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Abstract
Background: The dietary xanthophylls, lutein and zeaxanthin, accumulate in primate retina and brain, and emerging
evidence indicates neural lutein content may be beneficial for cognition. Neural xanthophyll content in primates varies
greatly among individuals, and genetic factors are likely to be significant contributors. Subspecies of rhesus macaques
originating from different geographic locations are known to differ genetically, but the effect of origin on gene
expression and carotenoid status has not been determined. The study objective was to determine whether
xanthophyll status and expression of carotenoid-related genes, as well as genes with known variants between subspecies,
differ between the brains of adult rhesus monkeys of Indian and Chinese origin.
Methods: Samples of prefrontal cortex, cerebellum, and striatum were collected from adult monkeys (n = 9) fed a
standard stock diet containing carotenoids. Serum and brain carotenoids were determined using reverse-phase highperformance liquid chromatography. For each brain region, RNA sequencing and real-time quantitative polymerase
chain reaction were used to determine differentially expressed genes between the subspecies.
Results: Indian-origin monkeys had higher xanthophyll levels in brain tissue compared to Chinese-origin monkeys
despite consuming similar amounts of dietary carotenoids. In a region-specific manner, four genes related to carotenoid
and fatty acid metabolism (BCO2, RPE65, ELOVL4, FADS2) and four genes involved in the immune response (CD4, CD74,
CXCL12 LTBR) were differentially expressed between Indian- and Chinese-origin monkeys. Expression of all four genes
involved in carotenoid and fatty acid metabolism were correlated with brain xanthophyll concentration in a regionspecific manner.
Conclusions: These results indicate that origin is related to differences in both gene expression and xanthophyll content
in the brain. Findings from this study may have important implications regarding genetic diversity, lutein status, and
cognition in primates.
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Background
Lutein is a xanthophyll carotenoid found in a variety of
colorful fruits and vegetables, as well as in dark leafy
greens and eggs [1]. Animals cannot synthesize lutein,
and therefore its presence in the body is a result of dietary consumption [2]. Lutein and its isomer zeaxanthin
accumulate in the macula of the primate retina to form
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macular pigment (MP). In the macula, lutein and zeaxanthin function to protect the eye from oxidative damage both by filtering harmful blue light and by their
antioxidant activity [3, 4]. More recently it has been discovered that lutein, and in smaller amounts, zeaxanthin,
also preferentially accumulate in the primate brain
[5–7]. Current evidence indicates that lutein may have
an important role in maintaining and improving brain
function and cognition, with studies showing that MP
optical density (MPOD) [8–11], as well as serum and
brain lutein concentrations, are associated with better
cognition in humans [6].
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It is well established that there is a high amount of
inter-individual variability in serum carotenoid levels
[12, 13]. A major contributing factor is the large variability in intestinal absorption of carotenoids [14]. Additionally, MP response to dietary and supplemental lutein/
zeaxanthin is highly variable [15–17]. Genomic studies
have identified a number of single nucleotide polymorphisms (SNPs) in genes involved in carotenoid uptake,
transport, and metabolism that are related to MPOD
and risk for age-related macular degeneration (AMD)
[18, 19]. While a number of studies have documented
significant variability in efficiency of uptake and storage
of lutein and zeaxanthin in the eye, it is not clear
whether the same variability is observed in the brain.
However, it is likely that these tissues share similar
mechanisms for xanthophyll uptake and deposition
given that lutein is selectively taken up into this tissue
just as it is in the retina [6, 7]. Evidence to support this
hypothesis has been shown in both human and nonhuman primates where MP was significantly correlated
with lutein concentrations in the brain [20, 21].
Like humans, but unlike other animal models, rhesus
macaques (Macaca mulatta) have been shown to absorb
and preferentially store xanthophylls in the eye and
brain [20, 22], making them an ideal model for studying
factors influencing the accumulation of lutein and zeaxanthin into neural tissue. Another advantage of using
these non-human primates is that rhesus monkeys of
different geographical origin (Indian and Chinese) have
been shown to be genetically different, with a number of
SNPs distinguishing the two subspecies from one another
[23]. Therefore, utilizing both subspecies of monkeys in
carotenoid research provides a unique opportunity for
studying the nutrigenomics of xanthophyll absorption,
deposition, and storage/metabolism in neural tissue.
However, to date, no studies have investigated whether
accumulation of xanthophylls in neural tissue differs
between rhesus monkeys of Indian and Chinese origin
when provided very similar carotenoid-containing foods.
Additionally, no studies have determined the relationship
between rhesus monkey origin and expression of genes
related to xanthophyll metabolism and function.
The objective of this study was twofold: (1) to determine whether xanthophyll status in serum and
brain differs between rhesus monkeys of different
subspecies and (2) to investigate whether the brains
of rhesus monkeys of Indian and Chinese origin differs in the expression of genes involved in carotenoid
uptake, transport, and metabolism as well as genes
with known variants between subspecies. Brain regions of interest included the prefrontal cortex (PFC),
cerebellum (CER), and striatum (STR), since these regions play important but distinct roles in cognitive
function [24–26].
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Methods
Study animals and diet

Post-mortem brain samples from nine rhesus monkeys
(M. mulatta) ranging from 7 to 16 years of age were obtained from the Tissue Distribution Program at the
Oregon National Primate Research Center (ONPRC) at
Oregon Health and Science University. All animals were
fed a standard monkey stock diet (LabDiet #5037, St.
Louis, MO) that was determined by reverse-phase highperformance liquid chromatography (HPLC) [27] to
contain ~16 μmol/kg of lutein, ~6 μmol/kg of zeaxanthin, ~5 μmol/kg β-carotene, ~1 μmol/kg α-carotene,
and ~0.1 μmol/kg cryptoxanthin, plus a variety of supplemental fruits and vegetables two times/week (seasonal: bananas, apples, oranges, spinach, cucumber,
carrots). All Indian-origin monkeys were born at the
ONPRC, while monkeys of Chinese origin were obtained
as young adults and lived for 3 years at the ONPRC
prior to termination. After termination, PFC, CER, and
STR were dissected, frozen at −0 °C and shipped on dry
ice overnight to Tufts University for analysis. Tissues
were kept frozen at −80 °C until analysis.
Carotenoid extraction from brain regions and serum

Extraction of carotenoids from brain regions was adapted
from previous methods [28] and has been described in detail [20]. Seven of the nine monkeys had serum collected
at termination that was available for carotenoid analysis.
Carotenoids were extracted from serum as previously
described [29]. HPLC was used to separate and quantify
carotenoids [29]. For serum, total lutein (sum of cis and
trans isomers) was used for the data analysis. In the brain,
only the trans isomer of lutein was detected. For the other
carotenoids, including zeaxanthin, only the trans isomers
were detected in serum and brain. Carotenoid data (both
serum and brain) are expressed as mean ± standard error
of mean.
Total RNA extraction from rhesus monkey brain for RNA
sequencing and RT-PCR

From the nine monkeys, three from each subspecies
were selected for RNA sequencing (RNA-seq) analysis
that were matched for age (13 ± 4 years and 11 ± 1 year
for Indian- and Chinese-origin monkeys, respectively)
and sex (two females and one male in each group). Total
RNA was isolated from PFC, CER, and STR using the
RNeasy lipid tissue mini kit (Qiagen) per manufacturer’s
instructions. RNA purity and concentrations were determined using a NanoDrop ND-1000 (Thermo Fisher
Scientific). All RNA samples had a 260/280 ratio greater
than 2.05. One to 2 μg RNA was aliquoted for RNA-seq
analysis. RNA integrity was determined to be satisfactory
for sequencing using an AATI (Advanced Analytical
Technologies, Inc) Fragment Analyzer. One microgram
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RNA was aliquoted for real-time quantitative polymerase
chain reaction (RT-PCR).
Library preparation, next-generation RNA sequencing,
and processing of reads

RNA-seq was performed in order to explore differences
in gene expression profiles in the brains of rhesus monkeys of different origin. RNA-seq uses next-generation
sequencing to characterize genome-wide RNA sequences
and determine their abundance in a given sample with
extremely high resolution. Due to its high sensitivity and
broad scope, RNA-seq is quickly becoming the preferred
method over microarrays for differential gene expression
studies [30].
For library preparation, the TruSeq RNA library preparation kit (Illumina, Inc) was used according to the
manufacturer’s protocol. Single-end 50-bp sequencing
was performed on the HiSeq 2500, High Output v4
(eight lanes flow cell) system. For this analysis six samples were sequenced per lane (total of three lanes used,
one for each brain region). Quality control of the resulting reads was performed using the FastQC tool on the
Tufts Galaxy server. Additional file 1: Table S1 shows
the average number of reads and the mean quality score
(PHRED format) for Indian- and Chinese-origin groups
for each brain region.
Mapping of RNA-seq reads using TopHat

Sequence reads were aligned to the Ensembl rhesus
monkey reference genome (mmul1) using TopHat for
Illumina (version 1.5.0) on the Tufts University Galaxy
server. TopHat aligns reads to mammalian-sized genomes using the high-throughput short read aligner
Bowtie and then analyzes the mapping results to identify
splice junctions between exons [31]. Default settings for
TopHat were used.
Differential expression testing using Cuffdiff

Using the resulting BAM files (.bam) containing mapped
reads from TopHat and a reference M. mulatta
iGenome GTF annotation file, transcripts were assembled and normalized to fragments per kilobase of exon
per million fragments (FPKM) expression units to estimate the relative abundance of transcripts. Differential
expression of FPKM estimates was determined using
Cuffdiff [32]. Differential gene expression is expressed as
fold change between Indian- and Chinese-origin monkeys. Differences in gene expression between monkeys
of different origin were determined using two-tailed
Student’s t tests. Resulting p values were adjusted for
multiple testing using the Benjamini-Hochberg (false
discovery rate) correction (q value).
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Validation using RT-PCR

Genes with statistically significant (P < 0.05) fold changes
ranging from 1.25 to 3.69 (for upregulated genes) and
−1.52 to −2.44 (for downregulated genes) between
Indian and Chinese-origin monkeys were selected for
differential expression analysis using real-time quantitative polymerase chain reaction. Complementary DNA
(cDNA) was generated from total RNA (1 μg) and
RT-PCR was performed using SYBR Green (Applied
Biosystems 7300, Carlsbad, CA). Relative expression was
calculated using the 2–ΔΔCT method. After testing three
different reference genes (actin gamma 1 (ACTG1), ribosomal protein L13a (RPL13a), and alpha-1,2-mannosyltransferase (ALG9)), ACTG1 was determined to have the
lowest variability between monkeys of different origins
and among different brain regions. Therefore, it was
chosen as the endogenous control for this study. Primer
sequences are listed in Additional file 1: Table S2. The
data is expressed as the relative RNA expression of
Chinese- to Indian-origin monkeys.
Statistical analysis

Two-tailed student’s t test was performed to determine
differences in each carotenoid and in gene expression
between monkeys of different origins. Pearson’s correlation analysis was performed to determine the association between brain xanthophyll concentration and gene
expression. Given the exploratory nature of this pilot
study, significance was set at the 0.1 level.

Results
Carotenoid profile in serum

Mean carotenoid profiles in serum of all Indian- and
Chinese-origin monkeys for which samples were available (n = 7; three Indian-origin, four Chinese-origin) are
shown in Fig. 1a. Lutein was the major carotenoid detected in serum for both Indian- (318 ± 127 nmol/L) and
Chinese-origin (94.3 ± 26.5 nmol/L) rhesus monkeys.
Other carotenoids detected in both subspecies included
zeaxanthin (70.2 ± 28.7 nmol/L and 18.6 ± 5.0 nmol/L,
Indian and Chinese, respectively) and β-carotene
(35.7 ± 15.5 nmol/L and 11.90 ± 2.86 nmol/L, Indian
and Chinese respectively). Cryptoxanthin and αcarotene were only detected in one monkey, which
was of Indian origin. Between subspecies, lutein and
zeaxanthin concentrations were greater in monkeys of
Indian origin compared to Chinese origin (p = 0.09).
β-carotene concentrations also tended to be higher in
monkeys of Indian origin, but this was not statistically
significant (p = 0.14).
Serum carotenoid profiles in the subset of monkeys selected for brain gene expression analysis are shown in
Fig. 1b (n = 4, two Indian-origin, two Chinese-origin).
The average lutein concentration in the Indian-origin
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Fig. 1 Mean (±SEM) carotenoid content in serum of rhesus macaque of different origin in a (n = 4 Chinese, n = 3 Indian) and b subset used for gene
expression analysis (n = 2 for each origin). Lutein (cis+trans) and zeaxanthin (trans, no cis present) concentrations (nmol/L) were greater in monkeys of
Indian origin vs. Chinese (Fig. 1a. *p < 0.09, Student’s t test)

monkeys was 417 nmol/L, over three times greater than
the average concentration of the Chinese-origin monkeys (132 nmol/L). For zeaxanthin, the average concentration in Indian-origin monkeys was 92.6 nmol/L while
the concentration in Chinese monkeys was 26.4 nmol/L.
Serum β-carotene concentration was four times higher
in Indian-(47.7 nmol/L) versus Chinese-origin monkeys
(11.9 nmol/L).
Lutein and zeaxanthin concentration in the brain

Lutein and zeaxanthin concentrations in PFC, CER, and
STR of all Indian-(n = 4) and Chinese-origin (n = 5)
monkeys are shown in Fig. 2a and c, respectively. Rhesus
monkeys had the same distribution pattern of lutein and
zeaxanthin among the three regions regardless of origin.
Namely, xanthophyll levels tended to be the highest in
STR, followed by PFC and the lowest in CER (Indian
origin p = 0.1; Chinese origin p < 0.05). In PFC and CER,
lutein concentrations were greater in monkeys of
Indian origin compared to those of Chinese origin
(Fig. 2a, p = 0.08 for both). Similarly, zeaxanthin concentrations were higher in the PFC and CER of these
animals compared to Chinese (Fig. 2c, p < 0.05 for both).
Lutein and zeaxanthin concentrations also tended to be
higher in the STR of Indian-origin monkeys compared to
Chinese origin; however, this was not statistically significant (p = 0.14 and p = 0.16, respectively).
Lutein and zeaxanthin concentrations in PFC, CER,
and STR of Indian- and Chinese-origin monkeys selected for gene expression analysis (n = 3 per group) are
shown in Fig. 2b and d, respectively. Both lutein and zeaxanthin concentrations were significantly higher in PFC
and CER of Indian-origin monkeys compared to
Chinese-origin (p < 0.05 for all comparisons). Individual
xanthophyll concentrations for this subset of rhesus
monkeys are shown in Additional file 2: Figures S1,
S2, and S3.

Differences in gene expression between monkeys of Indian
and Chinese origin using RNA-Seq

Given that xanthophyll concentrations differ in the brain
between Indian- and Chinese-origin rhesus monkeys, we
elected to focus this analysis on genes that are known to
be related to carotenoid uptake/transport (NPC1L1,
ABCG5, ABCA1, SCARB1, LIPC), carotenoid binding in
neural tissue (GSTP1, STARD3) and carotenoid metabolism (BCO1, BCO2), as well as genes involved in longchain omega-3 polyunsaturated fatty acid (PUFA)
metabolism and synthesis (ELOVL2/4/5 and FADS1/2),
which have been shown to be related to xanthophyll uptake and accumulation in neural tissue [18, 19] and
genes related to maculopathies and low macular xanthophyll status (RPE65, ALDH3A2) (Table 1). In the PFC,
BCO2 (1.64 fold change, p < 0.01) and ELOVL4 (1.25 fold
change, p < 0.05) have higher expression in monkeys of
Chinese origin compared to Indian origin. Similarly, in
the striatum, BCO2 expression was higher in Chineseorigin monkeys compared to Indian (1.69 fold change,
p = 0.01). In this region, expression of the fatty acid
desaturase genes FADS1 (1.55 fold change, p = 0.01)
and FADS2 (1.32 fold change, p = 0.05), as well as the
cholesterol transporter, ABCA1 (1.43 fold change, p =
0.06), and receptor, SCARB1 (1.20 fold change, p =
0.09), were also higher in Chinese monkeys compared
to Indian. In the CER, only RPE65 had a significant
fold change, with lower expression (−2.44 fold change,
p = 0.03) in monkeys of Chinese origin compared to
Indian origin. However, all gene expression differences
lost statistical significance when adjusted for multiple
comparisons (q > 0.1).
A number of known single nucleotide polymorphisms (SNPs) have previously been identified between rhesus monkeys of Indian and Chinese origin
[23]. However, whether there are also differences in
expression of these genes between the different
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Fig. 2 Mean xanthophyll concentrations (ng/mg protein) ±SEM in prefrontal cortex (PFC), cerebellum (CER), and striatum (STR) of rhesus macaques of
different origin. Lutein concentrations were greater in monkeys of Indian origin compared to Chinese in PFC and CER in a all monkeys analyzed
(*p < 0.1, Student’s t test, n = 5 Indian, n = 4 Chinese) and b in subset of monkeys selected for gene expression analysis (**p < 0.05, Student’s t test,
n = 3 per group). Zeaxanthin concentrations were greater in monkeys of Indian origin compared to Chinese in PFC and CER in c all monkeys analyzed
(n = 9) and d in subset of monkeys selected for gene expression analysis (n = 6), **P < 0.05 for both, Student’s t test

subspecies has not yet been determined. Therefore,
we also elected to look at differences in expression
of these genes (Table 2). Of the 27 genes analyzed, 9
were differentially expressed in at least one brain region. In all three regions, CD74 and CD4, genes that
encode proteins important for antigen presentation
and immune function, were differentially expressed
(p ≤ 0.0001), with expression levels higher in Chinese
monkeys compared to Indian. In STR, CXCL12, a
gene encoding a chemokine, expression was also significantly higher in Chinese-origin monkeys (3.22
fold change, p < 0.001). Fold change expression of
these three genes in PFC and STR remained statistically significant after adjusting for multiple comparisons (q < 0.01).
Expression of CCR1, gene encoding a chemokine
receptor, was also greater in the PFC (1.94 fold change,
p = 0.02) and STR (1.57 fold change, p = 0.07) of
Chinese-origin monkeys compared to Indian-origin

animals. Another gene related to inflammation, and a
member of the tumor necrosis factor (TNF) family,
LTBR, was differentially expressed in PFC, with expression being lower in monkeys of Chinese origin.
However, differences in expression of both these
genes lost significance after adjusting for multiple
comparisons (q > 0.1). Three genes related to neurotransmission (SNCA, NOS1, NPY) were differentially
expressed. Specifically, SNCA, which encodes a protein (alpha-synuclein) that regulates presynaptic transmission, was observed to have higher expression in
monkeys of Chinese origin in both PFC (1.21 fold
change, p = 0.1) and STR (1.41 fold change, p = 0.04).
NOS1 expression was higher in Chinese-origin monkeys compared to Indian (1.57 fold change, p = 0.05)
while NPY expression was significantly lower in
Chinese monkeys (−10.0 fold change, p = 0.05). Again,
differences in expression lost significance after adjusting for multiple comparisons (q > 0.1).
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Table 1 Relative expression of genes (fold change, Chinese vs. Indian) involved in xanthophyll uptake and metabolism in prefrontal
cortex (PFC), cerebellum (CER), and striatum (STR) of Indian and Chinese-origin rhesus monkeys (n = 3 per group)
Fold change-PFC

p value

Fold change-CER

p value

Fold change-STR

p value

BCO1

−1.15

0.77

2.75

0.99

1.84

0.37

BCO2

1.64

0.006

1.58

0.13

1.69

0.01

NPC1L1

1.54

0.34

−1.06

0.91

1.26

0.60

ABCG5

−1.37

0.99

1.17

0.68

1.06

0.91

ABCA1

1.05

0.84

−1.01

0.99

1.43

0.06

SCARB1

1.18

0.12

1.10

0.43

1.20

0.09

GSTP1

1.07

0.52

−1.09

0.59

1.15

0.38

STARD3

1.09

0.99

1.07

0.99

1.31

0.99

LIPC

−1.61

0.25

1.38

0.99

−1.37

0.46

ELOVL2

−1.02

0.87

1.06

0.71

1.08

0.67

ELOVL4

1.25

0.04

1.06

0.66

1.11

0.50

ELOVL5

1.14

0.49

−1.05

0.81

1.24

0.29

FADS1

1.17

0.15

1.20

0.20

1.55

0.01

FADS2

1.16

0.12

−1.04

0.75

1.32

0.05

RPE65

−1.28

0.44

−2.44

0.03

−1.37

0.26

ALDH3A2

−1.11

0.26

−1.05

0.61

1.02

0.89

Fold change calculated by dividing fragments per kilobase of transcript per million mapped reads (FPKM) Chinese origin by FPKM Indian origin. Genes in italics
showed a significant difference in expression in at least one brain region. Genes in bold were selected for RT-PCR analysis

Differences in gene expression between monkeys of Indian
and Chinese origin using RT-PCR

Although no carotenoid-related genes had significant q
values between monkeys of different origin, we elected
to perform differential gene expression analysis using
RT-PCR for genes with expression difference p values
≤0.05 (BCO2, ELOVL4, FADS1, FADS2, RPE65). Similarly, for genes with known variants between rhesus
monkeys of Indian and Chinese origin, we performed
differential gene expression analysis not only on genes
with a significant q value (CXCL12, CD74, CD4), but
also genes with expression differences p < 0.05 (LTBR,
CCR1, SNCA).
Results from RT-PCR analysis are shown in Fig. 3a–c.
In the PFC, RPE65 expression was significantly lower in
monkeys of Chinese origin compared to those of Indian
origin (p < 0.01). Regarding genes with known variants
between subspecies, CD74, CD4, and LTBR were differentially expressed. Specifically, CD74 and CD4 expression was higher in Chinese-origin monkeys compared to
Indian origin (p < 0.1). Conversely, LTBR expression was
significantly lower in these monkeys compared to those
of Indian origin (p < 0.01). In the CER, expression of
RPE65 was also lower in Chinese-origin monkeys compared to Indian (p < 0.05). Additionally, FADS2 expression was higher in Chinese-origin monkeys (p < 0.1).
Higher expression of CD4 (p < 0.1) and CXCL12 (p =
0.06) was also observed in monkeys of Chinese origin. In
the STR, 5 of the 12 genes were differentially expressed.
Differentially expressed genes related to carotenoid

uptake, transport, and metabolism included BCO2 (p <
0.01), ELOVL4 (p < 0.01), and FADS1 (p < 0.1), all of which
had higher expression in monkeys of Chinese origin. Differential expression of genes with known variants between
Indian and Chinese origin included CD4 (p < 0.1) and
LTBR (p < 0.01), the former of which had higher expression and the latter, lower expression, in monkeys of
Chinese origin compared to Indian origin. In Fig. 3,
superscripts next to gene names indicate consistency
in results between RNA-seq and RT-PCR analysis
within each brain region.
In order to examine the cross-sectional relationship
between brain xanthophyll content and expression of
genes involved in carotenoid and fatty acid metabolism,
correlation analyses was performed for each brain region
(Table 3). Results from this analysis indicate positive associations between xanthophyll concentration and
RPE65 expression in PFC and CER (p < 0.05). In STR,
xanthophyll concentration was inversely associated
with BCO2 expression (p < 0.05) and ELOVL4 (p <
0.1). Additionally, FADS1 and FADS2 were negatively
associated with xanthophyll content in STR and CER,
respectively (p < 0.1).

Discussion
Xanthophyll status differs between rhesus monkeys of
different origin

Indian-origin monkeys were found to have higher xanthophyll content in serum, with a combined 3.5 times
greater concentration of xanthophylls, compared to
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Table 2 Relative expression of genes (fold change, Chinese vs. Indian) with known variants between rhesus monkeys of different
origin in the prefrontal cortex (PFC), cerebellum (CER), and striatum (STR) (n = 3 per group)
Fold change-PFC

p value

Fold change-CER

p value

Fold change-STR

p value

CCL5

1.07

0.98

1.01

0.99

1.15

0.94

CXCL12

1.45

0.19

1.18

0.61

3.22

0.00058

XCL1

1.43

0.42

0.89

0.77

3.57

0.11

CCR4

1.50

0.67

1.27

0.72

1.19

0.79

CCR1

1.94

0.02

1.46

0.21

1.57

0.07

IL2RA

2.04

0.50

1.89

0.58

1.00

0.98

CD74

2.11

0.0001

1.44

0.09

2.52

0.0000043

CD4

3.69

0.0000001

1.66

0.008

3.59

0.0000006

CD44

−1.08

0.81

−1.12

0.31

1.27

0.38

TLR5

1.06

0.83

−1.20

0.63

1.02

0.94

LTBR

−1.52

0.02

−1.28

0.22

−1.06

0.80

FAS

1.27

0.58

1.24

0.57

−1.39

0.43

MAOA

1.06

0.72

1.03

0.89

1.04

0.86

BCHE

1.13

0.15

1.43

0.12

−1.01

0.99

NOS1

1.06

0.82

1.24

0.25

1.57

0.05

NPY

1.00

0.99

0.05

1.18

0.36

−10.0

PYY

1.08

0.92

1.92

0.65

3.04

0.41

SLC5A7

1.56

0.19

1.67

0.19

1.01

0.95

SLC6A4

1.67

0.67

−3.23

0.27

−1.75

0.69

SNCA

1.21

0.10

1.08

0.63

1.41

0.04

INHBB

−1.11

0.68

−1.08

0.82

1.13

0.68

SIRT1

1.13

0.51

1.08

0.64

1.23

0.34

HTATSF1
STAR
ADRBK2

1.10

0.35

1.03

0.82

1.13

0.41

−1.52

0.18

−1.30

0.49

−1.04

0.91

1.21

0.19

1.11

0.49

1.52

0.08

ITGA4

−1.10

0.74

1.01

0.99

1.80

0.32

SASH1

1.13

0.35

1.21

0.31

1.30

0.12

Fold change calculated by dividing fragments per kilobase of transcript per million mapped reads (FPKM) Chinese origin by FPKM Indian origin. Genes in italics
showed a significant difference in expression in at last one brain region. Genes bold were selected for RT-PCR analysis

monkeys of Chinese origin, despite eating the same
stock diet. Although we cannot rule out a contribution
of modest differences in preference for seasonal fruits
and vegetables, it is much more likely that these differences are due to differing efficiencies in their ability to
absorb, transport, and metabolize lutein and zeaxanthin.
Indian-origin monkeys were also observed to have
higher xanthophyll concentrations in each brain region
compared to Chinese-origin monkeys. However, variability within each group was high, particularly for the ST of
Indian-origin monkeys. Therefore, origin does not account for all of the variability observed with neural lutein content among primates. In addition, monkeys of
both subspecies tended to have lower levels of lutein in
CER compared with PFC and ST, two regions more
closely linked to cognitive function. Specifically, lutein is
known to be related to improved working memory,

executive function, and language in humans, all of which
involve function of the PFC and STR [6, 33].
Expression of carotenoid-related genes in rhesus monkey
brain

As determined by PCR, differential gene expression
analysis indicated region-specific differences in expression of four carotenoid metabolism genes in
Chinese- versus Indian-origin monkeys. The CER
had the fewest number of differentially expressed
carotenoid-related genes, only RPE65 and FADS2,
which is consistent with this region having the smallest difference in xanthophyll concentrations (~2
times higher in Indian vs. Chinese) compared to the
other regions (~3 times in PFC, ~5.5 in STR), which
had a combined four differentially expressed genes
(BCO2, RPE65, ELOVL4, FADS1). Our findings also
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Fig. 3 Relative Expression (±SEM) of genes selected for RT-PCR analysis in. a Prefrontal Cortex. b Cerebellum. c Striatum of Indian and Chinese-origin rhesus
monkeys (n = 3 per origin). ***p < 0.01, **p < 0.05, *p < 0.1. 1Superscript next to gene name indicates significant p value also observed in RNA-seq analysis
for the same brain region

indicate that brain xanthophyll concentration is directly associated with expression of these genes in a
region-specific manner.

The BCO2 gene encodes a mitochondrial enzyme
responsible for the degradation of carotenoids. Evidence
indicates that this enzyme is induced to prevent
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Table 3 Cross-sectional relationship between xanthophyll
concentration (ng/mg protein) and gene expression (fold change)
in rhesus monkeys of different origin in prefrontal cortex (PFC),
cerebellum (CER), and striatum (STR) (n = 6)
BCO2

RPE65

ELOVL4

FADS1

FADS2

Prefrontal cortex

–

0.84**

0.65

0.58

−0.67

Cerebellum

–

0.83**

–

–

−0.68*

Striatum

−0.86**

–

−0.68*

−0.77*

–

*P ≤ 0.1
**P < 0.05

over-accumulation of carotenoids in mitochondria,
which can lead to mitochondrial dysfunction and oxidative stress [34]. Higher expression of this gene in animals
of Chinese origin versus Indian origin and an inverse
correlation between xanthophyll concentration and
BCO2 expression in STR suggest that differences in
neural xanthophyll content between origins may be due,
in part, to differences in metabolism/degradation. The
RPE65 gene also encodes a carotenoid oxygenase, which
has a well-established function in the retina as a critical
participant in the visual cycle where it produces 11-cisretinol [35]. This gene has been linked to macular pigment response to supplementation, and thus, it appears
to be related to retinal lutein and zeaxanthin content in
some capacity [17, 18]. Mutations in this gene are linked
with blindness and retinal degenerations, including
Leber congenital amaurosis and retininitis pigmentosa
[36]. Our findings indicate that RPE65 expression is also
related to lutein and zeaxanthin content in the brain.
However, it is not clear what function this enzyme possesses in brain tissue. Therefore, it is difficult to speculate on the relationship between brain xanthophyll
content and RPE65 expression at this time.
FADS1 and FADS2 encode the enzymes delta-5 desaturase and delta-6 desaturase, respectively. They are the
rate-limiting enzymes and main determinants for the
synthesis of long-chain polyunsaturated fatty acids
(PUFA), including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), from their precursors [37].
ELOVL4 mediates fatty acid elongation, in particular, the
synthesis of very-long-chain PUFAs (carbon chain length
24–36), which are present in neural retina membranes.
Circulating levels of EPA and docosapentaenoic acid
(DPA) [38] and SNPs in all three genes are associated
with MPOD [18]. Furthermore, ELOVL4 mutations
underlie autosomal-dominant Stargardt disease, a form
of early-onset macular degeneration [39]. Given that lutein and zeaxanthin are likely taken up into the brain
through similar mechanisms as in the eye, there may be
a similar relationship in both tissues between long-chain
PUFAs (particularly EPA and DHA) and xanthophyll
concentrations (or vice versa). This evidence is also consistent with previous findings that brain concentrations

of lutein and DHA may interact with one another to influence cognitive function in humans [40, 41]. One potential explanation for the inverse associations between
xanthophyll concentration and expression of ELOVL4,
FADS1, and FADS2 may be a compensatory mechanism.
That is, lower xanthophyll levels in the brain may trigger
upregulation of enzyme expression to maintain functions
common to xanthophylls and long-chain PUFAs, such as
membrane fluidity or anti-inflammatory actions. However, the mechanisms underlying the relationship between brain lutein and PUFA composition remain
unclear, and cause-and-effect relationships cannot be
determined from these data.
Brain expression of genes with SNPs between Indian- and
Chinese-origin rhesus monkeys

Given the well-established genetic divergence between
Indian- and Chinese-origin monkeys, we sought to determine whether genes with known SNPs between subspecies also differed in their expression levels in brain
tissue. Our findings indicate that among the 27 identified genes with SNPs, three genes related to immune
function (CD4, CD74, LTBR) and one related to chemokine expression (CXCL12) were differentially expressed
between Indian- and Chinese-origin monkeys in a brain
region-specific manner. CD4 expression showed the
most consistent expression differences, differing significantly in all three brain regions as evaluated by both
RNA-seq and PCR. Higher expression of CD4, CD74,
CXCL12, and lower expression of LTBR in Chineseorigin monkeys is consistent with what is known regarding simian immune-deficiency virus (SIV) infection and
progression susceptibility in the two subspecies. Specifically, Chinese-origin monkeys are more resistant to SIV
with slower disease progression than their Indian-origin
counterparts [42–45]. Our findings support evidence
that Chinese-origin monkeys may have stronger immune
responses, particularly in the face of SIV infection.
Studies in diverse animal models (mice, dogs, cats, and
birds) show enhanced immune responses with lutein supplementation [46]. With regard to HIV specifically, limited
data indicates that circulating concentrations of lutein and
zeaxanthin are lower in individuals with HIV versus controls [47]. However, all of these studies focused on systemic
immune function, with no current evidence to date on the
relationship between lutein and immunity in the brain.
Research on age-related macular degeneration (AMD) in
humans has provided evidence that the alternative complement pathway underlies the pathogenesis of AMD, and this
pathway can be suppressed by the xanthophylls [46, 48].
Given that Chinese-origin monkeys may have more efficient immune systems than monkeys of Indian origin, it is
possible they require, and therefore accumulate, less lutein
and zeaxanthin for normal function in brain tissue.
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Conclusions
To our knowledge, this is the first study to explore the
effect of genetic divergence (i.e., monkey subspecies
based on geographic origin) on lutein concentrations
and gene expression profiles in the primate brain. Findings from this study indicate that rhesus monkeys of Indian and Chinese origin differ in serum and brain lutein
and zeaxanthin status despite eating the same standard
stock diet during their adult life. Furthermore, neural
xanthophyll content may be related to expression of
genes involved in carotenoid and fatty acid metabolism
in the brain. However, given that this is an exploratory
pilot study, these results must be replicated with a larger
sample size to confirm this relationship. Future studies
determining whether these differences in gene expression actually translate to changes in protein expression
should also be performed. Additionally, given that
RPE65 was consistently differentially expressed in the
brains of monkeys of Chinese and Indian origin, functional studies determining the specific role of this protein in the brain are warranted in order to determine its
relationship to the brain concentrations of lutein and
zeaxanthin.
The first limitation of this cross-sectional, correlational
study is that the results do not provide information on the
causal effect of differences in gene expression due to origin on neural lutein and zeaxanthin status, or vice versa.
Another limitation is that, unlike the Indian-origin monkeys, Chinese-origin monkeys were imported to the
ONPRC as adults. Therefore, we cannot account for earlier long-term epigenetic (e.g., environmental and dietary)
factors that may have influenced gene expression in these
animals as adults. However, animals lived in the same environment and consumed the same diet for at least 3 years
before termination, thus limiting the number of variables
for a significant amount of time leading up to blood and
tissue collection. A major strength of this study is that
these results provide valuable knowledge regarding factors
related to variability in carotenoid status, and in particular,
lutein and zeaxanthin levels, among genetically diverse
rhesus monkeys. This information should be considered
when designing and implementing studies on carotenoids
in rhesus macaques. Furthermore, numerous studies have
linked neural xanthophyll concentrations, particularly lutein, to cognitive performance in humans [6, 8–11].
Therefore, our findings have important implications regarding the influence of genetics on the role of lutein (and
zeaxanthin) in cognition in primates. However, future
studies must be conducted to evaluate the association between differences in carotenoid-related gene expression
profiles and carotenoid-related function in brain tissue in
order to determine the functional impact of differences in
brain xanthophyll status due to genetics on brain health,
function, and overall cognition.

Page 10 of 11

Additional files
Additional file 1: Table S1. Mean number of reads (± SD) and quality
score (PHRED format ± SD) for high and low lutein content in each brain
region. Table S2. Primer sequences utilized in RT-PCR analysis. (DOCX 12 kb)
Additional file 2: Figure S1. Individual (A) lutein and (B) zeaxanthin
concentrations (ng/mg protein) in the prefrontal cortex of Indian- and
Chinese-origin rhesus monkeys (n = 6). Figure S2. Individual (A) lutein
and (B) zeaxanthin concentrations (ng/mg protein) in the cerebellum of
Indian- and Chinese-origin rhesus monkeys (n = 6). Figure S3. Individual
(A) lutein and (B) zeaxanthin concentrations (ng/mg protein) in striatum
of Indian- and Chinese-origin rhesus monkeys (n = 6). (DOCX 34 kb)
Acknowledgements
Authors would like to acknowledge Emily E. Johnson and the ONPRC Veterinary
Pathology Service for assistance with tissue collection, the Tufts University
Genomics Core Facility (TUCF) for performing the cDNA library preparation and
RNA sequencing for all samples, and Dr. Albert Tai of the TUCF for providing
guidance on cleaning, mapping, and analyzing the raw sequencing data in Galaxy.
Funding
This work was supported by a grant from Abbott Nutrition through the
Center for Nutrition, Learning, and Memory at the University of Illinois and
USDA (58-1950-0-014) and NIH grant P51OD011092.
Availability of data and materials
Data supporting the results of this article is available in the Gene Expression
Omnibus repository, under accession number GSE91059 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE91059). Additional data can be found in
supplementary files.
Authors’ contributions
All authors contributed to the conception and design of the study. MN
performed brain dissections. ESM performed carotenoid analyses, RNA
isolations, and RT-PCR experiments, analyzed all the data, and wrote the
paper. All authors read and approved the manuscript.
Competing interests
MJK is an employee of Abbott Nutrition. ESM, JWE Jr, MN, and EJJ report no
conflicts of interest.
Consent for publication
Not applicable.
Ethics approval
The studies were in compliance with all institutional and federal regulations
as well as the Guide for the Care and Use of Laboratory Animals (National
Research Council, 8th edition, 2011). Procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of the Oregon National
Primate Research Center. IACUC approval from Tufts University was also obtained
for biological sample receipt, storage, and analysis.
Author details
Jean Mayer United States Department of Agriculture Human Nutrition
Research Center on Aging, Tufts University, Boston, MA, USA. 2Department of
Food Science and Human Nutrition, University of Illinois at
Urbana-Champaign, Urbana, IL, USA. 3Division of Neuroscience, Oregon
National Primate Research Center, Oregon Health and Science University,
Beaverton, Oregon, USA. 4Abbott Nutrition, Columbus, Ohio, USA.
5
Antioxidants Research Laboratory, 711 Washington Street, Boston, MA
02111, USA.
1

Received: 12 December 2016 Accepted: 17 February 2017

References
1. Abdel-Aal E-SM, Akhtar H, Zaheer K, Ali R. Dietary sources of lutein and
zeaxanthin carotenoids and their role in eye health. Nutrients. 2013;5:1169–85.
2. Rao AV, Rao LG. Carotenoids and human health. Pharmacol Res. 2007;55:
207–16.

Mohn et al. Genes & Nutrition (2017) 12:9

3.
4.
5.

6.

7.

8.

9.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Krinsky NI, Landrum JT, Bone RA. Biologic mechanisms of the protective role
of lutein and zeaxanthin in the eye. Annu Rev Nutr. 2003;23:171–201.
Ozawa Y, Sasaki M, Takahashi N, Kamoshita M, Miyake S, Tsubota K.
Neuroprotective effects of lutein in the retina. Curr Pharm Des. 2012;18:51–6.
Craft NE, Haitema TB, Garnett KM, Fitch KA, Dorey CK. Carotenoid, tocopherol,
and retinol concentrations in elderly human brain. J Nutr Health Aging. 2004;8:
156–62.
Johnson EJ, Vishwanathan R, Johnson MA, Hausman DB, Davey A, Scott TM,
et al. Relationship between serum and brain carotenoids, α-tocopherol, and
retinol concentrations and cognitive performance in the oldest old from
the Georgia Centenarian Study. J Aging Res. 2013;2013:951786.
Vishwanathan R, Kuchan MJ, Sen S, Johnson EJ. Lutein and preterm infants
with decreased concentrations of brain carotenoids. J Pediatr Gastroenterol
Nutr. 2014;59:659–65.
Feeney J, Finucane C, Savva GM, Cronin H, Beatty S, Nolan JM, et al. Low
macular pigment optical density is associated with lower cognitive performance
in a large, population-based sample of older adults. Neurobiol Aging. 2013;34:
2449–56.
Kelly D, Coen RF, Akuffo KO, Beatty S, Dennison J, Moran R, et al. Cognitive
function and its relationship with macular pigment optical density and
serum concentrations of its constituent carotenoids. J Alzheimers Dis JAD.
2015;48:261–77.
Renzi LM, Dengler MJ, Puente A, Miller LS, Hammond BR. Relationships
between macular pigment optical density and cognitive function in
unimpaired and mildly cognitively impaired older adults. Neurobiol Aging.
2014;35:1695–9.
Vishwanathan R, Iannaccone A, Scott TM, Kritchevsky SB, Jennings BJ,
Carboni G, et al. Macular pigment optical density is related to cognitive
function in older people. Age Ageing. 2014;43(2):271–5.
Borel P. Genetic variations involved in interindividual variability in carotenoid
status. Mol Nutr Food Res. 2012;56:228–40.
Borel P, Desmarchelier C, Nowicki M, Bott R, Morange S, Lesavre N. Interindividual
variability of lutein bioavailability in healthy men: characterization, genetic variants
involved, and relation with fasting plasma lutein concentration. Am J Clin Nutr.
2014;100:168–75.
Johnson E. Human Studies on Bioavailability and Serum Response of
Carotenoids. In: Handbook of Antioxidants [Internet]. CRC Press; 2001 [cited
2016 Jul 8]. Available from: http://www.crcnetbase.com/doi/abs/10.1201/
9780203904046.ch14.
Hammond BR, Johnson EJ, Russell RM, Krinsky NI, Yeum KJ, Edwards RB,
et al. Dietary modification of human macular pigment density. Invest
Ophthalmol Vis Sci. 1997;38:1795–801.
Johnson EJ, Hammond BR, Yeum K-J, Qin J, Wang XD, Castaneda C, et al.
Relation among serum and tissue concentrations of lutein and zeaxanthin
and macular pigment density. Am J Clin Nutr. 2000;71:1555–62.
Yonova-Doing E, Hysi PG, Venturini C, Williams KM, Nag A, Beatty S, et al.
Candidate gene study of macular response to supplemental lutein and
zeaxanthin. Exp Eye Res. 2013;115:172–7.
Meyers KJ, Johnson EJ, Bernstein PS, Iyengar SK, Engelman CD, Karki CK, et al.
Genetic determinants of macular pigments in women of the carotenoids in
Age-Related Eye Disease Study. Invest Ophthalmol Vis Sci. 2013;54:2333–45.
Meyers KJ, Mares JA, Igo RP, Truitt B, Liu Z, Millen AE, et al. Genetic evidence
for role of carotenoids in age-related macular degeneration in the Carotenoids
in Age-Related Eye Disease Study (CAREDS). Invest Ophthalmol Vis Sci. 2014;55:
587–99.
Vishwanathan R, Neuringer M, Snodderly DM, Schalch W, Johnson EJ. Macular
lutein and zeaxanthin are related to brain lutein and zeaxanthin in primates.
Nutr Neurosci. 2013;16:21–9.
Vishwanathan R, Schalch W, Johnson EJ. Macular pigment carotenoids in
the retina and occipital cortex are related in humans. Nutr Neurosci. 2015;
19:95–101.
Neuringer M, Sandstrom MM, Johnson EJ, Snodderly DM. Nutritional manipulation
of primate retinas, I: effects of lutein or zeaxanthin supplements on serum and
macular pigment in xanthophyll-free rhesus monkeys. Invest Ophthalmol Vis Sci.
2004;45:3234–43.
Ferguson B, Street SL, Wright H, Pearson C, Jia Y, Thompson SL, et al. Single
nucleotide polymorphisms (SNPs) distinguish Indian-origin and Chineseorigin rhesus macaques (Macaca mulatta). BMC Genomics. 2007;8:43.
O’Callaghan C, Bertoux M, Hornberger M. Beyond and below the cortex: the
contribution of striatal dysfunction to cognition and behaviour in
neurodegeneration. J Neurol Neurosurg Psychiatry. 2014;85:371–8.

Page 11 of 11

25. Peters A, Morrison JH, Jones EG. Cerebral Cortex: Neurodegenerative and
age-related changes in structure and function of the cerebral cortex.
New York: Kluwer Academic/Plenum Publishers; 1999.
26. Strick PL, Dum RP, Fiez JA. Cerebellum and nonmotor function. Annu Rev
Neurosci. 2009;32:413–34.
27. Muzhingi T, Yeum K-J, Russell RM, Johnson EJ, Qin J, Tang G. Determination
of carotenoids in yellow maize, the effects of saponification and food
preparations. Int J Vitam Nutr Res Int Z Für Vitam- Ernährungsforschung J
Int Vitaminol Nutr. 2008;78:112–20.
28. Park J, Hwang H, Kim M, Lee-Kim Y. Effects of dietary fatty acids and vitamin
E supplementation on antioxidant vitamin status of the second generation
rat brain sections. Korean J Nutr. 2001;34:754–61.
29. Johnson EJ, Neuringer M, Russell RM, Schalch W, Snodderly DM. Nutritional
manipulation of primate retinas, III: Effects of lutein or zeaxanthin
supplementation on adipose tissue and retina of xanthophyll-free monkeys.
Invest Ophthalmol Vis Sci. 2005;46:692–702.
30. Finotello F, Camillo BD. Measuring differential gene expression with RNAseq: challenges and strategies for data analysis. Brief Funct Genomics. 2014;
14(2):130–42.
31. Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with
RNA-Seq. Bioinformatics. 2009;25:1105–11.
32. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al.
Transcript assembly and abundance estimation from RNA-Seq reveals
thousands of new transcripts and switching among isoforms. Nat Biotechnol.
2010;28:511–5.
33. Johnson E, Vishwanathan R, Mohn E, Haddock J, Rasmussen H, Scott T.
Avocado consumption increases neural lutein and improves cognitive
function. FASEB J. 2015;29(1 Supplement):32.8.
34. Amengual J, Lobo GP, Golczak M, Li HNM, Klimova T, Hoppel CL, et al. A
mitochondrial enzyme degrades carotenoids and protects against oxidative
stress. FASEB J Off Publ Fed Am Soc Exp Biol. 2011;25:948–59.
35. Lobo GP, Amengual J, Palczewski G, Babino D, von Lintig J. Mammalian
carotenoid-oxygenases: key players for carotenoid function and homeostasis.
Biochim Biophys Acta. 2012;1821:78–87.
36. Cideciyan AV. Leber congenital amaurosis due to RPE65 mutations and its
treatment with gene therapy. Prog Retin Eye Res. 2010;29:398–427.
37. Tosi F, Sartori F, Guarini P, Olivieri O, Martinelli N. Delta-5 and delta-6 desaturases:
crucial enzymes in polyunsaturated fatty acid-related pathways with pleiotropic
influences in health and disease. Adv Exp Med Biol. 2014;824:61–81.
38. Delyfer M-N, Buaud B, Korobelnik J-F, Rougier M-B, Schalch W, Etheve S,
et al. Association of macular pigment density with plasma ω-3 fatty acids:
the PIMAVOSA study. Invest Ophthalmol Vis Sci. 2012;53:1204–10.
39. Bernstein PS, Tammur J, Singh N, Hutchinson A, Dixon M, Pappas CM, et al.
Diverse macular dystrophy phenotype caused by a novel complex mutation
in the ELOVL4 gene. Invest Ophthalmol Vis Sci. 2001;42:3331–6.
40. Johnson EJ, McDonald K, Caldarella SM, Chung H-Y, Troen AM, Snodderly
DM. Cognitive findings of an exploratory trial of docosahexaenoic acid and
lutein supplementation in older women. Nutr Neurosci. 2008;11:75–83.
41. Mohn E, Vishwanathan R, Schalch W, Lichtenstein AH, Matthan NR, Poon
LW, et al. The relationship of Lutein and DHA in Age-Related Cognitive
Function. Boston: Poster Presentation presented at: Experimental Biology
Conference; 2013.
42. Ling B, Veazey RS, Luckay A, Penedo C, Xu K, Lifson JD, et al. SIV(mac)
pathogenesis in rhesus macaques of Chinese and Indian origin compared
with primary HIV infections in humans. AIDS Lond Engl. 2002;16:1489–96.
43. Marshall WL, Brinkman BM, Ambrose CM, Pesavento PA, Uglialoro AM, Teng
E, et al. Signaling through the lymphotoxin-beta receptor stimulates HIV-1
replication alone and in cooperation with soluble or membrane-bound
TNF-alpha. J Immunol Baltim Md 1950. 1999;162:6016–23.
44. Monceaux V, Viollet L, Petit F, Cumont MC, Kaufmann GR, Aubertin AM,
et al. CD4+ CCR5+ T-cell dynamics during simian immunodeficiency virus
infection of Chinese rhesus macaques. J Virol. 2007;81:13865–75.
45. Trichel AM, Rajakumar PA, Murphey-Corb M. Species-specific variation in SIV
disease progression between Chinese and Indian subspecies of rhesus macaque.
J Med Primatol. 2002;31:171–8.
46. Kijlstra A, Tian Y, Kelly ER, Berendschot TTJM. Lutein: more than just a filter
for blue light. Prog Retin Eye Res. 2012;31:303–15.
47. Lacey CJ, Murphy ME, Sanderson MJ, Monteiro EF, Vail A, Schorah CJ.
Antioxidant-micronutrients and HIV infection. Int J STD AIDS. 1996;7:485–9.
48. Erdman JW, Smith JW, Kuchan MJ, Mohn ES, Johnson EJ, Rubakhin SS, et al.
Lutein and brain function. Foods Basel Switz. 2015;4:547–64.

