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Distribution of carotenoids from the
yolk to the tissues of the chick embryo
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Laying hens were placed on either a control diet or a carotenoid-supplemented diet. The subsequent
concentrations of carotenoids in the yolks of the newly laid fertile eggscarotenoid/g fresh yolk) were 13.3

and 41.1 on the control diet and high-carotenoid diet, respectively. For the day-old chicks derived from the
high-carotenoid group, the carotenoid levels in the yolk sac membrane, liver, and plasma were approximately 3
times greater than in the control group; however, the other tissues were less responsive. The proportion of lutein
(% wt/wt of total carotenoids) was far lower in the liver of the chick than in the yolk. However, in the non-hepatic
tissues the proportion of lutein was generally higher than in the yolk. This suggests that discrimination between
different carotenoids may occur in the embryo. For the high-carotenoid group, the peroxidative susceptibility of
extracts of the yolk, yolk sac membrane, and liver was decreased compared with samples from the control group.
Thus, carotenoids may provide antioxidant protection to the tissu@s.Nutr. Biochem. 9:645-651, 1998)
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Introduction at the low oxygen tensioh%?that prevail in embryonic
tissue?! The effects of carotenoids in regulating cell

Carotenoids are lipid-soluble pigments synthesized by differentiation and proliferation are also of potential signif-

plants and photosynthetic microorganistnln animals, an ) P
important function of dietary carotenoids is to act as '¢aNc€ for the embry. . -

precursors for the synthesis of vitamin A, although only a  1he embryo of the chicken develops within a closed
small proportion of the naturally occurring carotenoids system, the egg, which contains all the nutrients required for

exhibit this activity’® Other functions that have been the 21-day developmental procéSsThe lipid-rich yolk

ascribed to carotenoids include antioxidant activfty;the ~ contains the lipid-soluble vitamins E and A, and also a range
promotion of cell differentiatio®-1® regulation of cell ~ Of carotenoid$® Current evidence suggests that, during

proliferation!®1” and the enhancement of immune func- development, the lipids and associated components are
tion.*®1° Many of these postulated actions of carotenoids transferred from the yolk to the surrounding yolk sac
may be relevant to aspects of embryonic development. Inmembrane (YSM) by phagocytosis.Within the YSM,
particular, the embryo will require an effective array of lipids are assembled together with vitamin E, carotenoids,
antioxidant components in order to protect the developing and apoproteins to form lipoprotein particles, which are
tissues from peroxidative damagflt may be relevant that  released into the embryonic circulatigh?*~27 Following
the antioxidant activity of carotenoids is mainly expressed de-lipidation by the action of lipoprotein lipase in the
capillaries of the embryo’s adipose tissue and mu&tthe
lipoprotein remnants containing vitamin E and carotenoids
o g .
Address correspondence and reprint requests to Dr Brian K. Speake,are er95|ted in the embryonlc livér=®Thus, h,'gh Ieve!s
Department of Biochemistry and Nutrition, Scottish Agricultural College, Of vitamin E and carotenoids accumulate in the liver,
Auchincruive, Ayr KA6 SHW, UK. particularly during the final few days of development,
This research was funded by the Scottish Office Agriculture Environment \\n~reas lower amounts of these components are distributed
and Fisheries Department. P.F. Surai was supported by a Royal Society . . .
Research Fellowship. to the other tissue%. The brain of the chick embryo
Received April 2, 1998; accepted July 21, 1998. accumulates only low levels of vitamir?Eand no detect-

J. Nutr. Biochem. 9:645-651, 1998
© Elsevier Science Inc. 1998 0955-2863/98/$19.00
655 Avenue of the Americas, New York, NY 10010 PIl S0955-2863(98)00068-0



Research Communications

able carotenoid$ and is especially susceptible to lipid from the embryos and chicks were washed rapidly in ice-cold 0.9%

peroxidation in vitré” and in vivo° (wt/vol) NaCl solution, blotted with filter paper, weighed and
The profile of carotenoids present in the yolk of the Stored at=80°C for up to 2 weeks prior to analysis.

newly laid egg will depend to a large extent on the types of

carotenoids present in the diet of the parent hen. However,Analysis of carotenoids

other fa.CtorS in the _Iaylng hen, S.UCh as the folCle_ncy of Yolk or tissue samples were homogenized in 1 vol gbHand 2

absorption of the various carotenoids from the intestine and ;) of the homogenate was mixed with 6 mL of ethangZH2:1,

the extent to which certain carotenoids are converted t0 yojjyol). Hexane (5 mL) was then added and the mixture shaken

vitamin A in the intestinal mucosa or the liver, are also vigorously for 5 min. The hexane phase, containing the carote-

important determinants of the carotenoid profile of the noids, was separated by centrifugation and collected. Analysis of

yolk.31-37 Eggs from hens on standard grain-based diets the carotenoids was performed by HPLC using a Spherisorb type

contain lutein as the major yolk carotendid Although S30DS2, 5 C,q, reverse-phase column, 25 cind.6 mm (Phase
B-carotene is a major carotenoid present in human plasmaSeparations, Clwyd, UK), with a mobile phase of acetonitrile/
and tissue&;® hens are very efficient converters pfcar- dichloromethane/methanol (7:2:1, vol/vol) using detection by ab-

sorbance at 445 nm. Peaks were identified by comparison with the

accumulates in the volk. even at hiah levels of subplemen- retention times of a range of carotenoid standards (variously
YyolK, g pp obtained from Sigma, Poole, UK; Fluka, Gillingham, UK; Apin,

tatlor].”. At present, the prime reason for supplementing apingdon, UK: and Hoffmann-LaRoche, Basel, Switzerland).

yolk.** However, the potential effects of maternal supple- |utein, canthaxanthin, citranaxanthin, gipo-8-carotenoic acid

mentation with carotenoids on the immune function of the were, respectively, 3.22, 3.85, 4.67, and 5.16. To quantify the

newly hatched chick have also received some atteiga. amounts of these carotenoids from the absorbance at 445 nm,
There were three primary aims of the present study: (i) to calibration curves were obtained for each carotenoid using the

evaluate the effects of enhanced levels of carotenoids in the@pPpropriate standards. Detection limits on the column were 5-10 ng.

maternal diet on the levels of carotenoids in the yolk and in

the embryonic tissues; (ii) to investigate the possibility of Analysis of vitamins E and A

discrimination between different carotenoids by the em- The vitamin E and vitamin A contents of the samples were

bryo; and (iii) to (_jetermlne the e_ffe_cts Of_elevated USSU€ etermined as previously describ&din brief, the samples were
levels of carotenoids on the sensitivity of tissue extracts to saponified with ethanolic KOH in the presence of pyrogallol and
lipid peroxidation in vitro. then vitamins E and A were extracted from the mixture with
petroleum spirit. The extract was dried undey, Kedissolved in
. methanol, and injected onto a Spherisorb type S30DS2,C33,
Methods and materials reverse-phase HPLC column, 15 cr 4.6 mm (Phase Sepgara-

; ; tions, Clwyd, UK). Chromatography was performed using a
Dietary groups and sample collection mobile phase of methanol/water (97:3, vol/vol) at a flow rate of 1.1
Hens (Ross 1 broiler-breeder strain) were maintained on a standardnlL/min. Fluorescence detection utilized excitation and emission
layer's wheat-barley-soya-based diet until they were 30 weeks old. wavelengths of 295 and 330 nm, respectively, for vitamin E and
The basal components of the standard diet contained lutein (4.5330 and 480 nm, respectively, for vitamin A. Peaksxgfs-, and
mg/kg feed) as the only detectable natural carotenoid; however, they-tocopherol anda- and +y-tocotrienol were identified in the
diet was supplemented with additional lutein (4.0 mg/kg feed) and extracts by comparison with the retention time of standard toco-
citranaxanthin (6.5 mg/kg feed). At 30 weeks of age, the birds pherols (Sigma, Poole, UK) and tocotrienols (Merck, Darmstadt,
were divided into two dietary groups, each of 15 hens. One group Germany). In all samples;-tocopherol comprised 80-90% of the
continued receiving the standard diet (control group). The second total vitamin E.
group (high carotenoid) was provided with the standard diet
enriched with a carotenoid mixture (Trouw Nutrition, Northwich, i ; ;
UK) so that the final concentrations of the various carotenoids Lipid peroxidation
were (mg/kg feed): lutein, 24.5; citranaxanthin, 45.0; canthaxan- The total lipids were extracted from the samples by homogeniza-
thin, 3.0; B-apo-8-carotenoic acid, 24.0. This carotenoid mixture tion in a suitable excess of chloroform/methanol (2:1, vol/vol)
is a commercial dietary supplement that is commonly used to according to the Folch methdd.The chloroform extracts, which
enhance the color of table egg yolks for consumer preference. Bothcontained the lipids and also the lipid-soluble vitamins and
diets contained vitamin A (2 mg/kg feed) and vitamin E (20 mg/kg carotenoids endogenous to the yolks or tissues, were dried under
feed). The birds were maintained on these diets for 23 days, andN, in round-bottom flasks. Sodium phosphate buffer (pH 7.4, 0.05
eggs were collected throughout this period. M) containing 1.15% (wt/vol) KCI was added to the dried lipid,

The conditions of care and welfare of the hens were as and the mixture was vortex-mixed for 5 min at room temperature
approved by the SAC Animal Ethics Committee. Fertile eggs and then sonicated in a sonicating water bath for 5 min at 4°C. The
collected over a 2-week period from day 23 from hens on the two relative proportions of lipid extract and sodium phosphate buffer
diets were incubated at 37.8°C and 60% relative humidity in a were selected so as to give lipid concentrations (mg lipid/mL
forced-draught incubator with automatic egg turning. Embryos buffer) of 15.1-16.2 for the yolk samples, 18.2-23.4 for the YSM
were sampled at various stages of development. Chicks weresamples, and 5.0-6.5 for the liver samples. The precise lipid
sampled 1 day after hatching (day 22 of development); drinking concentrations were chosen in order to ensure that, for the extracts
water but no food was provided to the chicks on hatching. from a particular tissue, the concentration of vitamin E in the
Embryos were sacrificed by anaesthetic injection (pentobarbitone, incubation mixture was the same irrespective of dietary group.
60 mg/kg body wt; Rhone Merieux, Harlow, UK) and day-old Portions (1 mL) of these mixtures were incubated at 37°C for 4 hr
chicks by neck dislocation, in accordance with the UK 1986 under air in the absence or presence of Fe8DL mM). At the
Animals (Scientific Procedures) Act. Tissue samples dissected end of the incubation, butylated hydroxytoluene was added to give

otene to vitamin A3~ Thus, little or no B-carotene
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Data anaIySIS Figure 2 Changes in the concentration of carotenoids in the plasma

Statistical comparisons were performed by Studentést. Values (), liver (B), and heart (C) of the chick embryo during development.

expressed as percentages were arcsine-transformed prior to statis=Pryos were derived from the control (&) and high-carotenoid (C)
tical analysis. dietary groups. Values are means of measurements on 5 embryos with

the SE indicated by the error bars.

Results

. . . . carotenoid dietary group were significantly (< 0.001)
Dietary manipulation of yolk carotenoid content higher than in the embryos derived from the control group.
Figure 1 illustrates the time-course of the changes in the In particular, for the high-carotenoid group, the concentra-
total carotenoid content of the fresh egg yolks, which tion of carotenoids in the embryos’ plasma increased dra-
occurred when the laying hens were placed on the high- matically between days 19 and 22 of development (day 22
carotenoid diet. The yolk carotenoid concentration in- represents one day after hatching). A similar but less
creased continuously during the period between 3 and 11marked increase occurred in the control group.
days on the high-carotenoid diet. Thereafter, the carotenoid Changes in the concentrations of total carotenoids in the
content increased more gradually, reaching a new steady-livers of the embryos during development are shown in
state level by 19 to 23 days, which was 3.1 times greater Figure 2B From day 17 onwards, the values were signifi-
than the initial concentratiorP(< 0.001). Theeggs from  cantly (P < 0.001) higher for embryos derived from the
birds that remained on the control diet maintained a constanthigh-carotenoid group compared with the control group. For

carotenoid level throughout this period. the high-carotenoid dietary group, the rate of accumulation
of carotenoids in the embryonic liver increased sharply from
Developmental changes in the concentration of day 17 of _development, whereas a more moderate rate of
carotenoids in the plasma, liver, and heart of the accumulation was observed for the control group.
embryo The patterns of accumulation of total carotenoids in the

embryonic heart are depicted ligure 2C From day 15 to
Fertile eggs obtained from the hens over a 2-week period day 22 of development, concentrations in the high-carote-
from the 23rd day of receiving the experimental diets were noid dietary group were significantly?(< 0.001) higher
incubated and the embryos were sampled at intervals. Thethan in the hearts from the control group, an exception being
developmental changes in the concentrations of total caro-at day 22 when the values for the high-carotenoid and
tenoids in the embryos’ plasma are showrrigure 2A At control groups were not significantly different. However,
day 15 of development, the plasma carotenoid concentra-profile differences in the heart were distinct from those in
tions in embryos derived from the high-carotenoid dietary the liver and plasma. In particular, throughout this develop-
groups were not significantly different from the control mental period, the heart carotenoid concentrations were
group. However, at all subsequent stages of embryoniconly slightly higher (approximately 1.2- to 1.3-fold) in the
development, the plasma concentrations from the high- high-carotenoid group than in the control group.
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Table1 Concentration of total carotenoids (wg/g fresh wt) in the initial
yolk and in the tissues of day-old chicks derived from hens on the
control and the high-carotenoid diets

Diet
Control High-carotenoid
Parent’s feed 15.0 £ 0.1 96.5 = 0.2*
Initial yolk 13.3 £ 0.9 411 +21*
Day-old chick
YSM 43.7 = 3.3 122.4 + 5.2¢
Liver 35.1+ 4.2 123.6 = 5.7
Heart 1.9 0.1 21 =017
Kidney 2.2+ 0.1 4.2 = 0.4*
Lung 2.4 +0.1 3.0+ 03"
Thigh muscle 1.4 +£0.2 1.8 01"
Plasma 3.1 %02 9.4 + 0.6*

Table 2 Carotenoid profile of the initial yolk and of tissues of the
day-old chicks derived from hens on the control diet

% (wt/wt) of total carotenoids Ratio

Lutein Citranaxanthin  lutein/citranaxanthin

Parent’s feed 51.5 + 0.2* 39.9 + 0.2*** 1.29 = 0.05*
Initial yolk 61.6 +2.0 294 +15 2.15+0.18
Day-old chick

YSM 62.0 + 0.65 287 +1.0% 2.18 + 0.09%

Liver 32.0 £ 0.3* 40.2 = 1.4* 0.80 + 0.02*

Heart 73.8 £ 0.8 235+ 0.7 3.15 £ 0.05*

Kidney 60.7 = 1.48 13.0 = 0.9* 4.90 = 0.42**

Lung 61.9 + 0.6% 16.0 = 0.8* 3.89 £ 0.18"™*

Thigh 66.7 +2.05 207 = 1.4 3.40 + 0.32***

muscle
Plasma 70.1 = 1.6% 21.8 = 0.7 3.26 = 0.177

YSM = yolk sac membrane. Values are means = SE of measurements
on 5 yolks or on tissues from 5 chicks or on 5 replicate feed samples.
Comparison with control group: *P < 0.001; **P < 0.002; ™ot
significant.

Significantly lower than initial yolk: *P < 0.001; **P < 0.002; signifi-
cantly higher than initial yolk: **P < 0.001; TP < 0.002; *P < 0.02;
Snot significant. Ratios of the concentrations (wg/g) of lutein and cit-
ranaxanthin in the samples are shown. Other details as for Table 1.

The effects of the differences in dietary supply of proportion of citranaxanthin in the liver was significantly
carotenoids to the hens on the concentration of carotenoidshigher than in the yolk. The profiles for the non-hepatic
in the initial yolk and subsequently in the tissues of the tissues were very different from that of the liver. Thus, the
day-old chick (i.e., day 22 of development) are summarized proportions of lutein in the heart and plasma of the chick
in Table 1 In the case of the chicks derived from the were significantly higher than in the yolk, whereas the
high-carotenoid hens, the concentrations of carotenoids inproportions in the kidney, lung, and thigh muscle did not
the YSM, liver, and plasma were significantly greater than gitfer significantly from the yolk value. Moreover, the
in the chicks from the control group. Moreover, the scale of yronortions of citranaxanthin in the heart, kidney, lung,

these differences was similar to that between the initial thigh muscle, and plasma were significantly lower than in
yolks from the high-carotenoid and control groups (approx- pe yolk. ’

imately 3-fold). By contrast, the levels of carotenoids inthe 11,4 samples from the high-carotenoid grodalfle 3

heart, thigh muscle, and lung of the chicks were not contained lutein, citranaxanthin, arglapo-8-carotenoic

signigca_rlﬂy diﬁ;erlentuindthebhitghh-carotfr}oéq tgroup COM- "~ 4cid. Canthaxanthin was detected in the yolk and in the
pared with Controls. Linder oth parenta dietary regimes, ;o5 ysm, liver, and heart. The relative proportions of

the accumulation of carotenoids was far higher in the liver the identified carotenoids were qenerally similar when
than in the other tissues of the chick. High concentrations of . . generally .
carotenoids were also present in the YSM of the chick. comparing the_onI_< with the YSM. Again, Fhe proportion of

lutein in the chick liver was far lower than in the yolk. Also,
the proportions of lutein in the heart, lung, thigh muscle, and
plasma of the chick were significantly greater than origi-
nally present in the yolk. By contrast, the proportions of
citranaxanthin and3-apo-8-carotenoic acid in the non-
hepatic tissues of the chick were significantly lower than in
the original yolk.

Dietary regulation of the carotenoid profiles of the
yolk and the neonatal tissues

The relationships among the profiles of carotenoids exhib-
ited by the hens’ feed, the yolk, and the tissues of the
g?g&gg a?gl((IjkeFf)(i)é‘tetgel_ﬁ(;%nggﬁgq_ahslgehéC?_LOé(;gO;gn?;)?éil‘y To illustrate further the possibility of differential distri-
contained varying proportions of two unidentified peaks, Pution of the various carotenoids among the developing
with retention times of 4.24 and 12.7 min, which together USSues, we compared the ratios of the amounts of lutein/
comprised between 4% and 28% of the total carotenoid citranaxanthin in th_e )_/olk and in the dlffe_rent tissuéalgle
present. Based on the standards available, it was confirmed? @nd Table 3. A similar pattern was evident for both the

that these unidentified peaks were not due to cryptoxanthin, control and high-carotenoid groups. First, the ratio of these
lycopene,3-carotene, on-carotene. two carotenoids did not differ significantly between the yolk

The samples from the control group contained lutein and and the YSM. Second, the ratio of lutein/citranaxanthin was
citranaxanthin but no detectateapo-8-carotenoic acid or ~ markedly lower in the liver of the day-old chick than in the
canthaxanthin Table 9. The proportions of lutein and initial yolk. Third, this ratio was significantly higher in the
citranaxanthin in the YSM of the chick were not signifi- heart, kidney, lung, thigh muscle, and plasma of the chick
cantly different from the proportions initially present in the than in the initial yolk. For example, in the high-carotenoid
yolk. However, the proportion of lutein in the liver of the group, this ratio was 4.8 times higher in the chick’s plasma
chick was markedly lower than in the yolk, whereas the than it was in the yolk.

648 J. Nutr. Biochem., 1998, vol. 9, November



Carotenoids in the chick embryo: Surai and Speake

Table 3 Carotenoid profile of the initial yolk and of the tissues of the day-old chicks derived from hens on the high-carotenoid diet

% (wt/wt) of total carotenoids

Ratio
Lutein Citranaxanthin Carotenoic Canthaxanthin Lutein/Citranaxanthin
Parent’s feed 23.1 = 0.1* 42.4 = 0.2" 22.6 + 0.1* 2.8 =011 0.54 + 0.03"
Initial yolk 29.5+ 0.3 34.1 =11 29.5 0.2 2.2+ 0.1 0.87 = 0.02
Day-old chick
YSM 26.2 + 0.9 28.8 + 0.6™* 25.8 + 0.8** 2.2 +0.18 0.92 + 0.05%
Liver 11.5 £ 0.4* 30.4 £ 0.9 32.6 0.8 35 +0.17 0.39 + 0.02*
Heart 43.0 = 2.8* 24.9 + 0.8 15.9 + 0.6* 42 +02" 1.77 + 0.161
Kidney 35.7 £ 2.3% 23.0 = 0.8* 13.3 = 0.4* — 1.55 + 0.07F
Lung 53.7 = 1.5" 16.9 + 0.7* 10.5 * 0.5 - 3.25 + 0.20"
Thigh muscle 33.3 + 0.8* 28.8 = 1.7™ 18.6 = 1.0* — 1.18 = 0.07*
Plasma 54,3 + 1.47 13.2 = 0.5* — — 418 + 0.247

Significantly lower than initial yolk: *P < 0.001; **P < 0.002; ***P < 0.02; significantly higher than initial yolk: TP < 0.001; *P < 0.002; "'P < 0.02;
Snot significant. Ratios of the concentrations (ng/g) of lutein and citranaxanthin are shown. Other details as for Table 1.

Effect of dietary carotenoids on the levels
of vitamins E and A in the yolk and the
neonatal tissues

Concentrations of vitamin E in the initial yolk and in the
YSM of the day-old chick were not significantly affected by
the level of carotenoids in the hens’ difitaple 4. How-
ever, the concentration of vitamin E in the chick’s liver was
significantly greater in the high-carotenoid group than in the
control group. Levels of vitamin A in the initial yolk and in
the neonatal YSM and liver were not increased by the
high-carotenoid diet. However, vitamin A concentrations in
the neonatal livers of the high-carotenoid dietary group
were significantly greater than in the livers of the control

group.

Effect of tissue carotenoid content on the
susceptibility of tissue extracts to lipid peroxidation
The extent of lipid peroxidation during the incubation of

tissue extracts, as estimated by the formation of TBARS,
was significantly affected by the level of tissue-derived

carotenoids in the mixtures. Thus, the rates of both sponta-

neous and Fe-stimulated peroxidation in extracts of yolk
and of neonatal YSM and liver were significantly reduced in

Table 4 Concentrations of vitamins E and A in the initial yolks and in
the day-old chick’s yolk sac membrane and liver

samples from the high-carotenoid group compared with the
control group Table 5.

Discussion

Effect of the level of carotenoids in the parental
diet on the carotenoid content of the yolk and the
neonatal tissues

The concentration of total carotenoids in the yolk responded
rapidly to the changes in the level of carotenoid provision to
the hen. Thus, 23 days after the entry of the hens into the
high-carotenoid dietary regime, a new steady state was
established in which the yolk carotenoid levels were about
3 times higher than in the control. Studies in various
mammalian species have suggested that different carote-
noids may compete with each other for absorption and
metabolisn® It is, therefore, possible that in the present
study, the combinations of carotenoids present in the hens’
diets may have resulted in interactions in which the bio-
availability of each carotenoid was affected by the presence
of the others. In fact, there was some evideriab(e 2and
Table 3 for the preferential incorporation of dietary lutein
into the yolk as the level of lutein as a percentage of total
carotenoids tended to be greater in the yolk than in the diet.
Differences in the concentrations of total carotenoids in

Table 5 Susceptibility to lipid peroxidation in vitro

Dietary group
High- TBARS (ng/hr/mg lipid)
Control carotenoid Control High-carotenoid

Vitamin E (wg/g) Fe?" absent

Initial yolk 76.5 £1.3 785 1.2 Initial yolk 3.5 0.1 25+ 0.1*

YSM 283.1 =5.0 2989 + 7.6 YSM 3.5+ 0.1 2.7 0.1

Liver 337.6 = 6.2 366.8 = 6.2** Liver 10.6 = 0.3 9.3 +0.2*
Vitamin A (ng/g) Fe?" present

Initial yolk 4.7 = 0.1 4.7 = 0.1 Initial yolk 32.7 = 0.8 25,5 + 1.3

YSM 4.5+ 0.1 50*+0.2 YSM 84 *+02 6.6 = 0.4

Liver 7.9 * 0.1 9.3 £0.1* Liver 25.1 = 0.8 20.9 = 0.9*

Means * SE of measurements on 5 yolks or on tissue from 5 chicks.
Comparison with control group: *P < 0.001; **P < 0.01.

Means =+ SE of results from 5 yolk or tissue extracts. Comparison with
control group: *P < 0.001; **P < 0.01.
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the yolks were at least partly reflected in the carotenoid from the yolk to the YSM by nonspecific phagocyto$s.
levels measured in the tissues of the day-old chicks, which However, a major finding of the present study was that the
developed within the eggs obtained from the two dietary proportion of lutein present in the liver of the day-old chick
groups. With regard to the chicks from the high-carotenoid was far lower than in the yolk and YSM, whereas the
group, carotenoid levels in the YSM, liver, and plasma were proportions of the other types of carotenoids in the chick
significantly greater than in the control group to an extent liver were higher than in the yolk and YSM.
(3-fold), which reflected the difference in the carotenoid By contrast, the proportions of lutein in the non-hepatic
levels in the yolks. However, carotenoid concentrations tissues of the day-old chick tended to be higher than in the
achieved by the heart, lung, and thigh muscle of the chicks yolk, with commensurate decreases in the proportions of
were not significantly greater in the high-carotenoid group citranaxanthin an@-apo-8-carotenoic acid in these tissues.
than in the controls. This may be partly due to the high lipid Comparison of the lutein/citranaxanthin ratio between the
content of tissues such as the lig&and YSM24which may different tissues provided a further illustration of the selec-
permit the accumulation of large amounts of lipid-soluble tive utilization of the various carotenoids by the embryo. In
carotenoids. By contrast, tissues with a more modest lipid the case of both the control and the high-carotenoid groups,
content at the time of hatching may be limited in their this ratio was the same for the yolk and the YSM, was
capacity to accumulate carotenoids, even when the supplysignificantly lower in the liver of the chick than in the initial
of carotenoids from the yolk is increased. The higher yolk, and was significantly higher in the chick’s heart,
responsiveness of the YSM, plasma, and liver of the chick kidney, lung, thigh muscle, and plasma than in the yolk.
to the elevated levels of carotenoids in the initial yolk may The mechanism of this apparent discrimination between
also reflect the transport mechanisms functioning in the the different carotenoids in the chick embryo is not clear.
embryo, particularly with regard to the hepatic uptake of One possibility is that lutein may transfer more readily from
carotenoid-rich lipoprotein remnarts. the YSM-derived lipoproteins to high-density lipoprotein in
The vitamin A content of the liver of the day-old chick the embryo’s plasma, whereas the other carotenoids may
was significantly higher in the high-carotenoid group by exhibit a greater tendency to be delivered to the liver as
comparison with the control group. In order to serve as a components of the lipoprotein remnants. Studies on the
precursor for vitamin A, a carotenoid molecule requires at absorption and transport of carotenoids by the mammalian
least one unsubstitute@-ionone ring with an attached intestine have suggested that the more polar carotenoids,
polyene side chail.# Thus,B-carotene, which fulfills these  such as lutein, tend to partition into the amphipathic surface
structural requirements, is a very effective precursor of layer of the chylomicrons and are therefore more likely to
vitamin A in organisms that express the necessary en-be transferred to high-density lipoprotein prior to the uptake
zyme(s)¥~+®°With regard to the carotenoids used in the of the chylomicron remnants by the liver>:47:48
present study, the ring systems of lutein and canthaxanthin,
respectively, contain hydroxyl and carbonyl substitutions Carotenoids as antioxidants: Susceptibility of
and are th_erefore me_ffectlve as vitamin A precursors. extracts of the chick tissues to lipid peroxidation
However, citranaxanthin anfl-apo-8-carotenoic acid do ) o )
possess pro-vitamin A activity, corresponding to about 50% Carotenoids are efficient quenchers of singlet oxygen and
and 25%, respectively, of the pro-vitamin A potential of are also effective scavengers of free radicals. However, the
B-carotené:*! The observation that the chick’s liver, but antioxidant activity observed is highly dependent on the
not the initial yolk, contained a greater concentration of type of carotenoid, the nature of the environment, the
vitamin A in the high-carotenoid group than in the controls ©0Xygen tension, and interaction with other antioxid&nts.
suggests that the embryo may have some ability to convert12.49 The elevated carotenoid levels in the yolk and chick
appropriate carotenoids to vitamin A. The level of vitamin tissue samples from the high-carotenoid dietary group were
E in the liver of the day-o]d chicks was also Significanﬂy a-SSOC|ated.W|th Slgnlflcantly reduced Susceptlbllltles to !n
elevated in the high-carotenoid group. This may possibly Vitro perOX|dat|on..These re_sults suggest that carotenmds
reflect the antioxidant properties of carotenoids, preventing are able to function effectively as antioxidants during
depletion of vitamin E levels during periods of high oxida- incubation of these extracts, even in the presence of atmo-
tive stress such as the hatching process. Carotenoid supplespheric oxygen concentrations. Because all the extracts
mentations in humarfgcats? and chicken® have Various|y were rich in vitamin E, it is feasible that these antioxidant

been reported to decrease, increase, or have no effect orgffects may be brought about by synergistic interactions
plasma vitamin E levels. between carotenoids and vitamin E, as observed in other

systemg'® Whether the antioxidant protection afforded by
carotenoids in the sample extracts in vitro is also relevant to
the prevention of lipid peroxidation in vivo during the
by the embryo development of the embryo awaits further study.

For both the control and the high-carotenoid dietary groups,
the relative proportions of the various carotenoids present in
the initial yolk were very similar to those displayed by the
YSM of the day-old chicks. Thus, there is no evidence for We are grateful to the Scottish Office Agriculture and
any selective uptake of particular carotenoids from the yolk Fisheries Department and to the Royal Society for financial
by the YSM during embryonic development. This is con- support and to Hoffmann-LaRoche for generous gifts of
sistent with the view that lipid components are transferred cryptoxanthin and lycopene standards.
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