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Abstract

The purpose of this study was to investigate if the enhanced bioaccumulation of lutein in retina 

and brain of breastfed, compared to formula-fed, infant monkeys was associated with higher levels 

of serum total and HDL cholesterol, apolipoproteins, or mRNA/protein expression of carotenoid-

related genes. Newborn rhesus macaques were either breastfed, fed a carotenoid-supplemented 

formula, or fed an unsupplemented formula for 6 months (n = 8, 8, 7). Real-time qPCR and 

western blotting were performed in two brain regions [occipital cortex (OC); cerebellum (CB)] 

and two retina regions [macular retina (MR); peripheral retina (PR)]. Breastfed infants had higher 

serum total cholesterol, HDL cholesterol, apoA-I, and apoB-100 levels than the combined 

formula-fed groups (P<0.05). Diet type did not alter expression of the nine genes (CD36, 
SCARB1, SCARB2, LDLR, STARD3, GSTP1, BCO1, BCO2, RPE65) examined except for 

SCARB2 in the retina and brain regions. In conclusion, dietary regimen did not impact the 

expression of carotenoid-related genes except for SCARB2. However, carotenoid-related genes 

were differentially expressed across brain and retina regions. Breastfed infants had higher serum 

total and HDL cholesterol, and apolipoproteins, suggesting that lipoprotein levels might be 

important for delivering lutein to tissues, especially the macular retina, during infancy.
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1. Introduction

Humans are not able to synthesize lutein, a yellow xanthophyll, de novo. Therefore, tissue 

deposition of lutein is dependent upon dietary sources, such as green leafy vegetables, fruits, 

and egg yolks. Lutein is distributed ubiquitously in tissues; most notably, lutein selectively 

accumulates in the retina and brain. Lutein and its isomers zeaxanthin and meso-zeaxanthin 

constitute macular pigment in the primate fovea, where they have an essential role in eye 

health and visual performance [1]. Dietary consumption of lutein and zeaxanthin is 

associated with a decreased risk of age-related macular degeneration (AMD), a leading 

cause of visual loss in the elderly [2, 3]. In addition, lutein preferentially accumulates in the 

neural tissues of infants and older adults [4–6] and it has been suggested that lutein may play 

a role in cognitive health [7].

Various factors involved in lutein’s selective accumulation in the retina have been widely 

studied. In circulation, polar xanthophylls are transported mainly by HDL particles 

compared to the hydrophobic carotenes [8]. Lutein is taken up into the retina from 

circulation via several receptors including CD36 and class B scavenger receptors (SR-B1 

and SR-B2) [9]. In retina tissue, steroidogenic acute regulatory domain protein 3 (STARD3) 

selectively binds and protects lutein [10] while glutathione S-transferase PI (GSTP1) binds 

zeaxanthin [11]. β-Carotene 9,10’ oxygenase-2 (BCO2), along with β-carotene-15,15’-

oxygenase (BCO1), are known mammalian carotenoid cleavage enzymes. Human BCO1 

appears to be the primary enzyme to cleave carotenes [12]. BCO2 isolated from ferret and 

chicken cleaves a variety of carotenoids including xanthophylls [13, 14]. Interestingly, Li et 

al. [15] suggested that the inactivity of primate BCO2 due to the loss of an alternative 

splicing site contributes to selective accumulation of lutein and zeaxanthin in primate retina. 

In contrast, Babino et al. [16] proposed that the enzymatic function of human BCO2 is 

conserved and BCO2 expression is regulated by oxidative stress. Recently it was discovered 

that RPE65, known as retinoid isomerase, can convert lutein to meso-zeaxanthin in 

vertebrate eyes [17]. Furthermore, it has been shown that multiple single nucleotide 

polymorphisms (SNPs) in genes related to lutein absorption, transport, and metabolism are 

associated with macular pigment optical density (MPOD), and also may be related to the 

risk of AMD [18]. In the brain, the mechanism for lutein accumulation is not well 

understood, but it is assumed to be similar to retina, as the blood-brain barrier and blood-

retina barrier are structurally and functionally similar. In addition, brain lutein 

concentrations and MPOD are highly correlated in primates [19, 20].

In early life, infants are dependent upon lutein intake from breast milk and/or infant formula 

to achieve optimal lutein status. Recently, we compared the influence of breast milk, a 

carotenoid-supplemented formula or an unsupplemented formula on lutein biodistribution 

patterns in tissues of infant rhesus macaques after 6 months of life [21]. Breastfed infants 

accumulated significantly more lutein in all tissues examined than those fed the lutein 
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supplemented formula despite similar lutein levels in each. It is likely that the macronutrient 

matrix of breast milk enhances carotenoid bioavailability compared to commercial formulas 

[21, 22]. However, we speculate that in addition to the differences in lutein bioavailability 

between breast and formula milk, differential expression of carotenoid-related genes might 

explain a portion of the differences in lutein accumulation in brain and retina between the 

diet groups. We probed whether breast milk or formulas high and low in carotenoids, fed to 

infant monkeys from birth to six months, differentially impacted 1)serum levels of total or 

HDL cholesterol or apolipoprotein and 2) the expression of transporters, binding proteins, 

and carotenoid cleavage enzymes in retina and selected brain regions.

2. Methods

2.1. Animals and Diets

The procedures in this study were approved by the Institutional Animal Care and Use 

Committee of Oregon Health and Science University and were conducted in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 

From the day after birth until 6 months, newborn rhesus macaques (Macaca mulatta) were 

either breastfed (n=8), fed a carotenoid-supplemented formula (n=8) (Similac Advance with 

OptiGRO), or fed an unsupplemented formula (n=7) based on the Similac Advance base 

formulation, with only the native carotenoids present in the lipid components. Based on our 

analysis by reverse-phase HPLC, lutein, zeaxanthin, β-carotene and lycopene, respectively, 

were found at the following levels in breast milk: 251, 105, 0, and 0 nmol/kg; supplemented 

formula: 237, 19.0, 74.2, and 338 nmol/kg; and unsupplemented formula: 38.6, 2.3, 21.5, 

and 0 nmol/kg [21]. The breastfeeding dams were fed Monkey Diet Jumbo 5037 (Lab Diet) 

and fresh fruits and vegetables.

After 6 months of feeding, infant monkeys were humanely euthanized by a veterinary 

pathologist under deep pentobarbital anesthesia. At the time of death, fasting blood samples 

were collected and centrifuged at 800 × g for 15 min to obtain serum. From the brain, 

samples were dissected from occipital cortex and cerebellum and preserved in RNAlater™ 

solution. From each retina, 4 mm diameter biopsy punches were used to obtain samples of 

the macular and peripheral retina. Once the vitreous was removed, the neural retina was 

dissected from the underlying retinal pigment epithelium and choroid. All collected samples 

were frozen in liquid nitrogen and then stored at −80° C until analysis.

2.2. Carotenoid analysis in serum HDL and non-HDL particles

All extractions and analyses were performed under yellow light to minimize light-induced 

damage of carotenoids. Carotenoids in serum HDL and non-HDL particles were analyzed by 

using a protocol provided by Emily Mohn at Tufts University. Briefly, 200 μL of serum was 

mixed with 500 μL of precipitation solution (0.44 mM phosphotungstic acid, 20 mM MgCl2) 

and 2 μL of 0.52 M pyrogallol. After vortexing, the mixture was incubated at room 

temperature for 15 minutes and then centrifuged at 2300 x g for 15 min at 4°C. After 

centrifugation, the supernantant was removed to obtain HDL-containing serum. For 

analyzing carotenoids in non-HDL particles, the pellet was mixed with 200 μL of 0.85% 

saline, vortexed, and sonicated. Saline (0.85%, 2mL), echinenone as an internal standard, 
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chloroform/ methanol (2:1, v/v) and 2 μL 0.52 M pyrogallol were added and vortexed. For 

analyzing carotenoids in HDL particles,1.5 mL 0.85% saline and 100 μL internal standard 

were added to the isolated HDL-containing supernantant (300 μL), and then 9mL of 

chloroform/methanol(9 mL, 2:1 v/v) and 2 μL 0.52 M pyrogallol were added and vortexed. 

For both extractions, mixtures were centrifuged at 1000 g for 10 min at 4°C. The upper 

aqueous layer was transferred and the hexane extraction process was repeated two more 

times.

Carotenoid analyses were carried out on an Alliance HPLC system (e2695 Separation 

Module) equipped with 2998 photodiode array detector (Waters). The extracts were 

separated on a reverse-phase C30 column (4.6 × 150 mm, 3 μm; YMC) maintained at 18°C. 

A phase gradient method was used for carotenoid separation, based on the method of Yeum 

et al. [23]. The lower limit of detection for carotenoids was 0.2 pmol. The average recovery 

of the internal standard was 92.4 ± 1.0 %. Carotenoids were identified via absorption 

spectra, retention times, and comparison to standards and quantified by an internal standard 

curve method.

2.3. Total cholesterol, HDL cholesterol, and apolipoprotein analyses

Serum total cholesterol levels were determined with a commercial kit (Wako Diagnostics) 

according to the manufacturer’s protocol.HDL cholesterol levels were analyzed in the 

isolated HDL-containing serum using the same kit. Serum apolipoprotein (apo) A-I, B-48, 

and B-100 levels were assessed with commercial ELISA kits (MyBioSource) according to 

the manufacturer’s instructions.

2.4. Total RNA extraction and quantitative real-time PCR analysis

Total RNA for nine carotenoid-related genes was isolated from macular and peripheral 

regions of RPE-choroid and retina and from brain regions (occipital cortex and cerebellum) 

using RNeasy® Lipid Tissue Mini Kit (Qiagen), according to the manufacturer’s 

instructions. cDNA was synthesized from 400ng of total RNA using RT2 First Strand Kit 

(Qiagen). RNA purity and concentrations were determined using a μCuvette G1.0 

(Eppendorf) in a BioPhotometer (Eppendorf). Amplification reactions were performed on 

the QuantStudio™ 7 Flex Real-Time PCR System (Life Technologies) following the 

manufacturer’s protocol for the SYBR® Green ROX qPCR Mastermix (Qiagen). After 

testing three different reference genes [actin gamma 1 (ACTG1), ribosomal protein L13a 

(RPL13a), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)], ACTG1 was chosen 

as a reference gene because it had the lowest variability among different regions of brain, 

RPE-choroid, and retina samples. Relative gene expression levels were analyzed using the 

2−ΔΔCt method. Primer sequences are described in Table 1.

2.5. Western Blotting

Total proteins from frozen brain samples were extracted with RIPA buffer (Thermo 

Scientific) containing 1% protease inhibitor cocktail (Sigma) at 4°C. Protein concentrations 

were determined by the Pierce BCA protein assay kit (Thermo Fisher Scientific). 20μg of 

proteins were separated on SDS-PAGE and transferred onto an Immobilon-P PVDF 

membrane (Millipore). Following blocking with 5% non-fat milk, membranes were probed 
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with specific primary antibodies and subsequently incubated with HRP-linked secondary 

antibodies for chemiluminescent detection. The primary antibodies used and their dilutions 

are listed as follows: STARD3 at 1:3000, GSTP1 at 1:3000, GAPDH at 1:3000 (all from 

Cell Signaling). The band intensities were visualized by ImageQuant LAS 4000 (GE 

Healthcare) and quantified using Quantity One software (Bio-Rad).

2.6. Statistical analysis

Data analyses were performed using SPSS version 24 (IBM SPSS Statistics). Unequal 

variances were evaluated prior to ANOVA analysis using Levene’s test. Two-way ANOVA 

was performed to assess effects on gene expression of diet and brain region, or diet and 

retina region. Gene expression in brain, retina, or RPE-choroid regions was analyzed by one-

way ANOVA, with Bonferroni’s multiple comparison 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. Two-tailed Student’s t-test was performed to assess differences in 

serum cholesterol and apolipoproteins between breastfed and all formula-fed monkeys (with 

the two formula groups combined). The correlations between pairs of variables were 

determined by Pearson’s linear correlation coefficient. All data are presented as mean ± 

SEM. All differences or relationships were considered significant when P<0.05.

3. Results

Lutein and zeaxanthin levels in serum, brain and retina dependent upon dietary sources 
after 6 months of feeding

As previously reported [21], after 6 months of feeding, lutein and zeaxanthin differentially 

accumulated in numerous tissues of infant monkeys in the different feeding groups (Table 2). 

Breastfed infant monkeys had several-fold higher lutein levels than either formula group in 

serum, both retina regions (macular retina, MR; peripheral retina, PR), and both brain 

regions (occipital cortex, OC; cerebellum, CB). Compared to unsupplemented formula, 

supplemented formula significantly enhanced lutein levels in the serum, both brain regions, 

and PR, but not in the MR. Serum and brain zeaxanthin were only detectable in the breastfed 

monkeys. Breastfed monkeys had higher zeaxanthin concentrations in both retina regions 

compared to the formula-fed monkeys. Supplemented formula increased zeaxanthin levels in 

the PR, but not in the MR compared to unsupplemented formula. As expected, lutein and 

zeaxanthin concentrations were higher in the MR than in the PR in all dietary groups. In 

brain, lutein concentrations were higher in the OC than in CB in all feeding groups.

Serum total cholesterol, HDL cholesterol, and apolipoprotein levels

No differences were found between the two formula-fed groups in any lipoprotein measure, 

and therefore the two groups were combined for subsequent analyses. Serum total and HDL 

cholesterol levels were higher in the breastfed infants than in the combined formula-fed 

groups (1.2-fold and 1.7-fold higher, respectively) (Table 3). Serum lutein concentrations 

were positively and significantly correlated with HDL cholesterol (R2=0.197, P=0.034) but 

the positive correlation with total cholesterol did not reach statistical significance (R2=0.163, 

P=0.056). The levels of apoA-I, the major protein marker of HDL, were significantly higher 

in the breastfed infants compared to the combined formula-fed infants. ApoB-100 and 
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apoB-48 are protein constituents of LDL. Levels of ApoB-100, but not ApoB-48, were 

significantly higher in the breastfed infants than in the combined formula-fed infants.

Carotenoid levels in HDL and non-HDL fractions

To better understand the differential lutein accumulation in brain and macular tissues 

between breastfed and formula-fed infants, we investigated the amounts and distribution of 

carotenoids in the serum HDL and non-HDL fractions. Lutein concentrations in serum HDL 

and non-HDL fractions were significantly higher in breastfed infants compared to both 

formula-fed groups (Table 4). Supplemented formula significantly increased lutein 

concentrations in HDL and non-HDL fractions compared to unsupplemented formula. 

Breastfeeding also significantly increased β-carotene concentrations in HDL and non-HDL 

fractions compared to both formula groups. Zeaxanthin was only detectable in the serum of 

the breastfed group. Lycopene was detectable in the serum of the supplemented formula 

group and one breastfed infant.

The majority of lutein was found in the HDL fraction (range: 66–89%) in all dietary groups 

(Figure 1).β-carotene was equally distributed between HDL and non-HDL particles both in 

the breastfed and the supplemented formula group, while the percentage of β-carotene in the 

HDL fraction was significantly higher in the unsupplemented formula group compared to 

both the breastfed and supplemented formula groups. Zeaxanthin concentrations were 

significantly greater in the serum HDL fraction than in the non-HDL fraction of the 

breastfed group. Lycopene was also mainly transported by HDL in the supplemented 

formula group.

The correlation between the serum lutein: β-carotene ratio and lutein concentrations in 
retina and brain tissues

Additionally, we looked at the correlation between the lutein: β-carotene ratio in serum and 

lutein concentrations in two retina regions and two brain regions (Figure 2). The lutein: β-

carotene ratio in serum was highest in the breastfed group (4.6 ± 0.8), followed by the 

supplemented formula group (2.0 ± 0.2) and the unsupplemented formula group (0.9 ± 0.1) 

excluding one sample with undetected β-carotene. The lutein: β-carotene ratio in serum was 

strongly correlated with lutein levels in MR (r =0.828, P<0.001), PR (r =0.847, P<0.001), 

OC (r =0.634, P=0.002) and CB (r =0.697,P<0.001). Furthermore, in the supplemented 

formula-fedinfants, the lutein: lycopene ratio in serum was strongly correlated with lutein 

levels in OC (r =0.817, P=0.013), but not in MR, PR, and CB.

Gene expression of receptors, binding proteim, and cleavage enzymes in macular and 
peripheral areas of RPE-choroid or retina

The mRNA expression of carotenoid-related receptors (CD36, SCARBl, SCARB2, and 

LDLR) in the macular and peripheral RPE-choroid was determined by RT-PCR (Figure 3). 

Class B scavenger receptors are known to mediate HDL uptake (CD36, SR-B1, and SR-B2), 

and LDLR are known to be localized in the RPE [24–26]. Expression of all receptor genes 

examined were significantly down-regulated in the macular RPE-choroid compared to the 

peripheral RPE-choroid (CD36, P= 0.008; SCARBl, SCARB2, and LDLR, P<0.001). No 

significant effects of diet or diet × region were seen in the mRNA levels of these receptors.
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We also analyzed expression of these receptors in the macular and peripheral retina (Figure 

4A). Several lipid receptors, including CD36, SR-B1, and LDLR, are also known to be 

localized in the retina as internal lipid transport mechanisms [25, 26]. While no significant 

diet × region interactions were found in mRNA expression of these receptors, expression of 

CD36, SCARB2, and LDLR, but not SCARBl, was higher in the MR than in the PR (CD36, 
SCARB2,and LDLR, P<0.001). There was a significant diet effect of SCARB2 expression 

in both retina regions (P=0.003). We also measured xanthophyll binding proteins and 

carotenoid metabolic proteins (Figure 4B). A two-way ANOVA revealed no significant 

effects of diet or diet × region interactions in mRNA levels of STARD3 and GSTPl; 
however, expression of both STARD3 and GSTPl was upregulated in the MR compared to 

the PR (P<0.001 for both). With no effects of diet or diet × region interactions in BCO2, 
BCOl, and RPE65, we again found a significant region effect (Figure 4C); BCO2 expression 

was higher in the PR compared to the MR whereas expression of BCOl and RPE65 showed 

the opposite pattern (P<0.001 for both).

Gene expression of receptors, binding proteins, and cleavage enzymes in two brain 
regions

The expression of carotenoid-related genes was evaluated by RT-PCR in the OC and CB. We 

decided to analyze OC and CB due to their differences in lutein accumulation (OC > CB), as 

reported previously [21]. No significant effects of diet or diet × region interactions were 

found for CD36, SCARB1, and LDLR expression. However, the expression of CD36 and 

SCARB1 was significantly higher in the OC compared to the CB (P=0.004 and P< 0.001, 

respectively), whereas there was no difference in LDLR expression (Figure 5A). There was a 

significant diet effect of SCARB2 expression in brain regions (P<0.001); post-hoc pairwise 

comparisons showed that the breastfed group had significantly lower SCARB2 expression 

compared to the unsupplemented formula group in the CB. In addition, SCARB2 expression 

was significantly higher in the CB compared to the OC (P=0.004). While there were no 

significant effects of diet or diet × region interactions in the expression of xanthophyll 

binding proteins (STARD3, GSTP1), expression of both genes was significantly different 

between the two regions (Figure 5B). STARD3 mRNA expression was higher in the CB than 

in the OC (P<0.001), and this pattern was confirmed by Western blotting (P<0.001) (Figure 

6). GSTP1 mRNA expression was significantly higher in the OC than in the CB (P<0.001); 

however, no significant differences were found in GSTP1 protein levels between the two 

regions (data not shown). Expression of genes related to carotenoid metabolism (BCO2, 
RPE65) showed no significant effects of diet or diet × region interactions (Figure 5C), but 

BCO2 and RPE65 expression levels were higher in the OC than in the CB (P<0.001 for 

both). The limited amount of retina and RPE-choroid tissue made it impossible to investigate 

protein expression in these tissues.

4. Discussion

We previously determined that breastfeeding substantially increased lutein accumulation in 

various tissues of infant rhesus macaques compared to infant formula-feeding, despite 

closely matched concentrations of lutein in breast milk and the carotenoid-supplemented 

infant formula [21]. Given that serum lutein concentrations were strongly correlated with 
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lutein concentrations in multiple tissues of infant monkeys, irrespective of diet, we assumed 

that intestinal absorption processes might be an important determinant of lutein uptake and 

tissue deposition. In a Commentary [22] that accompanied our previous paper, Dallas and 

Traber proposed that the higher bioavailability of lutein in breast milk might mainly result 

from the complex structure of the milk fat globule and milk lipases which might optimize 

lutein absorption compared to commercial infant formulas [27]. In addition, lipid 

composition differs between breast milk and infant formula, especially with respect to 

cholesterol and various fatty acids [28], which might contribute to differential absorption 

and tissue uptake of lutein [29]. With the acknowledgement that several factors intrinsic to 

breast milk enhance the bioavailability of lutein, the current work explored whether breast 

milk or infant formulas differentially impacted the mRNA levels of carotenoid-related genes 

and their protein products, and whether changes in expression were in part responsible for 

the differential lutein deposition in brain and retina. In contrast to our hypothesis, the 

expression of carotenoid-related genes in brain and retina, except for SCARB2 in brain 

regions, were not associated with different types of feeding in infant monkeys over the first 6 

postnatal months.

Notably, it was demonstrated that serum total and HDL cholesterol, apoA-I, and apoB-100 

levels were higher in the breastfed infants than in formula-fed infants, suggesting that more 

HDL and LDL particles were present in the breastfed infants compared to the formula-fed 

infants. The increased number of lipoproteins via breastfeeding may contribute to the 

delivery of more lutein into the macular retina and brain of the breastfed infants compared to 

formula-fed infants since: 1) HDL is the primary vehicle for lutein delivery, 2) lutein is also 

efficiently delivered by LDL according to in vitro studies [9, 30], and 3) both HDL and LDL 

levels are higher in breastfed infants compared to formula-fed infants. Enhanced HDL and 

LDL cholesterol levels have been observed in breastfed human infants compared to those fed 

formula [31–33], due to the higher presence of cholesterol in breast milk than in infant 

formula, with particularly high levels in the early lactation period.

Furthermore, Thomas et al. [30] showed in ARPE-19 cells that there was an inhibitory 

interaction between uptake of lutein and β-carotene from LDL. We found that the lutein: β-

carotene ratio in serum was strongly correlated with lutein levels in macular retina as well as 

occipital cortex. Our findings imply that competition between circulating lutein and β-

carotene may be one factor for determining lutein uptake into the macular retina and 

occipital cortex. In addition, in human adults, intestinal absorption of lutein and β-carotene 

was affected by their interaction [34].

A novel finding from this work was that various carotenoid-related genes were differentially 

expressed among brain and retinal regions, independent of diet. The differential gene 

expression between the OC and CB and between the macular and peripheral retina appears 

to help explain the differential lutein deposition in these areas. The relationship between the 

expression of several genes and xanthophyll content in brain regions was previously 

demonstrated by Mohn et al. [35]; that study showed that genetic origin of rhesus monkeys 

(Indian vs. Chinese) was related to the expression of genes involved in carotenoid and fatty 

acid metabolism and immune response in prefrontal cortex, cerebellum, and striatum. 

However, that study did not compare gene expression among the brain regions.
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Notably, STARD3 mRNA expression was upregulated in the macular retina compared to the 

peripheral retina, which may explain the higher lutein accumulation in the macula (range: 

0.405 ~ 10.4 nmol/g) compared to the periphery (range: 0 ~ 1.74 nmol/g). Unlike the retina, 

in the two brain regions STARD3 expression patterns (CB > OC) were opposite to lutein 

accumulation patterns (OC > CB). Higher STARD3 expression in the CB compared to the 

OC may be due to STARD3’s involvement not only in binding to lutein but in cholesterol 

transport [36]. In older human adults, cholesterol content is higher in the CB than in the OC 

[37], and in the OC cholesterol concentrations (10.7 mg/g [37]) are substantially higher than 

lutein concentrations (53.8 μg/g [6]). Previously, Tanprasertsuk et al. [38] showed a strong 

correlation between STARD3 protein expression and brain lutein concentrations in human 

infants. However, we did not find a significant correlation between the two variables in brain 

or retina in this intervention study.

In conclusion, contrary to our hypothesis, infant monkeys fed breast milk or infant formulas 

with low or high levels of carotenoids did not show differential expression of genes involved 

in carotenoid binding, transport and metabolism, in the retina or brain, with the exception of 

SCARB2. Given that breastfed infant monkeys had higher total and HDL cholesterol, apoA-

I and apoB-100 levels in serum than formula-fed infant monkeys, combined with higher 

lutein concentrations in HDL and non-HDL fractions, suggests that lipoprotein levels may 

be one determinant of the higher lutein accumulation in the retina and other tissues during 

infancy. Differential bioavailability of carotenoids between breast milk and formula is 

apparently the primary driver for enhanced lutein tissue accumulation of breast-fed 

compared to formula-fed monkeys. However, the differential expression of carotenoid-

related genes among retina and brain regions may explain some of the differences in lutein 

accumulation in those areas.
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Highlights

• Lipoprotein levels might be critical for delivering lutein to retina and other 

tissues during infancy.

• Dietary regimen does not impact the expression of genes involved in 

carotenoid transport, binding, and metabolism, except for SCARB2, in the 

brain and retina of infant monkeys.

• Carotenoid-related genes are differentially expressed across brain and retina 

regions of infant monkeys.
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Figure 1. 
Percent distribution of carotenoid in the serum HDL fraction of infant rhesus monkeys either 

breastfed (BF, n=8), fed a carotenoid-supplemented formula (SF, n=8) or fed an 

unsupplemented formula (UF, n=7) for six months. Data are expressed as means ± SEM. 

Labeled means for each carotenoid without a common letter differ, P<0.05, by one-way 

ANOVA followed by Bonferroni posthoc tests. nd = not detected.
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Figure 2. 
Relation between the lutein: β-carotene ratio in serum and lutein concentrations in two retina 

regions [macular retina, MR (A); peripheral retina, PR (B)] and between lutein: β-carotene 

ratio in serum and lutein concentrations in two brain regions [occipital cortex, OC (C); 

cerebellum, CB (D)]. BF, breastfed (n=8); SF, supplemented formula-fed (n=6); UF, 

unsupplemented formula-fed (n=7). Pearson correlation coefficient (r) and P-value are 

indicated.
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Figure 3. 
Relative receptor mRNA expression in macular (solid bars) and peripheral (striped bars) 

RPE–choroid in infant rhesus monkeys either breastfed (BF, n=8), fed a carotenoid 

supplemented formula (SF, n=8) or fed an unsupplemented formula (UF, n=7) for six 

months. Relative mRNA levels were determined by real-time RT-PCR and normalized by 

ACTG1. The mean values for the macular RPE–choroid of the breastfed infant monkeys was 

set at 1.0. Data are expressed as means ± SEM. Diet and area effects were determined by 

two-way ANOVA. Labeled means for each gene without a common letter differ, P<0.05, by 

Welch’s test followed by Dunnett’s T3 pairwise posthoc test.
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Figure 4. 
Relative mRNA expression for receptors (A), xanthophyll binding proteins (B), and cleavage 

enzymes (C) in the macular retina (MR, solid bars) and the peripheral retina (PR, striped 

bars) of infant rhesus monkeys either breastfed (BF, n=8), fed a carotenoid-supplemented 

formula (SF, n=8) or fed an unsupplemented formula (UF, n=7) for six months. Relative 

mRNA levels were determined by real-time RT-PCR and normalized by ACTG1. The mean 
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value for the MR of the breastfed infant monkeys was set at 1.0. Data are expressed as 

means ± SEM. Diet and area effects were determined by two-way ANOVA. Labeled means 

for each gene without a common letter differ, P<0.05, by one-way ANOVA or Welch’s test 

followed by Bonferroni or Dunnett’s T3 pairwise posthoc tests.
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Figure 5. 
Receptors (A), xanthophyll binding proteins (B), and cleavage enzymes (C) mRNA 

expression in the occipital cortex (OC, solid bars) and the cerebellum (CB, striped bars) of 

infant rhesus monkeys either breastfed (BF, n=8), fed a carotenoid-supplemented formula 

(SF, n=8) or fed an unsupplemented formula (UF, n=7) for six months. Relative mRNA 

levels were determined by real-time RT-PCR and normalized by ACTG1. The mean value 

for the OC of the breastfed infant monkeys was set at 1.0. Data are expressed as means ± 

SEM. Diet and area effects were determined by two-way ANOVA. Labeled means for each 
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gene without a common letter differ, P<0.05, by one-way ANOVA followed by Bonferroni 

posthoc tests.
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Figure 6. 
Representative Western blot photographs (A) and relative protein levels (B) of STARD3 in 

occipital cortex (OC, solid bars) and cerebellum (CB, striped bars) of infant rhesus monkeys 

either breastfed (BF), fed a carotenoid-supplemented formula (SF) or fed an 

unsupplemented formula (UF) for six months. GAPDH was used as a loading control. The 

mean value for the OC of the breastfed infant monkeys was set at 1.0. Mouse adrenal tissue 

was used as a positive control. Data are expressed as means ± SEM (n=3 per dietary group 

in each brain region). Diet and area effects were determined by two-way ANOVA. No 

significant group differences were found.
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Table 1.

Primer sequences utilized in RT-PCR analysis.

Gene Forward Reverse

CD36 TGGTCAAGCCATCAAACAAA GCAACAAACATCACCACACC

SCARB1 AGATCATGTGGGGCTACCAG GTTCCACTTGTCCACGAGGT

SCARB2 GCTCTGGGGCTACAAAGATG TTCCCATTCCATTCCACAAT

LDLR TACAGCACCCAGCTTGACAG TTTCCTCTTCACACCCTTGG

STARD3 GCAAGAACTTGGAGCAGGAG GCAGCTCAGAGAGGATGACC

GSTP1 CCGCACTCTTGGGCTCTATGG AGTCATCCTTGCCTGCCTCGT

RPE65 GATGCTTACGTACGGGCAAT TTGTCGGTAACCTCCACTCC

BCO1 CATTGTGGAAAAGGGGAAGA GGCTGCTCAAGGAAGATGA

BCO2 TGATGTGGTTTGGAGAGAAGATGGT TGCTTTCATTCTGGTTGGGAGTG
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Table 2.

Lutein and zeaxanthin concentrations in serum, retina (macular retina, MR; peripheral retina, PR), and brain 

(occipital cortex, OC; cerebellum, CB) of infant rhesus macaques after 6 months of breastfeeding or formula 

feeding
1
.

BF SF UF

Lutein

Serum [nmol/L] 499 ± 78.0a 66.9 ± 4.97b 10.6 ± 3.78c

Retina [pmol/g]
† MR 5712 ± 1113a 1582 ± 253b 1323 ± 470b

PR 877 ± 194a 156 ± 34.8b 34.9 ± 12.6C

Brain [pmol/g]
† OC 262 ± 56.0a 47.0 ± 3.91b 13.8 ± 0.95c

CB 80.4 ± 15.4a 16.9 ± 1.26b 3.28 ±1.65C

Zeaxanthin

Serum [nmol/L] 124 ± 20.1 nd
2 nd

Retina [pmol/g]
† MR 2903 ± 533a 829 ± 133b 933 ± 282b

PR 258 ± 58.2a 15.3 ± 5.98b 2.67 ± 2.67b

Brain [pmol/g]
† OC 95.3 ± 21.9 nd nd

CB 37.8 ± 21.2 nd nd

BF, breastfed (n=8); SF, supplemented formula-fed (n=8); UF, unsupplemented formula-fed (n=7).

1
Values are means ± SEM.

2
nd = not detected. Values in a row with different superscript letters are significantly different, P<0.05 by one-way ANOVA or Welch’s test 

followed by Bonferroni or Dunnett’s T3 pairwise posthoc tests.

†
Adapted from Reference [21].
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Table 3.

Total cholesterol, HDL cholesterol, and apolipoprotein levels in serum of infant rhesus macaques after 6 

months of breastfeeding or formula feeding
1
.

BF SF UF
Breastfed vs.

Combined formula-fed
(P-value)

Total cholesterol [mmol/L] 7.23 ± 0.54 5.94 ± 0.21 5.78 ± 0.58 0.021*

HDL cholesterol [mmol/L] 0.75 ± 0.15 0.45 ± 0.13 0.42 ± 0.08 0.048*

ApoA-I [μg/mL] 188 ± 39.2a 106± 18.2b 80.5 ± 12.6b 0.050*

ApoB-48 [μg/mL] 16.6 ± 56.0 22.2 ± 6.22 21.3 ± 1.41 0.273

ApoB-100 [μg/mL] 993 ± 160a 641 ± 104ab 504 ± 73.8b 0.010*

BF, breastfed (n=8); SF, supplemented formula-fed (n=8); UF, unsupplemented formula-fed (n=7).

1
Values are means ± SEM. Values in a row with different superscript letters are significantly different, P<0.05 by one-way ANOVA by Bonferroni 

posthoc test.

*
P<0.05, Significant different between the breastfed and combined formula-fed groups by Student’s t-test.
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Table 4.

Carotenoid levels in serum HDL and non-HDL fractions of infant rhesus monkeys either breastfed, fed a 

carotenoid-supplemented formula or fed an unsupplemented formula for six months.

BF SF UF

Lutein

Serum HDL [nmol/L] 369 ± 58.6a 50.4 ± 4.14b 8.62 ± 3.15C

Serum HDL [nmol/L] 130 ± 20.8a 16.6 ± 1.45b 1.96 ± 0.69c

Zeaxanthin

Serum HDL [nmol/L] 88.2 ± 14.7 nd2 nd

Serum non-HDL [nmol/L] 35.6 ± 5.81 nd nd

β-carotene

Serum HDL [nmol/L] 66.7 ± 11.4a 30.2 ± 2.39b 17.9 ± 2.31b

Serum HDL [nmol/L] 68.4 ± 12.5a 25.3 ± 1.59b 8.93 ± 1.22C

Lycopene

Serum HDL [nmol/L] nd 319 ±7.36 nd

Serum non-HDL [nmol/L] 15.0 ± 15.0 177 ±5.04 nd

BF, breastfed (n=8); SF, supplemented formula-fed (n=8); UF, unsupplemented formula-fed (n=7).

1
Values are means ± SEM. 2nd = not detected. Values in a row with different superscript letters are significantly different, P<0.05 by one-way 

ANOVA or Welch’s test followed by Bonferroni or Dunnett’s T3 pairwise posthoc tests.
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