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Abstract

Background: Lutein, a yellow xanthophyll, selectively accumulates in primate retina and brain. Lutein may play a critical

role in neural and retinal development, but few studies have investigated the impact of dietary source on its bioaccumu-

lation in infants.

Objective: We explored the bioaccumulation of lutein in infant rhesus macaques following breastfeeding or formula-

feeding.

Methods: From birth to 6 mo of age, male and female rhesus macaques (Macaca mulatta) were either breastfed (BF)

(n = 8), fed a formula supplemented with lutein, zeaxanthin, β-carotene, and lycopene (237, 19.0, 74.2, and 338 nmol/kg,

supplemented formula-fed; SF) (n = 8), or fed a formula with low amounts of these carotenoids (38.6, 2.3, 21.5, and

0 nmol/kg, unsupplemented formula-fed; UF) (n = 7). The concentrations of carotenoids in serum and tissues were

analyzed by HPLC.

Results: At 6 mo of age, the BF group exhibited significantly higher lutein concentrations in serum, all brain regions,

macular and peripheral retina, adipose tissue, liver, and other tissues compared to both formula-fed groups (P < 0.001).

Lutein concentrations were higher in the SF group than in the UF group in serum and all tissues, with the exception of

macular retina. Lutein was differentially distributed across brain areas, with the highest concentrations in the occipital

cortex, regardless of the diet. Zeaxanthin was present in all brain regions but only in the BF infants; it was present

in both retinal regions in all groups but was significantly enhanced in BF infants compared to either formula group

(P< 0.001). β-Carotene accumulated across brain regions in all groups, but was not detected in retina. Although lycopene

was found in many tissues of the SF group, it was not detected in the brain or retina.

Conclusions: Although carotenoid supplementation of infant formula significantly increased serum and tissue lutein

concentrations compared to unsupplemented formula, concentrations were still well below those in BF infants. Regard-

less of diet, occipital cortex showed selectively higher lutein deposition than other brain regions, suggesting lutein’s role

in visual processing in early life. J Nutr 2018;148:31–39.
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Introduction

Breast milk provides essential nutrients for growth and de-
velopment, as well as other bioactive components that pro-
mote infant health. The composition of breast milk serves as a
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template for infant formula, but its nutrient profile is difficult
to duplicate (1). Carotenoids, including lutein, zeaxanthin, can-
thaxanthin, β-cryptoxanthin, α-carotene, β-carotene, and ly-
copene, are detected in breast milk in concentrations that vary
with maternal diet as well as the stage of lactation (2–7). Among

Supplemental Table 1 is available from the “Supplementary Data” link in the
online posting of the article and from the same link in the online table of contents
at https://academic.oup.com/jn/.
Abbreviations used: BF, breastfed; ONPRC, Oregon National Primate Research
Center; SF, supplemented formula-fed; TSAT, thigh subcutaneous adipose tis-
sue; UF, unsupplemented formula-fed.

© 2018 American Society for Nutrition. All rights reserved.
31Manuscript received August 12, 2017. Initial review completed September 13, 2017. Revision accepted October 24, 2017.

First published online January 25, 2018; doi: https://doi.org/10.1093/jn/nxx023.

mailto:jwerdman@illinois.edu
https://academic.oup.com/jn/


the carotenoids in breast milk, lutein has attracted particular in-
terest in recent years because of its potential role in visual and
neural development (8).

Because humans cannot endogenously synthesize lutein, a
yellow xanthophyll, it must be obtained from dietary sources
such as dark green leafy vegetables, colorful fruits, and eggs (9).
Lutein and its isomer zeaxanthin, known as macular pigments,
selectively accumulate in the fovea of the primate retina, where
they may provide protection from harmful short-wavelength
blue light and act as antioxidants and anti-inflammatory agents
(10). Epidemiologic and large-scale clinical studies have shown
that increased intake of lutein and zeaxanthin is associated with
a decreased risk of age-related macular degeneration, a leading
cause of irreversible visual loss in older adults (11, 12). Studies
of lutein and zeaxanthin supplementation have shown positive
effects on visual performance in healthy subjects and those with
age-related macular degeneration (13–15).

Recent evidence suggests that, compared to other
carotenoids, lutein preferentially accumulates in the brains of
human infants and older adults (16–18). Considering that the
retina is an extension of the central nervous system, the presence
of neural lutein implies a role in brain function. In intervention
studies, lutein intake was associated with improved cognitive
function in healthy adult subjects (19, 20). Recently, studies
using fMRI or event-related potentials revealed that macular
pigment optical density and serum xanthophyll concentrations
were associated with enhanced neural efficiency in older adults
and children (21, 22). Less is known about lutein’s role in
infancy. A recent metabolomic study demonstrated that lutein
concentrations in infant brains were significantly correlated
with amino acid neurotransmitters (23). Furthermore, higher
concentrations of lutein and choline in breast milk were associ-
ated with better recognition memory in 5-mo-old infants (24).

Macaque monkeys are an appropriate animal model for
investigating the potential benefits of lutein in humans be-
cause, unlike rodents, they accumulate xanthophylls in the
retina and brain (25). Considering the possible roles of lutein
in the developing eye and brain, and its potential life-long
impact, achieving optimal lutein status in early life may be
important for adult retina and brain health. Breast milk or in-
fant formula are the sole sources of nutrition for infants before
solid food is introduced. Therefore, more information is needed
on the effects of dietary carotenoids from breast milk or infant
formula on tissue lutein accumulation during early life.

To date, lutein bioaccumulation in response to diets dur-
ing infancy has been poorly understood. Serum lutein and
β-carotene concentrations, but not other carotenoids, were
reported in infants fed breast milk or infant formulas with
different amounts of lutein (26). In our previous study, we re-
ported that carotenoid-supplemented infant formula increased
lutein deposition in multiple tissues, including the brain and
retina of young infant rhesus macaques fed for 4 mo (27). In the
current study, a breastfed reference group was compared with
infant formula-fed groups after 6 mo of feeding. The objective
of this study was to compare how carotenoid bioaccumulation
patterns in infant nonhuman primates were influenced by breast
milk, an infant formula with low carotenoid levels, or a similar
formula supplemented with lutein, zeaxanthin, β-carotene, and
lycopene.

Methods
Animals and diets. All live animal aspects of the study were
conducted at the Oregon National Primate Research Center (ON-

PRC) at Oregon Health and Science University. All procedures were
approved by the Institutional Animal Care and Use Committee of Ore-
gon Health and Science University and carried out in accordance with
the National Institutes of Health Guide for the Care and Use of Lab-
oratory Animals. Newborn rhesus macaques (Macaca mulatta, all of
the Indian-origin subspecies) were obtained from the ONPRC breeding
colony and allocated on the day after birth into 3 groups: breastfed (BF,
n = 8), carotenoid-supplemented formula–fed (SF, n = 8) (Similac Ad-
vance with OptiGRO), or unsupplemented formula–fed (UF, n = 7), re-
ceiving a formula manufactured using the Similac Advance base formu-
lation including DHA. The supplemented formula contained, by anal-
ysis, 22.1 μmol/kg of RRR-α-tocopherol and the unsupplemented for-
mula contained 36.6 μmol/kg of all-rac-α-tocopherol. The proximate
composition of infant formulas is given in Supplemental Table 1. Ran-
domization among the groups was stratified by gender and by birth
weight below or above the median (400–485 compared with 486–550
g for females and 420–506 compared with 507–610 g for males). The
characteristics of the infant monkeys are described in Table 1. Ready-
to-feed formulas were manufactured and labelled with a numerical code
by Abbott Nutrition. Investigators and all staff working with the infants
were masked to the identity of the 2 formulas until sample analysis was
complete.

BF infant monkeys were housed with their dams from birth; the
dams were fed Monkey Diet Jumbo 5037 (Lab Diet) supplemented
with a variety of fresh fruits and vegetables. Formula-fed infants were
nursery-reared from 1 d after birth according to established protocols
at ONPRC. They were housed in incubators for 2–4 wk and gradually
weaned to cage-housing with another age-matched member of the same
diet group and provided with blankets, stuffed toys, and a variety of en-
richment devices. Infants were initially hand-fed until able to self-feed
from a bottle-feeder by 3–10 d of age; feedings were provided every
2–4 h around the clock until approximately day 10 and then
3–4 times/d. Volume of intake was recorded at each feeding daily from
day 1 through 12–13 wk of age and then for 5 consecutive days every
4 wk until 24 wk. Color-coded sterilized bottles were filled with age-
appropriate volumes of formula 1 time/d, refrigerated until needed, and
then warmed in a water bath; any formula not consumed within 4 h
was removed and discarded. All infant monkeys were fed their desig-
nated diet for 6 mo (25 wk). The health and food intake of all infant
monkeys was continuously monitored by veterinary staff.

Serum/plasma, tissue, and breast milk collection. Fasting
1-mL blood samples from infant monkeys were collected in EDTA and
processed for plasma at baseline (1 d after birth) and after 4, 8, 12, 16,
and 24 wk of breast milk or formula feeding. Breast milk samples were
collected by manual expression under ketamine sedation (5–10 mg/kg
intramuscular). Samples were collected directly into cryotubes, frozen
on dry ice, and stored at –80°C until analysis.

After 6 mo of breastfeeding or formula feeding, infant monkeys were
humanely killed by a veterinary pathologist under deep pentobarbital
anesthesia, according to the recommendations of the Panel on Euthana-
sia of the American Veterinary Medical Association.

At the time of death, fasting blood samples were drawn and cen-
trifuged at 800 × g for 15 min to obtain serum. Tissues for carotenoid
analysis were collected rapidly, placed in cryotubes, frozen in liquid
nitrogen, and then stored at –80°C until analysis. From the brain,

TABLE 1 Summary of infant rhesus macaques characteristics1

BF SF UF Total
(n= 8) (n= 8) (n= 7) (n= 23)

Female/male 4/4 4/4 4/3 12/11
Age when killed,

d
179 ± 4 178 ± 3 178 ± 3 178 ± 3

Birth weight, kg 0.50 ± 0.05 0.49 ± 0.05 0.52 ± 0.06 0.50 ± 0.05
Final weight, kg 1.41 ± 0.12 1.40 ± 0.10 1.47 ± 0.10 1.43 ± 0.11

1 Values are means ± SDs unless otherwise indicated. BF, breastfed; SF, supple-
mented formula-fed; UF, unsupplemented formula-fed.
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samples (∼0.5–1 g each) were dissected from dorsolateral prefrontal
cortex, occipital cortex, superior temporal cortex, striatum, cerebellum,
motor cortex, isolated frontal gray matter, frontal white matter, and hip-
pocampus. From each retina, 4-mm diameter biopsy punches were used
to obtain a macular sample centered on the fovea and samples of the
peripheral retina; the vitreous was removed by blotting with filter pa-
per, and the neural retina was gently dissected from the underlying reti-
nal pigment epithelium and choroid. Samples were collected from other
tissues including adipose tissue, liver, quadriceps, kidney, heart, lungs,
spleen, and ovaries or testes. Samples of adipose tissue were collected
from 4 sites: abdominal subcutaneous, mesenteric, thigh subcutaneous
(TSAT), and axillary brown adipose tissues.

Carotenoid analysis. All extractions and analyses were performed
under yellow light to minimize light-induced damage of carotenoids.
Carotenoids were extracted from serum and plasma andmultiple tissues
using tissue-specific extraction methods, as described in detail in our
previous publication (27).

For breast milk and formula analysis, 10 mL of 5% KOH in
methanol was added to 2 mL of breast milk or formula and vor-
texed. Tetrahydrofuran (5 mL) was added and the mixture was vor-
texed. This mixture was allowed to stand at room temperature with
intermittent vortexing for 30 min. Next, 10 mL of extraction solvent
(dichloromethane/petroleum ether/hexane, 2:4:4) containing 0.005%
BHT was added, vortexed, and centrifuged at 800 × g for 15 min. After
the upper layer was removed, 10 mL of extraction solvent was added
to the bottom layer and the extraction process was repeated one more
time. The extract was pooled and evaporated under nitrogen, followed
by adding 3 mL deionized water and 3 mL ethanol. This mixture was
vortexed, sonicated, and centrifuged at 800 × g for 5 min at 4°C. The
upper layer was transferred and dried under nitrogen in a 40°C water
bath.

For plasma or serum analysis, ∼250 μL of sample was mixed
with an equal volume of ethanol containing 0.1% BHT and then vor-
texed. Then, 1 mL of hexane was added, vortexed, and centrifuged at
2400 × g at 4°C (Centrifuge 5417R, Eppendorf) for 3 min. The upper
hexane layer was removed. The hexane extraction process was repeated
2 more times. The extract was pooled and evaporated to dryness under
argon.

For brain analysis, brain samples (0.15 g) were homogenized with
0.3 mL of 0.9% NaCl solution and 0.5 mL ethanol. Then, 100 μL of
0.8 μmol/L echinenone in ethanol (A1%

1cm = 2244) was added to the
homogenate as an internal standard. After incubating at 70°C for 2 min,
0.5 mL of freshly prepared 25% sodium ascorbate and 1 mL of 5%
NaOH were added. The mixture was saponified in a 60°C water bath
for 20 min. Then, 0.5 mL of distilled water was added and the mixture
was placed on ice for 5 min. Hexane (5 mL) was added, and the mixture
was vortexed for 2 min and centrifuged at 1000 × g at 4°C (Centrifuge
CR3, Jouan) for 10 min. The upper hexane layer was removed and
the hexane extraction process was repeated 2 more times. The extract
was pooled and evaporated to dryness under argon.

For retina analysis, the tissue was minced with 1 mL 0.85% saline
by using a glass rod on ice. To this, 3 mL chloroform/methanol (2:1, v/v)
and echinenone were added. After vortexing, the layers were separated
by centrifugation at 800 × g at 4°C (Centrifuge CR3, Jouan) for 15 min.
The lower chloroform layer was transferred and evaporated to dryness
under argon. The extraction was repeated using 3 mL hexane.

For adipose tissue analysis, adipose sample (125 mg) was homoge-
nized with 400 μL of PBS. Chloroform (500 μL) and 1 mL methanol
were added and vortexed for 5 min. After centrifugation at 1200 × g at
10°C (Centrifuge CR3, Jouan) for 10 min, the lower phase was collected
and evaporated to dryness under argon. Next, 1 mL of 5.5% KOH in
ethanol and 100μL of freshly prepared 1.2% pyrogallol in ethanol were
added to the dry residue and vortexed. After incubation at 37°C for
90 min for saponification, 1 mL distilled water, echinenone as an inter-
nal standard, and 3 mL hexane were added. Carotenoids were extracted
by hexane using the above-described steps.

For other tissue (liver, quadriceps, kidney, heart, lungs, spleen,
ovaries, and testes) analysis, samples were minced with ethanol contain-
ing 0.1% BHT, and 1 mL of 100% KOH saturated solution was added.

After saponification in a 60°C water bath with intermittent vortexing
for 30 min, 2 mL of deionized water and 6 mL of hexane were added.
Carotenoids were extracted by hexane using the above-described steps.

All analyses were carried out on an Alliance HPLC system (e2695
Separation Module) equipped with Waters 2998 photodiode array de-
tector. The extracts were separated on a reverse-phase C 30 column (4.6
× 150 mm, 3 μm; YMC) maintained at 18°C. A phase gradient method
used for carotenoid separation was based on the method of Yeum et al.
(28). The lower limit of detection for carotenoids is 0.2 pmol. The aver-
age recovery of the internal standard was 92.8% ± 0.5%. Carotenoids
were identified via absorption spectra, retention times, and standard
comparison, and quantified by an external standard curve method or
internal standard curve method. Our laboratory regularly participates
in the National Institutes of Standards in Technologymicronutrient pro-
ficiency testing program for carotenoids and retinoids.

Statistical analysis. Data analyses were performed using SPSS ver-
sion 23 (IBM SPSS Statistics) or SAS version 9.4 (SAS Institute Inc.).
Unequal variances were evaluated prior to ANOVA analysis using Lev-
ene’s test of homogeneity of variance. Changes in blood carotenoid con-
centrations, formula intake, body weight, and head circumference over
time were analyzed by means of 2-way repeated-measures ANOVA.
Two-way ANOVA was performed to assess effects of diet and brain
region, diet and adipose region, or diet and sex on carotenoid con-
centrations. Carotenoid concentrations in multiple tissues were ana-
lyzed by using one-way ANOVA, with Bonferroni’s multiple compar-
ison test. In case of unequal variances, the Welch’s ANOVA was used
to compare group means, followed by Dunnett’s T3 test for posthoc
comparisons. The relationships between pairs of variables were deter-
mined by linear regression analyses. All data are presented as mean
± SD. All differences or relations were considered significant when
P < 0.05.

Results

Formula intake, body weight, and organ weights. For-
mula intake gradually increased with age ≤6 mo, and there
were no significant differences in the consumed amount of for-
mula between the 2 formula groups (Figure 1A). No signif-
icant differences were found among dietary groups in body
weight or its rate of increase with age (Figure 1B) or in head
circumference (Figure 1C). In addition, no differences were
observed among dietary groups for any organ weight except for
modest changes for the liver (19% increase in the SF compared
to the BF group, P = 0.014; 15% increase in the UF compared
to the BF group, P = 0.071) and adrenal glands (28% increase
in the UF compared to the BF group, P = 0.006).

Carotenoid profiles of formula and breast milk. The
carotenoid profiles of breast milk and the 2 infant formulas are
shown in Table 2. We analyzed milk samples collected from 6
of the breastfeeding dams at 2–4 time points each from 2 to
6 mo after birth. Lutein and zeaxanthin concentrations in breast
milk were 1.1-fold and 5.5-fold higher, respectively, than in the
supplemented formula. The supplemented formula contained
higher amounts of lutein, zeaxanthin, and β-carotene (6.1-fold,
8.5-fold, and 3.5-fold, respectively) than the unsupplemented
formula. Lycopene was present in the supplemented formula but
undetectable in the unsupplemented formula or in breast milk.
β-Carotene and β-cryptoxanthin were undetectable in breast
milk. It is possible that these carotenoids were not detected, de-
spite their presence at low concentrations in serum and tissues
of BF infants, due to the small volumes (100–1000 μL) of breast
milk available for carotenoid analysis.
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FIGURE 1 The amount of infant formula consumed per week by
infant monkeys fed the 2 infant formulas for 6 mo (A). Body weight
(B) and head circumference (C) of infant rhesus monkeys either BF
(n = 8), SF (n = 8), or UF (n = 7) for 6 mo. Values are presented as
mean ± SD. No significant group differences were found. BF, breast-
fed; SF, supplemented formula-fed; UF, unsupplemented formula-fed.

Plasma/serum carotenoids. Blood carotenoid concentrations
are shown in Figure 2. At baseline, dietary groups did not dif-
fer in the concentrations of lutein and zeaxanthin. Lycopene was
undetectable at baseline in any infant monkey. Blood lutein con-
centrations increased from baseline in the BF and SF groups,
but not the UF group (Figure 2A). Breastfeeding significantly in-
creased blood lutein concentrations compared to both formula
groups. In the formula-fed groups, after 6 mo of SF feeding,
blood lutein concentrations were 5-fold higher than in the UF
group infants (P < 0.001), but still 5-fold lower than in BF in-
fants. Blood zeaxanthin concentrations increased from baseline
only in the BF group and were undetectable in the UF group af-
ter week 4 and in the SF group after week 12 (Figure 2B). Blood
lycopene was detected throughout the feeding period only in
the SF group (Figure 2C). In the BF group, a few infants had

TABLE 2 Carotenoid profiles of rhesus macaques breast milk
and infant formulas1

BF SF UF

Lutein, nmol/kg 251 ± 113 237 ± 14.5 38.6 ± 15.4
Zeaxanthin, nmol/kg 105 ± 46.1 19.0 ± 2.4 2.3 ± 1.1
β-carotene, nmol/kg ND2 74.2 ± 17.1 21.5 ± 9.4
Total lycopene, nmol/kg ND 338 ± 25.1 ND
β-Cryptoxanthin, nmol/kg ND ND ND

1Values are means± SDs. BF, breastfed; ND, not detected; SF, supplemented formula-
fed; UF, unsupplemented formula-fed.
2Data obtained from 2–3 batches of infant formula and breast milk samples collected
from 6 dams at 2–4 different time points.

measurable blood lycopene at weeks 16 (3 infants) and 25 (1
infant), possibly because a lycopene-rich fruit or vegetable was
temporarily included in the maternal diet. Blood β-carotene
concentrations increased from baseline in all groups; signifi-
cantly higher concentrations were found in the BF group com-
pared to the formula-fed groups after week 4,with no significant
differences between the formula groups at week 25 (Figure 2D).
Blood β-cryptoxanthin concentrations increased from baseline
only in the BF group and were undetectable in the formula-fed
groups after week 4 (data not shown). No significant sex or diet
× sex interaction effects were observed for any blood carotenoid
concentrations at any individual time point (data not shown).

Brain carotenoids. Lutein, zeaxanthin, and β-carotene con-
centrations in 9 different brain regions (prefrontal cortex, oc-
cipital cortex, superior temporal cortex, striatum, cerebellum,
motor cortex, gray matter, white matter, and hippocampus)
are presented in Figure 3. Lutein accumulation differed among
brain regions, with the highest amount in occipital cortex across
all diet groups. In all brain regions analyzed, breastfeeding sig-
nificantly increased lutein concentrations compared to either
formula group; the SF group showed significantly higher lutein
deposition compared to the UF group. A 2-way ANOVA sup-
ported these observations, with significant main effects of brain
region (P < 0.001) and diet (P < 0.001), as well as a signifi-
cant diet × brain region interaction (P < 0.001); post-hoc pair-
wise comparisons confirmed significant differences among all 3
groups in each brain region. Similarly to lutein, zeaxanthin se-
lectively accumulated across brain regions, also with the highest
amount in occipital cortex, but was detectable only in the BF
group. There was a strong correlation between lutein and zeax-
anthin concentrations in the brain regions of the BF group
(r = 0.954, P < 0.001), suggesting that lutein and zeaxanthin
may share the same uptake mechanisms into the brain.

Small amounts of β-carotene (range: 8–21 pmol/g) were de-
tected in all brain regions of all groups. The BF group had sig-
nificantly higher β-carotene concentrations in all brain regions
except the hippocampus, but only striatum and motor cortex
reached statistical significance. A 2-way ANOVA showed sig-
nificant main effects of brain region (P = 0.001) and diet (P =
0.004) as well as a significant diet × brain region interaction
(P = 0.019). In pairwise comparisons, the SF group had signif-
icantly higher concentrations of β-carotene than the UF group
in only one brain region, the cerebellum. Lycopene was not de-
tected in any brain region, despite the high lycopene content in
the supplemented formula.

No significant effects of sex or diet × sex interactions were
seen in brain lutein and zeaxanthin concentrations in any brain
region (data not shown). A significant sex difference in brain
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FIGURE 2 Plasma/serum lutein (A), zeaxanthin (B), total lycopene
(C), and β-carotene (D) in infant rhesus monkeys either BF (n = 8),
SF (n = 8), or UF (n = 7) for 6 mo. Values are presented as mean ±
SD. Diet and age effects were determined by 2-way repeated mea-
sures ANOVA. Labeled means at each time point without a common
letter differ, P< 0.05, by 1-way ANOVA followed by Bonferroni or Dun-
nett’s T3 pairwise post-hoc tests. BF, breastfed; conc, concentration;
SF, supplemented formula-fed; UF, unsupplemented formula-fed.

FIGURE 3 Lutein (A), zeaxanthin (B), and β-carotene (C) concentra-
tions in each brain region of infant monkeys either BF (n = 8), SF (n =
8), or UF (n= 7) for 6mo. Values are presented asmean± SD. Diet and
area effects were determined by 2-way ANOVA. Labeled means for
each tissue without a common letter differ, P< 0.05, by 1-way ANOVA
or Welch’s test followed by Bonferroni or Dunnett’s T3 pairwise post-
hoc tests. The lower limit of detection for carotenoids is 0.2 pmol.
BF, breastfed; CB, cerebellum; conc, concentration; GM, gray matter;
HP, hippocampus; MC, motor cortex; ND, not detected; OC, occipital
cortex; PFC, prefrontal cortex; SF, supplemented formula-fed; ST, stria-
tum; STC, superior temporal cortex; UF, unsupplemented formula-fed;
WM, white matter.

β-carotene concentrations was found only in gray matter and
hippocampus, with concentrations higher in males than in
females (P = 0.018 and P = 0.027, respectively).

Strong positive correlations were found between concentra-
tions of lutein in 25-wk serum samples and in each brain region,
as shown in Table 3 (R2 = 0.71–0.87, P < 0.001). Among the
9 brain regions, the slope (β) of the regression line was highest
in the occipital cortex and lowest in the cerebellum, suggesting
preferential uptake and lower lutein metabolism in the occip-
ital cortex, and vice versa in the cerebellum. β-Carotene con-
centrations in serum and each brain region generally were more
weakly correlated. The slope for serum versus brain β-carotene
was lower than that of lutein in all brain regions, suggesting a
selective lutein uptake mechanism from blood into the brain, or
differential β-carotene metabolism in the brain.

Lutein in breast- and formula-fed infant monkeys 35



TABLE 3 Results of simple linear regression analyses with
25-wk serum lutein, serum β-carotene (nmol/L), or retinal lutein
(pmol/g) concentrations as independent variables and brain
lutein, retinal lutein, or β-carotene concentrations (pmol/g) as
dependent variables (n = 23)

Independent
variable

Dependent
variable β (95% CI) R 2 P value

Lutein
Serum Prefrontal cortex 0.38 (0.30, 0.45) 0.82 <0.001

Occipital cortex 0.63 (0.50, 0.76) 0.84 <0.001
Superior temporal

cortex
0.32 (0.23, 0.40) 0.75 <0.001

Striatum 0.45 (0.34, 0.56) 0.78 <0.001
Cerebellum 0.19 (0.16, 0.22) 0.87 <0.001
Motor cortex 0.38 (0.27, 0.49) 0.71 <0.001
Gray matter 0.33 (0.27, 0.39) 0.86 <0.001
White matter 0.26 (0.20, 0.33) 0.79 <0.001
Hippocampus 0.24 (0.19, 0.28) 0.85 <0.001
Macular retina 11.7 (8.72, 14.8) 0.76 <0.001
Peripheral retina 2.24 (1.90, 2.58) 0.90 <0.001

Macular retina Prefrontal cortex 0.02 (0.02, 0.03) 0.64 <0.001
Occipital cortex 0.04 (0.02, 0.05) 0.59 <0.001
Superior temporal

cortex
0.02 (0.01, 0.03) 0.55 <0.001

Striatum 0.03 (0.02, 0.04) 0.54 <0.001
Cerebellum 0.01 (0.01, 0.02) 0.68 <0.001
Motor cortex 0.02 (0.02, 0.03) 0.57 <0.001
Gray matter 0.02 (0.01, 0.03) 0.64 <0.001
White matter 0.02 (0.01, 0.02) 0.61 <0.001
Hippocampus 0.01 (0.01, 0.02) 0.58 <0.001

Peripheral retina Prefrontal cortex 0.14 (0.09, 0.19) 0.65 <0.001
Occipital cortex 0.24 (0.16, 0.32) 0.68 <0.001
Superior temporal

cortex
0.12 (0.07, 0.16) 0.58 <0.001

Striatum 0.17 (0.11, 0.23) 0.64 <0.001
Cerebellum 0.07 (0.05, 0.09) 0.72 <0.001
Motor cortex 0.14 (0.08, 0.20) 0.55 <0.001
Gray matter 0.13 (0.09, 0.16) 0.69 <0.001
White matter 0.10 (0.07, 0.14) 0.63 <0.001
Hippocampus 0.09 (0.06, 0.12) 0.68 <0.001

β-Carotene
Serum Prefrontal cortex 0.03 (0.01, 0.04) 0.30 0.01

Occipital cortex 0.03 (0.02, 0.05) 0.43 0.001
Superior temporal

cortex
0.02 (0.00, 0.04) 0.25 0.02

Striatum 0.04 (0.02, 0.06) 0.41 0.001
Cerebellum 0.02 (0.00, 0.03) 0.26 0.01
Motor cortex 0.03 (0.02, 0.05) 0.57 <0.001
Gray matter 0.02 (0.00, 0.03) 0.16 0.06
White matter 0.04 (0.01, 0.06) 0.31 0.01
Hippocampus 0.01 (−0.01, 0.04) 0.05 0.33

Retinal carotenoids. Lutein and zeaxanthin concentrations
were higher in the macular retina (4-mm diameter central sam-
ple) or than in the peripheral retina (Figure 4). BF monkeys
had significantly higher lutein and zeaxanthin concentrations in
both retinal regions than both formula-fed groups. Carotenoid
supplementation of formula significantly increased lutein con-
centrations in the peripheral retina but not in the macular retina.
In contrast, zeaxanthin concentrations did not differ between
formula groups in either retinal region.

FIGURE 4 Lutein (A) and zeaxanthin (B) concentrations in each
retina region of infant rhesus monkeys either BF (n = 8), SF (n = 8),
or UF (n = 7) for 6 mo. Values are means ± SDs. Labeled means
for each tissue without a common letter differ, P < 0.05, by Welch’s
ANOVA followed by Dunnett’s T3 pairwise post-hoc tests. BF, breast-
fed; conc, concentration; SF, supplemented formula-fed; UF, unsupple-
mented formula-fed.

Lutein concentrations were positively correlated between
25-wk serum and each retinal region, as shown in Table 3
(R2 = 0.76 for macular retina; R2 = 0.90 for peripheral retina,
P < 0.001). The slope of the regression line was higher in mac-
ular retina than in peripheral retina. In addition, strong corre-
lations were found between lutein concentrations in both retina
and brain regions (Table 3; R2 = 0.54–0.72, P < 0.001).

Adipose tissue carotenoids. Carotenoid concentrations var-
ied among the 4 adipose sites examined (Table 4). A 2-way
ANOVA found a significant main effect of diet (P < 0.001),
but not of adipose region (P = 0.307), nor a diet × adipose
region interaction (P = 0.627). The BF group had significantly
higher lutein concentrations in all adipose tissues except axillary
brown adipose tissue compared with the formula-fed groups. SF
significantly increased lutein accumulation in all adipose regions
except TSAT, where a similar trend was observed.

SF significantly increased β-carotene concentrations in all
adipose regions compared with the UF group. Zeaxanthin was
detectable in all adipose regions of BF infants and in TSAT
of one monkey fed SF. Lycopene was detectable in all adi-
pose regions of the SF group, but not in the BF or UF groups.
β-Cryptoxanthin in all adipose regions was detectable only in
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TABLE 4 Carotenoid concentrations in infant rhesus macaques
in each adipose region1

Dietary group P values

Abdominal
area BF SF UF Diet

Adipose
area

Diet
× area

Lutein (pmol/g) <0.001 0.307 0.627
ASAT 643 ± 405a 102 ± 44.9b 26.5 ± 22.7c

TSAT 545 ± 370a 88.8 ± 77.9b 22.6 ± 26.6b

MAT 403 ± 277a 69.7 ± 34.7b 8.6 ± 10.6c

BAT 402 ± 427a 48.6 ± 20.1a 7.7 ± 9.7b

Zeaxanthin (pmol/g) — — —
ASAT 163 ± 102 ND2 ND
TSAT 146 ± 97.5a 2.0 ± 5.6b ND
MAT 100 ± 69.7 ND ND
BAT 97.2 ± 101 ND ND

β-Carotene (pmol/g) 0.002 0.001 0.021
ASAT 159 ± 26.7a 172 ± 136a 48.4 ± 26.1b

TSAT 157 ± 43.3a 147 ± 89.0a 42.5 ± 26.2b

MAT 118 ± 54.9a 102 ± 41.9a 36.0 ± 18.2b

BAT 117 ± 54.6ab 167 ± 78.4a 48.4 ± 27.3b

Total lycopene (pmol/g) — — —
ASAT ND 366 ± 107 ND
TSAT ND 287 ± 57.1 ND
MAT ND 209 ± 40.4 ND
BAT ND 293 ± 58.1 ND

1Values are means ± SDs (n = 7–8/group). ASAT, abdominal subcutaneous adipose
tissue; BAT, brown adipose tissue; BF, breastfed; MAT, mesenteric adipose tissue;
ND, not detected; SF, supplemented formula-fed; TSAT, thigh subcutaneous adipose
tissue; UF, unsupplemented formula-fed.
2The lower limit of detection for carotenoids is 1.6 pmol/g. Diet and area effects were
determined by 2-way ANOVA. Values in a row with different superscript letters are sig-
nificantly different, P < 0.05, by 1-way ANOVA or Welch’s test followed by Bonferroni
or Dunnett’s T3 pairwise post-hoc tests.

the BF group (data not shown). No significant sex difference or
diet × sex interaction was observed in the concentrations of any
of the carotenoids in any adipose region.

Carotenoids in other tissues. Lutein, zeaxanthin, β-carotene,
and total lycopene concentrations in the liver, quadriceps, kid-
ney, heart, lungs, spleen, ovaries, and testes are presented in
Table 5. Lutein concentrations in these tissues were higher
in the BF group than in the formula-fed groups and lower
in the UF group than in the SF group. In the liver, lutein
was the predominant carotenoid. The BF group showed 5-
fold and 24-fold increases in liver lutein concentrations com-
pared with the SF and the UF groups, respectively, whereas
a 5-fold difference was seen between the SF and UF groups.
Zeaxanthin was detected in all tissues from BF monkeys. In
contrast, in the SF group, zeaxanthin was undetectable in the
quadriceps, heart, and ovaries, but present in the lungs, kid-
ney, and testes from only one monkey; and in the UF group, it
was undetectable in the liver, quadriceps, kidney, lungs, spleen,
ovaries, and testes, and detected in the heart of only one
monkey. β-Carotene concentrations were significantly higher
in the BF group in all tissues except the liver compared to
the formula-fed groups. Formula supplementation enhanced
β-carotene concentrations in the liver, kidney, heart, lungs,
spleen, ovaries, and testes compared to UF but was not
generally detected in other organs of the UF group. Lycopene
was detectable in all tissues of the SF group, but in none of
the UF group, with the exception of the liver of 1 subject. In
BF monkeys, lycopene was present in a few individuals in some

TABLE 5 Carotenoid concentrations in infant rhesus macaques
in various tissues1

Dietary group

Tissue
Carotenoid
(pmol/g) BF SF UF

Liver Lutein 2680 ± 1008a 530 ± 89.6b 114 ± 88.1c

Zeaxanthin 1071 ± 380a 42.8 ± 28.7b ND2

β-Carotene 151 ± 137a 65.9 ± 29.2ab 8.9 ± 15.2b

Total lycopene 2.0 ± 5.6b 224 ± 80.5a 8.2 ± 21.6b

Quadriceps Lutein 148 ± 67.0a 24.7 ± 4.0b 2.4 ± 4.2c

Zeaxanthin 49.0 ± 30.6 ND ND
β-Carotene 17.4 ± 15.7 ND ND
Total lycopene 4.9 ± 13.9 16.1 ± 11.6 ND

Kidney Lutein 273 ± 110a 39.8 ± 7.5b 16.2 ± 18.9c

Zeaxanthin 91.5 ± 35.0a 1.3 ± 3.6b ND
β-Carotene 45.2 ± 14.7 28.6 ± 12.2 ND
Total lycopene ND 53.6 ± 4.0 ND

Heart Lutein 189 ± 67.8a 31.7 ± 3.6b 19.3 ± 39.5b

Zeaxanthin 69.6 ± 25.6a ND 1.4 ± 3.8b

β-Carotene 43.7 ± 11.3a 22.0 ± 13.7b ND
Total lycopene 7.0 ± 19.7b 31.4 ± 15.1a ND

Lungs Lutein 536 ± 248a 152 ± 192b 21.6 ± 10.8b

Zeaxanthin 230 ± 104a 1.1 ± 3.1b ND
β-Carotene 73.4 ± 23.8a 36.5 ± 16.3b 1.9 ± 5.0c

Total lycopene ND 62.3 ± 17.8 ND
Spleen Lutein 1008 ± 386a 199 ± 47.8b 41.3 ± 20.7c

Zeaxanthin 367 ± 148a 15.5 ± 6.9b ND
β-Carotene 134 ± 63.4a 56.9 ± 23.5b 8.8 ± 15.0c

Total lycopene 2.0 ± 5.6b 117.1 ± 35.2a ND
Ovaries Lutein 600 ± 271a 110 ± 12.9b ND

Zeaxanthin 233 ± 100 ND ND
β-Carotene 76.3 ± 44.9 68.6 ± 44.9 ND
Total lycopene 17.0 ± 34.0b 114 ± 81.4a ND

Testes Lutein 419 ± 171a 77.3 ± 19.9b 15.5 ± 19.9b

Zeaxanthin 171 ± 72.9a 3.4 ± 6.8b ND
β-Carotene 59.7 ± 23.2 23.6 ± 18.1 ND
Total lycopene ND 69.9 ± 6.8 ND

1Values are means ± SDs (n = 7–8/group, n = 3–4/group for ovaries and testes).
BF, breastfed; ND, not detected; SF, supplemented formula-fed; UF, unsupplemented
formula-fed.
2The lower limit of detection for carotenoids is 2 pmol/g. Values in a row with different
superscript letters are significantly different, P< 0.05, by 1-way ANOVA orWelch’s test
followed by Bonferroni or Dunnett’s T3 pairwise post-hoc tests.

tissues. In addition,β-cryptoxanthin was detectable in all tissues
only in the BF group (data not shown). No significant sex dif-
ference or diet × sex interaction was found for any carotenoid
in any of the tissues.

Discussion

This study compares the effects of breastfeeding and infant
formula-feeding on lutein bioaccumulation inmultiple tissues of
nonhuman primate infants during the first 6 mo of life. Our ear-
lier study in infant rhesus macaques at 1–3 mo of age described
the diet-dependent patterns of tissue lutein deposition resulting
from 4 mo of feeding infant formulas containing high and low
concentrations of carotenoids (27). However, that pilot study
had a small sample size (n = 2/group), did not initiate formula
feeding at birth, and lacked a BF control group. The current
study demonstrates in greater detail the unique bioaccumula-
tion patterns of carotenoids including lutein in infant monkeys
in response to breast milk and infant formulas.
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Breast milk is the preferred dietary vehicle for the delivery
of carotenoids, especially lutein, to serum and tissues compared
to either infant formula. Serum and all tissues examined in this
study showed higher lutein deposition following breastfeeding
compared to the formula-fed groups, despite the similar lutein
concentrations in breast milk and the supplemented formula.
Previously, the bioavailability of lutein from breast milk and in-
fant formula was compared in human infants and was found
to be about 4 times greater from breast milk, as assessed by
serum lutein concentrations (26). This result is in line with an
in vitro study using human intestinal cell lines, which showed
that the higher lutein bioavailability of breast milk was primar-
ily due to enhanced intestinal absorptive processes compared to
infant formula (29). Zeaxanthin was undetectable in the brain
of formula-fed infant monkeys but present in all brain regions
of the BFmonkeys; in this case the difference may be due to both
a higher zeaxanthin concentration in breast milk and its higher
bioavailability. There are many potential factors that may be
responsible for enhanced carotenoid bioavailability from breast
milk including food matrix, fat content, and nutrient-nutrient
interactions (30, 31).

We found that breast milk enhanced lutein and zeaxanthin
accumulation in both macular and peripheral retina compared
to either formula, but interestingly, in the macular region accu-
mulation was not increased by formula supplementation. Lutein
and zeaxanthin have unique roles as the components of mac-
ular pigment and thus in tissue protection and enhancement
of foveal vision. Therefore, enhanced macular lutein deposition
from breast milk may lead to optimal retinal function with pos-
sible consequences throughout the lifespan. In contrast, lutein
deposition in all other tissues was increased by formula supple-
mentation, in agreement with our pilot study results (27). The
enhanced lutein accumulation in macular retina by breast milk
implies a highly targeted mechanism by which xanthophylls are
efficiently delivered and concentrated in this specific location.
Although both lutein and zeaxanthin are found primarily in
HDL, Thomas and Harrison (32) recently reported that zeax-
anthin was selectively taken up via an HDL-mediated SR-B1
pathway, while LDL more efficiently delivered lutein for entry
into the retina. Furthermore, lutein is protected by binding to
a specific lutein-binding protein, steroidogenic acute regulatory
domain protein 3 (StARD3) (33). The effect of diet on xantho-
phyll uptake, as well as the protective mechanisms and lifelong
impact of xanthophylls, requires further study.

We confirmed the differential lutein accumulation across
brain regions of infant monkeys, with highest concentrations
in the occipital cortex, the site of the primary visual cortex, in
all diet groups. This distribution may imply a distinctive role
of lutein in the visual system. Lutein supplementation has been
reported to enhance aspects of visual processing speed that are
believed to reflect visual cortical processing (14). In addition,
we found the lowest amount of lutein in cerebellum of the BF
and SF groups, but not the UF group. This result is in agreement
with results in adult rhesus macaques, in which lower lutein ac-
cumulation was observed in cerebellum compared to concen-
trations in the striatum, occipital, frontal, or prefrontal cortices
(25, 34). However, in human centenarians, greater lutein was
deposited in the cerebellum compared to multiple cortical areas
(18), a discrepancy that may be linked to age-related or patho-
logic cognitive decline. The unique pattern of lutein bioaccu-
mulation may result from different lutein uptake, transport, or
metabolism among brain regions.

A novel finding was that lycopene was undetectable in any
brain region despite significant accumulation in serum and

tissues of the SF group. This is interesting, considering that the
SF had a higher content of lycopene than β-carotene, and some
β-carotene did accumulate in the brain of the SF-fed infants.
Thus, it may be assumed that there is a selective uptake mech-
anism for β-carotene and xanthophylls but not for lycopene.
The absence of lycopene in the brain is consistent with a study
in deceased human infants showing that lycopene was detected
only in 3 of the 30 decedents, while lutein, zeaxanthin, cryptox-
anthin, and β-carotene were all detectable (16). Interestingly, a
small amount of lycopene accumulated in the brains of older
adults, although less than β-carotene (18). In addition, it was
reported that lycopene accumulated in the brains of wild-type
and β-carotene 15,15′-oxygenase (BCO1) knockout mice fed
lycopene-containing diets (35). The existence of lycopene in the
brain may differ as a function of age and species, as a function
of chronic lycopene consumption or due to altered blood-brain
barrier function during aging.

Our study showed that both lutein and zeaxanthin weremost
highly concentrated in the macular retina, followed by liver.
β-Carotene and total lycopene accumulation patterns differed
from those of xanthophylls. The highest β-carotene concentra-
tions were found in adipose tissues and the second highest in
the liver and spleen, with little in the brain. In all but 2 of the
SF-fed monkeys, lycopene was most concentrated in adipose tis-
sue, followed by the liver. This differential carotenoid accumula-
tion may be due to the different polarities of non-hydroxylated
carotenes and polar hydroxylated xanthophylls (36). More-
over, the accumulation pattern might be affected by carotenoid-
carotenoid interactions (31).

This study is significant in that it demonstrates lutein tissue
accumulation in early life, during a critical period for retinal
and neural development. One of the study’s strengths is in the
utilization of an appropriate animal model, rhesus macaques.
One limitation of this study is that we were unable to investi-
gate the potential molecular mechanisms underlying the unique
carotenoid bioaccumulation patterns; this objective was beyond
the scope of the current study.

In conclusion, we demonstrated that breastfed infant rhesus
macaques had enhanced serum and tissue lutein concentrations
compared to formula-fed infant rhesus macaques. Lutein con-
centrations in the SF group exceeded those in the UF group, but
were still several-fold less than in BF infants. We confirmed that
there is differential lutein accumulation across brain regions and
that the occipital cortex accumulates the highest amounts of
lutein, suggesting that lutein may play a critical role in visual
processing in early life.
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