to as the ‘target carotenoid’, suspended in maize oil, in a declared concentration of approximately 20 g/kg. Vitamin E (DL-α-tocopheryl acetate; 5 g/kg)
was also included in the formulations as a preservative due
to its strong antioxidant activity. These supplements were analysed in our laboratory after hydrolysis in order to quantify the
speciﬁc L, Z and MZ content in their free form, to determine
the amount of feed concentrate to add to the feed mix and
produce 140 mg/kg. The resulting concentrations and the
declared label content of the supplements are presented in
Table 1.
Hen feed mixing

The carotenoid concentration of each of the six supplements
was determined and was controlled in order to achieve a uniform dosage of 140 mg/kg (mg of active carotenoid per kg of
hen feed) across all intervention groups. Since the supplement
was added to the feed via 100 ml syringes, and given that the
supplements had differing densities, the required quantity of
the supplements to be added directly to the feed was converted to volume (ml) using the measured densities provided
on the supplement labels and the measured concentrations

of xanthophylls as obtained by HPLC. In the case of the mixture groups, the overall dosage was 140 mg/kg (i.e. 1:1 mixture contained 70 mg/kg of L and 70 mg/kg of MZ). Since
some L was detected in the MZ supplement and vice versa,
we included the amounts in our calculations.
The hen feed for all eight groups was prepared on a
Wednesday, fortnightly. Each 14 kg batch of feed mixed provided 2 weeks’ rations per group. The feed was mixed according to a predetermined mix-and-wash protocol to prevent
cross-contamination between intervention groups. A planetary
mixer (Gastrorag B40A; Commercial Refrigeration) set at
medium speed and a 100 ml syringe was used to incorporate
the supplement. The feed and supplement were mixed for
10 min to ensure that a homogeneous mixture was produced,
which was indicated by the uniform golden colour of the feed.
The feed was then divided into 1 kg portions (a daily portion
per group of ﬁve hens), vacuum-packed (CC771 Buffalo
Vacuum packer) and stored at −20°C. A daily portion was
provided to the hens in the morning and the feed remnants
discarded the next morning to help reduce degradation of
the carotenoids in the feed while it was exposed to air.
Sample collection and storage

Egg samples were collected at baseline (before the introduction of experimental diet) and on a weekly basis for a period
of 6 weeks thereafter. A sample of four eggs was taken
from each of the eight intervention groups at each visit.
These eggs were taken from the batch of eggs laid on the
day of collection. These egg samples were placed in designated
‘group’ trays and transported to the laboratory facility to
undergo the yolk sample preparation step (described below)
that day.
Analytical methods

The following analytical methodologies took place under
amber light conditions (eW Blast Powercore BCP473;
Philips Electronics Ireland Ltd), and in a temperaturecontrolled environment (15–19°C) to minimise carotenoid
degradation.
Hen feed supplement analysis

The six hen feed supplements used in the trial were sealed in
individual 5 kg containers upon delivery to the laboratory.
These containers were placed in a 40°C water bath for 1 h
(in accordance with label instruction), then subjected to mixing
by inversion prior to breaking the seal. Quantities of 50 mg
were taken in triplicate from each supplement container and
each sample was dissolved in 50 ml of acetone. A volume of
1 ml of the resulting solution was removed to a 25 ml volumetric ﬂask and also made up in acetone. Then 0·5 ml of
this working solution was transferred to a clear 1·5 ml
Eppendorf tube, to which was added 0·1 ml of internal standard (echinenone, 0·4 mg/10 ml ethanol) and 0·5 ml of aqueous KOH (25 g/100 ml water). The samples were allowed
to saponify for 1 h at 45°C in a shaking incubator (Stuart
3
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Fig. 1. Chemical structures of the free-form carotenoids and their diacetates.

Orbital Incubator, SI500; Carl Stuart Ltd) and then allowed to
cool to room temperature prior to extraction. A quantity of 0·5
ml of hexane containing 0·1 % butylated hydroxytoluene (BHT;
100 mg/l) was added as the extraction solvent to each sample,
and the mixture was vortexed (VortexGenie; Carl Stuart Ltd)
for 2 min and centrifuged with an AccuSpin Micro 17 (Fisher
Scientiﬁc) at 400 g for 5 min. Then 0·5 ml of the yellow upper
layer was transferred to an amber 1·5 ml Eppendorf tube and
the liquid extraction was repeated. The two extracts were combined and dried using a vacuum solvent concentrator (MiVac,
GeneVac; Mason Technologies). The samples were immediately
reconstituted in 0·2 ml (0·1 ml injection volume) of mobile
phase (see assay 1) for HPLC analysis.
Egg yolk preparation

Egg yolks were individually weighed and also colour graded
using the DSM Colour fan. The yolks were thoroughly

mixed with PBS (0·01 M, pH 7·4) and made up to 50 ml in
a volumetric ﬂask. Then 3 ml of each suspension was transferred to two clear 1·5 ml Eppendorf tubes and stored at
−80°C until analysis.
Yolk carotenoid extraction

Four eggs from each group were analysed for carotenoid content, and each individual egg yolk sample was analysed without
replication. The egg yolk suspension (0·1 ml) was mixed with
0·15 ml aqueous KOH (25 g/100 ml water), 0·15 ml absolute
ethanol (containing BHT, 500 mg/l) and 0·1 ml echinenone
(internal standard, 0·4 mg/10 ml ethanol) in a clear 1·5 ml
Eppendorf tube and incubated at 45°C for 45 min in a shaking
incubator (Stuart Orbital Incubator, SI500; Carl Stuart Ltd).
The samples were then cooled and vortexed vigorously
(VortexGenie; Carl Stuart Ltd) with 0·5 ml of a 1:1 mixture
of methyl tert-butyl ether (MTBE) and hexane and centrifuged

Table 1. Carotenoid content of each hen feed supplement preparation
(Mean values and standard deviations)
Declared carotenoid
content‡

Measured carotenoid content†
L (g/kg)

Z (g/kg)

MZ (g/kg)

TZ (g/kg)

Supplement

Density*

Mean

SD

Mean

SD

Mean

SD

Mean

SD

L (g/kg)

TZ (g/kg)§

MZ (free)
Z (free)
L (free)
MZ diacetate
Z diacetate
L diacetate

0·92
0·92
0·91
0·92
0·92
0·95

14·65
5·68
37·45
2·99
1·95
23·95

1·49
0·03
0·33
0·46
0·28
1·88

4·98
42·02
2·75
2·25
16·82
1·28

0·19
2·47
0·05
0·33
0·89
0·04

36·60
0·00
0·31
25·81
0·00
2·39

4·58
0·00
0·05
3·12
0·00
0·36

41·58
42·02
3·06
28·06
16·82
3·67

4·77
2·47
0·09
3·46
0·89
0·40

11·59
3·48
24·77
4·66
3·45
20·54

24·37
29·65
2·62
25·46
23·78
3·6

L, lutein; Z, zeaxanthin; MZ, meso-zeaxanthin; TZ, total zeaxanthin (mixture of MZ and Z).
* Density refers to the density of the liquid supplement at room temperature.
† Measured carotenoid content refers to the carotenoid concentrations obtained by supplement analysis after hydrolysis, performed in-house; samples were analysed in triplicate.
‡ Declared carotenoid content refers to the label-declared carotenoid concentrations given by the supplement supplier; the g/kg unit refers to g active (carotenoid) per kg oil.
§ MZ and Z content was given as a combined (TZ) content on the supplement label.
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in an AccuSpin Micro 17 (Fisher Scientiﬁc) for 5 min at 400 g
to separate the organic and aqueous layers. Then 0·4 ml of the
upper organic layer was transferred to an amber 1·5 ml
Eppendorf tube and the residue was re-extracted with 0·5 ml
of the MTBE–hexane mixture. After centrifuging, 0·4 ml of
the upper layer was removed and combined with the ﬁrst
extract, then dried using a vacuum solvent concentrator
(MiVac, GeneVac; Mason Technologies). The samples were
stored under −80°C conditions until the time of HPLC analysis, which was completed within 1 d of extraction. Samples
were reconstituted in 0·2 ml of mobile phase A (see assay 1)
and 0·05 ml was used as the injection volume(31).

0·8 ml/min. The initial settings were 95:5 hexane–isopropanol,
which was isocratic for the ﬁrst 5 min, then developed a slow
linear gradient to 10 % isopropanol over the next 20 min. The
system then plateaued at 15 % isopropanol for 5 min, before
returning to the initial settings for 4 min in preparation for
the next injection. MZ and Z elute at 27·7 and 28·5 min,
respectively. The MZ:Z ratio was achieved using their associated peak areas in assay 2, and was applied to the concentration of total Z obtained in assay 1 in order to individually
quantify MZ and Z. This is known as the method of proportions technique(32).
Statistical analysis

HPLC (assay 1)

The Agilent 1260 Inﬁnity HPLC system (Agilent
Technologies) was used for assay 1 analysis, and was equipped
with the following: binary pump with an adjacent degasser; a
diode array detector; temperature-controlled autosampler;
temperature-controlled column compartment; and fraction
collector.
All extracted samples (both hen feed supplement and yolk
samples) were ﬁrst run on assay 1, a reverse-phase method
capable of separating the main carotenoid structures, i.e.
xanthophylls and carotenes, as well as trans- and cis-carotenoid
structures (using a method modiﬁed from Yeum et al.(31)).
All-trans L and total all-trans Z (a mixture of the stereoisomers
Z and MZ) were separated and quantiﬁed using this technique.
A YMC C30 column (250 × 4·6 mm, 3 µm) with a 10 × 4 mm,
3 µm YMC Guard Cartridge (guard and column; Apex
Scientiﬁc) maintained at 15°C was used for this analysis.
The gradient method used a 83:15:2 mixture of methanol
(MeOH)–MTBE–water as solvent A, and a 8:90:2 mixture
of MeOH–MTBE–water as solvent B. The initial isocratic settings were 90 % A and 10 % B for 17 min, followed by a linear
increase to 60 % B between 17 and 25 min. The system was
then allowed to return to the initial settings over 2 min prior
to the next injection. A consistent ﬂow rate of 1 ml/min
was used throughout the analyses. L typically eluted at
approximately 7 min and total Z at approximately 8·7 min.
The total Z peak was automatically recognised and collected
in Eppendorf tubes by the system’s fraction collector, then
dried down using the solvent concentrator (MiVac,
GeneVac; Mason Technologies). The collected total Z samples
were stored under −80°C until analysis on assay 2.
HPLC (assay 2)

The Agilent 1200 HPLC system was used for assay 2 analysis,
and was equipped with the following: quaternary pump with
an adjacent degasser; a diode array detector; temperaturecontrolled autosampler; temperature-controlled column compartment. Assay 2 is a normal-phase chiral method incorporating a Daicel AI-3 CHIRALPAK 250 × 4·6 mm, 3 µm
column with a 0·5 µm in-line ﬁlter used for the chiral separation of Z and MZ. All the collected total Z fractions were
analysed for MZ. This gradient method used n-hexane as
solvent A and iso-propanol as solvent B with a ﬂow rate of

The statistical packages SPSS (SPSS version 19; IBM version
21; SPSS), were used for data analysis. Between-group differences for yolk carotenoid concentrations, and also yolk weight,
were calculated at baseline, and at week 6 using post hoc oneway ANOVA. For the within-group analysis of changes over
time, repeated-measures ANOVA and paired t tests could not
be performed due to the hen housing system used, which
allowed the hens within a speciﬁc group to mingle freely, so
that eggs from individual hens in each group could not be identiﬁed at the different time points. Linear mixed models, with hen
group as ‘subject’ variable, were also ruled out because, in this
study, the treatment groups coincided with the hen groups.
Therefore, differences over time (between baseline and week
6) for yolk weight and yolk carotenoids were investigated
using independent-samples t tests; statistically, these are
more stringent tests than paired t tests. The 5 % level of signiﬁcance was used throughout all analyses, without adjustment
for multiple comparisons.
Results
Hen feed supplement analysis

The measured v. declared L, Z and MZ carotenoid concentration (in g/kg of active carotenoid in maize oil) is given in
Table 1. The measured values were used to prepare the
dosages given to the hens in order to achieve the uniform
140 mg/kg dosage across all eight intervention groups.
Yolk carotenoid analysis, baseline and week 6
Baseline. The baseline levels of L, Z, MZ and
13-cis-zeaxanthin (CisZ), presented as a mean value of four
eggs of the same hen group, are given in Table 2. At
baseline, there was no signiﬁcant difference between the
eight intervention groups in terms of L (P = 0·446), Z (P =
0·352), CisZ (P = 0·075), total carotenoid (P = 0·091) or yolk
weight (P = 0·634). Yolks in all groups at baseline were
between DSM colour grades 12 and 14. MZ was not
detected at baseline in any of the yolk samples tested.

For each of the supplemented carotenoids L, Z and
MZ, we compared week 6 with baseline using
independent-samples t tests; other approaches (e.g. paired

Week 6.
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Table 2. Baseline carotenoid levels and yolk weights for the eight hen intervention groups*
(Mean values and standard deviations)
L (μg/yolk)

Z (μg/yolk)

CisZ (μg/yolk)

TC (μg/yolk)

YW (g)

Group (n 4)

Mean†

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

1: Free L‡
2: L diacetate
3: Free Z
4: Z diacetate
5: Free MZ
6: MZ diacetate
7: 1:1 mixture§
8: 1:3 mixture||
P¶

108·54
131·67
132·61
108·54
117·49
107·53
128·8
108·09
0·446

11·99
40·59
37·68
11·07
4·29
1·42
21·32
6·11

89·46
94·68
91
87·4
94·3
76·8
102·11
77·98
0·352

4·9
13·15
20·44
16·84
6·4
10·82
27·66
8·73

20·84
23·4
21·04
21·23
22·38
18·86
27·79
20·2
0·075

1·71
3·67
4·26
4·6
1·31
3·41
5·41
2·42

218·84
249·75
244·64
217·17
234·18
203·19
258·7
206·27
0·383

18·47
56·92
60·61
30·72
11·57
15·63
53·84
16·35

17·5
16·5
16·67
16·25
16·5
15·75
16·75
17
0·656

0·58
1·3
1·12
0·96
0·58
1·5
1·26
1·83

L, lutein; Z, zeaxanthin; CisZ, 13-cis-zeaxanthin; TC, total carotenoid (sum of L, Z, MZ and CisZ); YW, yolk weight; MZ, meso-zeaxanthin.
* No MZ was identified in baseline yolk samples and was therefore not included in the Table.
† Mean refers to the mean carotenoid content of four eggs; each individual egg yolk sample was analysed without replication.
‡ Free refers to the specified carotenoid in its free form.
§ 1:1 mixture refers to the 1:1 mixture of L and MZ diacetates.
|| 1:3 mixture refers to the 1:3 mixture of L and MZ diacetates.
¶ Statistical significance between groups, tested using post hoc one-way ANOVA.

tests) were ruled out as explained above (Statistical analysis
section). We obtained a signiﬁcantly positive (P < 0·001) time
effect in all cases, suggesting strongly that the carotenoid
concentrations in all L-, Z- and MZ-supplemented groups
increased signiﬁcantly over the duration of the study, albeit to
varying extents. The speciﬁc carotenoids of interest and total
carotenoid (deﬁned as the sum of L, Z, MZ and CisZ)
responses of all eight intervention groups are graphically
presented in Fig. 2. The absolute value (in μg/yolk) achieved

by each intervention group is given in Table 3. Of the
interventions tested, the Z diacetate resulted in the maximum
relative increase in yolk carotenoid concentration, represented
by a total carotenoid concentration of 2528 (SD 237) µg/yolk
at week 6. Both mixture groups were effective responders,
and, of interest, group 7 (the 1:1 mixture of L:MZ diacetate)
achieved a L:MZ ratio (1:1) in the yolk samples. This can be
seen in the chromatographic separation of a group 7 (1:1
mixture group) yolk extract presented in Fig. 3.

Fig. 2. Graphical presentations of the total carotenoid response in μg/yolk over the 6-week study period. Group 1 = free lutein (L); group 2 = L diacetate; group 3 = free
zeaxanthin (Z); group 4 = Z diacetate; group 5 = free meso-zeaxanthin (MZ); group 6 = MZ diacetate; group 7 = 1:1 mixture of L diacetate and MZ diacetate; group 8 =
1:3 mixture of L diacetate and MZ diacetate. Total carotenoid response is defined as the sum of L, Z, MZ and 13-cis-zeaxanthin responses.

6

4
8
0
5
5
12
4
6
18·25
17·75
16·75
17
17·25
17·67
17·5
18
0·883

1·26
1·26
1·5
2·45
0·96
2·31
0·58
1·83

Change in yolk weight and level of pigmentation

L, lutein; Z, zeaxanthin; MZ, meso-zeaxanthin; CisZ, 13-cis-zeaxanthin; TC, total carotenoid (sum of L, Z, MZ and CisZ); YW, yolk weight.
* Repeated-measures ANOVA and paired t tests could not be performed because baseline yolk samples could not be paired with their respective 6-week sample, due to the hen housing system used.
† Mean refers to the mean carotenoid content of four eggs; each individual egg yolk sample was analysed without replication.
‡ Free refers to the specified carotenoid in its free form.
§ 1:1 mixture refers to the 1:1 mixture of L and MZ diacetates.
|| 1:3 mixture refers to the 1:3 mixture of L and MZ diacetates.
¶ Statistical significance between groups, tested using post hoc one-way ANOVA.

429
482
108
1064
158
717
545
784
157·87
311·81
29·78
237·33
29·31
162·61
226·64
173·06
1157·19
1454·4
508·07
2528·41
604·39
1660·62
1668·01
1824·4
< 0·001
65
163
209
1623
161
1074
556
1196
3·45
17·99
5·09
36·87
2·47
27·87
28·46
70·34
34·4
61·65
65·08
365·75
58·43
221·37
182·23
261·71
< 0·001
6·7
18·43
–
–
17·01
86·75
110·07
37·75
5·5
74·79
–
–
220·47
888·48
732·25
889·44
< 0·001
71
118
262
1992
−24
152
82
193
20·94
43·56
24·6
165·65
13·36
16·17
28·99
71·72
153·21
206·58
329·4
1828·17
72·09
193·22
185·39
228·61
< 0·001
788
744
−14
208
116
233
341
311
131·97
234·12
14·26
37·83
13·94
33·46
71·81
45·12
964·07
1111·39
113·6
334·5
253·41
357·54
568·14
444·64
< 0·001
1: Free L‡
2: L diacetate
3: Free Z
4: Z diacetate
5: Free MZ
6: MZ diacetate
7: 1:1 mixture§
8: 1:3 mixture||
P¶

SD

Group (n 4)

Mean†

SD

%

Mean

SD

%

Mean

SD

Mean

SD

%

Mean

SD

%

Mean

YW (g)
TC (μg/yolk)
CisZ (μg/yolk)
MZ (μg/yolk)
Z (μg/yolk )
L (μg/yolk)

Table 3. Yolk carotenoid response to the eight different interventions, at 6 weeks*
(Mean values, standard deviations and percentage increases in carotenoid content between baseline and week 6)
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Yolk weight did not demonstrate a signiﬁcant increase over the
6-week study period for individual interventions. However,
yolk pigmentation did demonstrate an increase during the
study period. At baseline, none of the eggs was in colour category 15 (the highest possible category) but 83 % of the eggs
at baseline were in categories 13 or 14, spread comparably
across the eight treatment groups. Eggs collected from
weeks 3–6, however, showed substantial between-group differences in colour quality. For example, 94 % of eggs from weeks
3–6 in group 4 (Z diacetate), 73 % of eggs from group 7 (1:1
mixture of L:MZ diacetate) and 69 % of eggs from group 2 (L
diacetate) were in colour category 15. In contrast, 0 % of eggs
from weeks 3–6 in groups 3 (free-form Z) and 5 (free-form
MZ) were in colour category 15.
Comparison of free v. esterified supplementation

As can be seen in Fig. 2 and in Table 3, the eggs of hens supplemented with the carotenoid diacetates (groups 2, 4 and 6)
all demonstrated greater increases in carotenoid concentrations
when compared with their respective free-form carotenoid
counterparts. For Z and MZ, the difference in observed
responses was statistically signiﬁcant (free Z v. Z diacetate,
P < 0·001; free MZ v. MZ diacetate, P < 0·001), whereas this
was not the case for L (P = 0·522).
Additional carotenoid responses: 13-cis-zeaxanthin

It was found that, where appreciable levels of Z and/or MZ
were included in the feed, the levels of CisZ, tentatively identiﬁed using UV/visible spectroscopy, also increased. This isomer was also present in small amounts in all baseline yolk
samples. CisZ was found to correlate highly with total Z at
baseline (R2 0·781) and at week 6 (R2 0·964). Given that this
cis-isomer was not present in the original supplement, yet
was present in baseline yolk samples, it seems likely that this
cis-isomer is a result of natural metabolism of Z and/or MZ
by the hen. Data with respect to CisZ at baseline and at
week 6 are given in Tables 2 and 3, respectively.
Discussion

The Egg Xanthophyll Intervention Trial represents the ﬁrst
attempt to measure simultaneously the yolk carotenoid
response to supplementation with L, Z and MZ in hens.
The main aims of this trial were to measure the egg yolk carotenoid response to hen supplementation with L, Z and MZ,
and with combinations of these carotenoids, and also to compare the yolk carotenoid response to supplementation with the
free and esteriﬁed forms of these xanthophylls.
All eight hen intervention groups responded signiﬁcantly to
supplementation in terms of the egg yolk carotenoid concentration. Of interest, in terms of the individual and total carotenoid responses, the Z diacetate intervention group resulted in
signiﬁcantly greater yolk response than the other intervention
groups tested, achieving a Z content of 1828 (SD 165) µg/
7
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Fig. 3. Chromatograph and absorption spectra of a group 7 (1:1 mixture) yolk extract. Peak 1 = lutein; peak 2 = 13-cis-zeaxanthin; peak 3 = total zeaxanthin (mixture
of the zeaxanthin and meso-zeaxanthin isomers); peak 4 = echinenone as the internal standard. The inset figures show the spectral details and the λmax of peaks 1, 2
and 3 on the chromatogram. AU, absorbance units.

yolk and a total carotenoid content of 2528 (SD 237) µg/yolk,
equating to 1992 and 1064 % increases, respectively. Although
there is much more L in blood than Z, comparative studies of
xanthophyll absorption found Z to be 30–47 % more efﬁciently absorbed than L, although these data relate to supplementation with xanthophylls in their free form(32,33).
Comparison of response to supplementation with the freeform carotenoids v. the diacetate carotenoids demonstrates
that the esteriﬁed forms achieved a signiﬁcantly greater
response in the cases of Z and MZ, but a comparable response
in the case of L, suggesting that the bioavailability of Z and
MZ is greater in the diacetate form, while that of L is comparable between free and diacetate forms. With respect to colouration of enriched egg yolk, it should be appreciated that formal
statistical tests of the ‘group by colour’ contingency table are
problematic because of paucity of data (i.e. the conditions
for the standard χ2 are not met, due to the small number of
samples and the range of possible colour categories), and
while there are additional statistical complications arising
from eggs from the same hens being tested at different points
in time, the results presented here do suggest that treatment
with carotenoids in their diacetate form enhances yolk colour
to a greater extent than treatment with these carotenoids in
their free form.
Studies by Breithaupt et al.(34), Wu et al.(30) and Lai et al.(33)
report that hens supplemented with free-form v. esteriﬁed L
result in a comparable hen serum carotenoid response and
also yolk carotenoid response, suggesting similar bioavailabilities for the free and esteriﬁed forms of that carotenoid.
However, hen supplementation studies by Galobart et al.(24)
and Hencken(35) report greater bioavailability with free
(saponiﬁed marigold extract) v. esteriﬁed (non-saponiﬁed
marigold extract) in terms of yolk carotenoid deposition.
The latter ﬁnding is consistent with the premise that hens
need to ﬁrst hydrolyse esteriﬁed carotenoids prior to absorption in the gastrointestinal tract, while free-form carotenoids
can be absorbed in a way that precludes the need for hydrolysis(36). The requirement for hydrolysis could, in theory at least,
have an adverse impact upon absorption efﬁciency, and therefore bioavailability, of esteriﬁed carotenoid supplements.
However, the above studies have made their observations on

the basis of supplementation with esteriﬁed marigold extract,
which is an ester combination containing 95 % L diester
as lutein dipalmitates, myristate-palmitates and palmitatestearates(37,38), and not the singular (and lower-molecularweight) diacetate constituent used in this trial, which has
demonstrated an equivalent or superior bioavailability to that
of the free-form carotenoids in all cases.
The two mixture groups studied in this trial were 1:1 and 1:3
mixtures of L–MZ diacetate, and these mixtures achieved a
statistically comparable total carotenoid response, though the
1:3 mixture of L–MZ diacetate did achieve a higher (but statistically comparable) total carotenoid content than the 1:1 mixture (1824 (SD 173) µg/yolk (784 % increase) and 1668 (SD
226) µg/yolk (545 % increase), respectively).
Another carotenoid isomer, which we believe to be CisZ,
was identiﬁed in the yolk samples at baseline and was observed
to increase in parallel with Z and/or MZ when the hens were
given Z and/or MZ (either in diacetate or free-form) supplement preparations. This isomer was tentatively identiﬁed as
CisZ based on its absorbance spectrum, which demonstrated
an hypsochromic shift from the normal zeaxanthin spectrum,
a large cis peak at 340 nm, and lower spectral resolution commonly associated with cis-carotenoid spectra(39). This isomer
also appears in other studies in both supplemented and nonsupplemented egg yolks(40), and appears to be present due
to normal metabolic pathways associated with the hens’ digestive and absorbance mechanisms.
This experiment had several limitations which are discussed
below. First, as pointed out in our statistical methodology section, for the within-group analysis of changes over time,
repeated-measures ANOVA and paired t tests could not be
performed due to the hen housing system used, which allowed
the hens within a speciﬁc group to mingle freely, so that eggs
from individual hens in each group could not be identiﬁed at
the different time points. Signiﬁcant efforts were made in this
experiment to provide an environment safe and suitable to
control the hens and many different feeding groups, but the
inability of this experiment to cage hens individually and collect eggs from individual hens will have introduced variation
into the study, as it is known that there are individual differences between birds that were not controlled for in this
8
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experiment. However, we are conﬁdent that the customisedbuilt barn for this study provided consistent environmental
conditions for each intervention group studied. For example,
the barn was newly built, well-sealed from the outside environment, and had no window (to limit unwanted dramatic temperature change). Another limitation of the present study
was the omission of a control group during this experiment.
However, we know from a follow-on study using the same
experimental methodology that there is no signiﬁcant change
in egg yolk xanthophyll concentrations over time when hens
are fed a standard diet (i.e. in a control group) (JM Nolan,
KA Meagher, AN Howard, R Moran, DI Thurnham and S
Beatty, unpublished results).
In conclusion, supplemental L, Z or MZ added to the feed
of hens results in egg yolks with signiﬁcantly higher concentrations of the xanthophyll carotenoids when compared with
unsupplemented (baseline) concentrations. Furthermore, the
diacetate forms of Z and MZ yield greater responses, in
terms of egg yolk concentrations of these carotenoids, than
their respective free forms. These ﬁndings will inform
attempts to develop a novel food designed to increase MP,
and its constituent carotenoids in serum, and confer associated
health and visual beneﬁts.
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