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Characterization of the interindividual variability
of lutein and zeaxanthin concentrations in the
adipose tissue of healthy male adults and
identification of combinations of genetic variants
associated with it†
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Lutein (L) and zeaxanthin (Z) are involved in visual function and could prevent age-related macular

degeneration and chronic diseases and improve cognitive performances. Adipose tissue is the main

storage site for these xanthophylls (Xanth). The factors affecting their concentrations in this tissue remain

poorly understood but in animal models, genetic variations in apolipoprotein E and β-carotene oxygenase

2 have been associated with adipose tissue L concentration. Therefore, the aims of this study were to

better characterize the interindividual variability of adipose tissue Xanth concentration and to identify

single nucleotide polymorphisms (SNPs) associated with it. Periumbilical subcutaneous adipose tissue

samples were collected on 6 occasions in 42 healthy adult males and L and Z concentrations were

measured by HPLC. Participants had their whole genome genotyped and the associations of 3589 SNPs

in 49 candidate genes with the concentrations of L and Z were measured. Mean L and Z concentrations

were 281 ± 27 and 150 ± 14 nmol g−1 proteins, respectively. There was no significant correlation between

plasma and adipose tissue Xanth concentrations, although the correlation for L approached significance

(Pearson’s r = 0.276, p = 0.077). Following univariate filtering, 109 and 97 SNPs were then entered into a

partial least squares regression analysis to identify the combination of SNPs that explained best adipose

tissue concentration of L and Z, respectively. A combination of 7 SNPs in ELOVL5, PPARG, ISX and ABCA1,

explained 58% of the variability in adipose tissue L concentration while 11 SNPs located in or near PPARG,

ABCA1, ELOVL5, CXCL8, IRS1, ISX, MC4R explained 53% of the variance in adipose tissue Z concentration.

This suggests that some genetic variations influence the concentrations of these Xanth in adipose tissue

and could therefore indirectly influence the health effects of these compounds. Clinical Trial Registry:

https://ClinicalTrials.gov registration number NCT02100774.

Statement of significance

This is the first study to characterize the interindividual varia-
bility of lutein and zeaxanthin concentrations in adipose

tissue in healthy humans and to show that genetic variants are
associated with these concentrations. This could help explain
why the health effects of these compounds vary between
individuals.

Introduction

Lutein (L) and zeaxanthin (Z) are 2 carotenoids belonging to
the xanthophyll (Xanth) subfamily, i.e. oxygenated carotenoids
(Fig. 1). They are present in many fruits and vegetables.1–4

Some like kale, parsley and broccoli being particularly rich in
L and others like orange, pepper and corn being rich in Z. The
interest in these phytochemicals comes in particular from the
fact that they are the main constituents of the macular
pigment.5–7 Numerous studies suggest that they play a role in
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visual function8 and that they can prevent the progression of
late age-related macular degeneration,9,10 which is the main
cause of vision loss in the elderly. This is probably due to the
ability of these Xanth to quench blue light11 and their ability
to neutralize light-induced free radicals. Interest in these com-
pounds increased further when several studies, including ran-
domized control trials, suggested that these compounds can
improve our cognitive performance.8,12,13 Finally, studies
carried out in rodents have recently suggested that they could
be involved in obesity14,15 and adipocyte inflammation.16

Mechanisms have been proposed, e.g. activation of β3-adrener-
gic receptor by Z or regulation of the NF-κB signaling pathway
by L, as well as interactions with the nuclear hormone recep-
tors RXR and PPARs, and the interested reader is referred to
these publications.17–22 It should be remembered, however,
that the factors that modulate obesity and inflammation of
adipocytes are very numerous and that the beneficial effect of
a diet rich in fruits and vegetables on these parameters, for
example fewer calories and saturated fats and an increased
intake of many bioactive phytochemical compounds, is
obviously not explained solely by the supposed effects on
genetic modulation of these two xanthophylls.

Given the potential beneficial role of L and Z in the eye, the
brain and the adipose tissue, several studies have been
devoted to better understand their metabolism in humans. We
thus have data on their fate in the lumen of the human diges-
tive tract,23,24 on their absorption mechanism25 and on their
transport in our body.26 The liver and adipose tissue have been
identified as their main storage sites27,28 and using reported
mean Xanth concentrations in adipose tissue29 and liver30 in
healthy individuals, we estimated that the absolute pro-
portions of Xanth in adipose tissue and liver are of approxi-
mately 99.8% (456.3 pmol mg−1) and 0.2% (1.1 pmol mg−1),
respectively. Other works have later clarified the preferential
localization of these compounds in the different deposition

sites of adipose tissue29,31 and they are preferentially located
in the abdominal subcutaneous adipose tissue.32

Concentrations of Xanth in human adipose tissue appar-
ently vary greatly between individuals.27 This variability is
assumed to be due to several factors, e.g. variability in their
consumption, in their bioavailability in different food
matrices, in their metabolism between individuals.33 Since
humans do not synthesize them, their dietary intake is
regarded as the main factor and not consuming them would
lead to not having them in our body as has been demonstrated
on a primate model.7 Furthermore, the bioavailability of these
compounds also displays a high interindividual variability.34 It
has been shown to be modulated by several factors,26,35 includ-
ing genetic variations.34 These genetic variations are located in
genes involved in the intestinal absorption and postprandial
plasma metabolism of these compounds. Knowing that the
accumulation of these compounds in adipose tissue is not
dependent on their physicochemical properties (e.g., hydro-
phobicity, molar volume, surface tension, density, etc.),36

knowing that it has been shown that proteins, and therefore
genes, are involved in their metabolism in adipose tissue,37,38

and finally knowing that genetic variants in APOE39 and in
BCO240 have been associated with the concentration of L in
the adipose tissue of mice (with the ancestral Apoe4 allele
leading to lower L accumulation) and rabbits (where the BCO2
del/del genotype results in higher L concentrations compared
to the ins/ins and ins/del genotypes), respectively, it is reason-
able to hypothesize that genetic variations can also modulate
their concentration in human adipose tissue.

The aims were therefore firstly to characterize the interindi-
vidual variability of L and Z concentration in adipose tissue of
healthy male adults, i.e. to precisely determine their concen-
trations (including interindividual variability), and secondly to
determine whether genetic variations are associated with it.
Such associations would indeed suggest that the associated
genes can modulate these concentrations and would allow us
to better understand the role of genetics on the concentrations
of these compounds in their main storage site. The identifi-
cation of genotypes that modulate these concentrations could
also provide a better understanding of their effects on health.

Methods
Participants and study design

This study was a secondary analysis of a randomized crossover
trial that was designed to identify genetic polymorphisms
associated with the bioavailability of several fat-soluble vita-
mins and carotenoids.34,41–43 Since no data linking genetic
variations and L and Z concentration in adipose tissue has
been published, it was not possible to carry out a power calcu-
lation to determine the number of participants required to
demonstrate the effect of a genetic polymorphism on L or Z
concentration in adipose tissue. Therefore, this study should
be considered exploratory but its results will nonetheless
provide a basis for future power calculations. The participants

Fig. 1 Lutein and zeaxanthin chemical structures. The sole difference
between lutein and zeaxanthin is the location of a single double bond in
one of the end rings (enclosed in rectangle). (3R,3’R,6R)-4,5-Didehydro-
5,6-dihydro-β,β-carotene-3,3’-diol, also called (all-trans-lutein), is the
main naturally occurring stereoisomer of lutein. The configurations at
zeaxanthin 2 chiral centers gives rise to 3 stereoisomeric forms: (3R,3’R),
(3R,3’S), and (3S,3’S). The primary natural form of zeaxanthin is the (3R,3’
R)-β,β-carotene-3,3’-diol, also called all-trans-zeaxanthin.
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were non-overweight, non-obese (BMI <25 kg m−2) and non-
smoking healthy male adults. Their baseline characteristics
are shown in Table 1. Participants presented normal energy
consumption, i.e. ≈2500 kcal d−1, and drank ≤2% alcohol as
total energy. Participants were provided with 3 different test
meals taken in a random order and separated by a washout
period of at least 3 weeks (see Fig. 2. Study design). The
control test meal was composed of 70 g of semolina cooked in
200 mL of water, 40 g of white bread, 60 g of hard-boiled egg
whites, 50 g of peanut oil and 330 mL of mineral water. The
second test meal, which was intended to evaluate the bio-
availability of lycopene,43 was composed of the same ingredi-

ents as the control meal, to which 100 g of tomato puree was
added. The third test meal, which was intended to evaluate the
bioavailability of vitamin E,41 was composed of the same ingre-
dients as the control meal, to which a capsule providing 67 mg
of α-tocopherol was added. Participants were provided a list of
foods to avoid, i.e. those rich in the studied micronutrients
and carotenoids, 48 h before each test meal. A day prior to
each test meal, participants were asked to eat dinner between
7 and 8 p.m., without any alcohol intake. They were also asked
to abstain from consuming any food or beverage other than
water after the dinner and until they came to the Center for
Clinical Investigation (la Conception Hospital, Marseille,
France). On the day of the clinical trial, participants were
instructed to consume the meal at a relatively uniform pace.
Participants were advised to consume half of the meal within
the initial 10 min and the remaining half in the next 10 min.
After every meal consumption, they were asked to refrain from
consuming any other food for the next 8 h (except the remain-
ing water provided with the meal). The study was approved by
the regional committee on human experimentation (no.
2008-A01354-51, Comité de Protection des Personnes Sud
Méditerranée I, Marseille, France). Procedures followed were
in accordance with the Declaration of Helsinki of 1975 as
revised in 1983. Informed written consent was obtained from
each participant.

Plasma samples

To obtain a more precise measurement of fasting plasma L
and Z concentrations, we measured L and Z concentrations in
fasting plasma samples that were collected from each subject
before each test meal. This allowed us to have 3 values for
each subject and the concentrations of L and Z assigned

Table 1 Baseline characteristics of the study participants (n = 42)

Characteristic Mean (SEM)

Age, years 31.6 (1.9)
Weight, kg 73.2 (1.2)
BMI, kg m−2 22.9 (0.3)
Fasting plasma concentration
Total cholesterol, g L−1 1.64 (0.06)
LDL-C, g L−1 1.05 (0.05)
HDL-C, g L−1 0.46 (0.02)
Triglycerides, g L−1 0.80 (0.06)
Glucose, mmol L−1 4.7 (0.1)
Hemoglobin, g dL−1 15.0 (0.1)
Lutein, nmol L−1 a 307.1 (17.2)
Zeaxanthin, nmol L−1 a 45.0 (2.7)
Adipose tissue concentration
Lutein, nmol g−1 proteinsb 301.0 (35.1)
Zeaxanthin, nmol g−1 proteinsb 164.1 (19.8)

aMean of 3 samples collected at baseline for each test meal, at 3 weeks
intervals. bQuantified in adipose tissue samples collected at fast and
8 h after test meal intake.

Fig. 2 Study design. Forty-two healthy male adults received, in a randomized crossover trial, 3 test meals consumed at least 3 weeks apart.
Periumbilical adipose tissue samples were collected on 6 occasions, i.e. at fast and 8 h following the consumption of each test meal. L and Z con-
centrations were measured in the adipose tissue (following saponification). Participants were genotyped using whole-genome microarray.
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to each subject were the averages of these different
measurements.

Measurement of basic biochemical parameters

Baseline fasting plasma concentrations of total cholesterol,
LDL-C, HDL-C triglyceride, glucose, and hemoglobin were
measured using standard methods as previously described.44

All analyte concentrations were measured on a Modular PP
instrument (Roche Diagnostics, Meylan, France), except for
hemoglobin which was measured on an ADVIA 120 instru-
ment (Siemens Healthcare Diagnostics, Saint-Denis, France),
at La Conception Hospital (Biochemistry Laboratory,
Marseille).

Collection of adipose tissue samples

The location for sampling the white adipose tissue, i.e. subcu-
taneously in the periumbilical region, was chosen because it is
the preferred storage location for L,29,32 and probably for Z.
Samples were taken at fast and 8 h after eating the test meals
because we wanted to know if the concentration of some
micronutrients in the white adipose tissue could significantly
vary after the ingestion of a large quantity of these micronutri-
ents. Each participant was therefore sampled 6 times (3 test
meals × 2 sampling times), at different places around the
navel. The collected adipose tissue samples were immediately
placed into an ice-water bath and covered with aluminum foil.
At arrival, a first adipose tissue biopsy was collected by a
trained physician, according to the following protocol: after
local anesthesia with 1 cm3 non-adrenalized xylocaine (2%),
approximately 100–200 mg of subcutaneous adipose tissue was
aspirated from the periumbilical region. After 8 h, a second
adipose tissue biopsy was taken from the periumbilical region,
following the same procedure as that described above.

Adipose tissue Xanth were first extracted as follows: around
50 mg (fresh weight) adipose tissue was homogenized in
300 µL of phosphate buffered saline with 2 3 mm diameter
stainless steel balls using an MM301 ball mill (Retsch, Eragny-
sur-Oise, France). Then, a 50 µL aliquot was collected for
protein quantification by the BiCinchoninic acid Assay kit
(Pierce, Montluçon, France) after dilution to 1/5 in phosphate
buffered saline buffer. Lipids, including Xanth, were extracted
from the remaining 250 μL using 1.5 mL chloroform/methanol
(0.5/1, v/v) and 0.2 mL phosphate buffered saline. All extrac-
tions were performed at room temperature under yellow light
to minimize light-induced damage. The dried extract was incu-
bated at 37 °C for 1 h 30 minutes with 100 μL of an ethanolic
pyrogallol solution (12%, w/v) and 1 mL of an ethanolic potass-
ium hydroxide solution (5.5%, w/v) to saponify triglycerides
and potential xanth esters and to accurately quantify total L
and Z. After incubation, the sample was cooled to room temp-
erature and apo 8′-carotenal was added as an internal stan-
dard. The mixture was extracted twice by using 3 mL of
hexane. The extract was evaporated to dryness under nitrogen
and then resolubilized in 100 μL methanol/dichloromethane
(65/35, v/v) for downstream HPLC analysis.

Xanth quantification in plasma and adipose tissue samples

Plasma Xanth were extracted as previously described.45 About
90 µL of resolubilized samples of either plasma or adipose
tissue were injected for HPLC analysis. Separation was
achieved using a 10 mm × 4.0 mm Modulo-Cart guard column,
with 2 μm particle size, (Interchim, Montluçon, France) fol-
lowed by a 250 mm × 4.6 mm, 5 μm particle size YMC C30
column (Interchim) held at 35 °C. The mobile phase was com-
posed of HPLC-grade methanol (A), methyl tert-butyl ether (B),
and water (C) (Carlo Erba–SDS). A linear gradient from 96% A,
2% B, and 2% C at t = 0 to 18% A, 80% B, and 2% C at t =
27 min at a flow rate of 1 mL min−1 was used. The HPLC
system consisted of a 2690 HPLC Pump associated with a
photodiode array detector (Waters 2996) (Waters). L and Z were
identified via UV spectra and retention time coincident with
authentic standard (kindly provided by the DSM SA company,
Lausanne, Switzerland) and quantitated at 445 nm and
452 nm, respectively. Peak integration and quantification were
performed using Chromeleon CDS software (version 6.80,
Dionex, Villebon sur Yvette, France), using external calibration
curves and corrected on the basis of recovery of the internal
standard.

Saliva DNA extraction and genotyping

Genomic DNA was extracted from saliva samples using the
Oragene kit (DNA Genotek, Ottawa, Ontario, Canada). About
200 ng of DNA was hybridized overnight to
HumanOmniExpress BeadChips (Illumina, San Diego,
California, USA). Unhybridized and nonspecifically hybridized
DNA were washed out. BeadChips, a type of microarray devel-
oped by Illumina, were then stained and scanned on an
Illumina iScan scanner (Illumina, San Diego, California, USA)
as previously described.34 This process allowed for the geno-
typing of approximately 7.13 × 105 SNPs/DNA sample across
the genome, with mean call frequency and reproducibility rate
>99% and minimal log R deviation ranging from 0.11 to 0.30.

Candidate SNP selection

Following a literature search, a total of 49 candidate genes
were selected (ESI Table S1 and ESI Fig. S1†). These were
selected because their encoded proteins have been previously
suggested to influence Xanth concentration in adipose tissue,
whether directly, by being involved in adipocyte Xanth uptake
and lipid droplet distribution, or indirectly, by influencing
blood Xanth concentration. Of the corresponding 3589 SNPs
on the DNA chips, we first excluded SNPs with a low, i.e.
<95%, call rate and SNPs that presented a significant departure
from the Hardy–Weinberg equilibrium (p < 0.05; chi-squared
test) (536 SNPs excluded), thus leaving 3053 SNPs. Then, for
each candidate gene, we excluded SNPs in linkage disequili-
brium (LD, R2 > 0.80) and kept the tag SNPs as identified by
LD TAG SNP Selection tool from the SNPinfo Web Server
(HapMap, European (CEU) population, accessible at https://
snpinfo.niehs.nih.gov) (919 SNPs excluded). Further analysis
was conducted for SNPs that were not present in the SNPinfo
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Web Server database. When 2 SNPs were perfectly correlated
(R2 = 1.0), one was randomly kept for further analysis, resulting
in the exclusion of 153 SNPs. The remaining 1981 SNPs were
tested under both additive and dominant models. SNPs with
fewer than 5 observations in each genotype group were
excluded from downstream statistical analysis, leaving 537 and
1702 SNPs in the additive and dominant models, respectively.

Statistical analysis

Data were expressed as mean ± SEM. A linear mixed model
(LMM) analysis was conducted to evaluate the effects of the 3
distinct test meals (fixed variables) on adipose tissue Xanth
concentration, with time considered as a repeated measure
and individual participant as random variables. These vari-
ables were subjected to 5 covariance structures: unstructured
covariance, scaled identity, diagonal, compound symmetry,
and autoregressive order one. The goodness of fit of the covari-
ance structures was compared using Akaike’s Information
Criterion. Moreover, paired samples t-tests were performed to
analyze the effect of individual test meal on adipose tissue L
and Z concentration at 2 time points. Departure from normal-
ity was assessed by inspecting Q–Q plots of the standardized
residuals while departure from homoscedasticity was assessed
using scatterplots of residuals. Two-tailed Grubbs’ test (acces-
sible in https://www.graphpad.com/quickcals/grubbs1) was
used to detect outliers among the technical replicates. The
relationship between adipose tissue Xanth concentrations and
other covariates (i.e. age, BMI, plasma lipid concentrations)
was analyzed using Pearson’s r, calculated with 95% confi-
dence intervals (CI). Two-tailed t-test for independent samples
was used to compare L and Z concentration ratio in adipose
and fasting plasma. CV of plasma and adipose tissue Xanth
concentrations were compared according to Forkman.46 For all
tests, the bilateral alpha risk was α = 0.05. Statistical analyses
were performed using SPSS 28 (SPSS Inc., Chicago, IL, USA).

In order to determine which combination of SNPs best
explained the variability in each Xanth, a 2-step approach was
followed, combining (1) dimension reduction by univariate fil-
tering followed by partial least squares (PLS) regression, as has
been previously applied.42,47,48 The step of univariate filtering
consisted of selecting SNPs that showed a p-value <0.05 (Wald
test asymptotic p-value) following analysis with PLINK (v1.07,
https://pngu.mgh.harvard.edu/purcell/plink/). This univariate
selection also considered other variables (i.e. fasting caroten-
oid concentration, fasting cholesterol, etc.) with a non-zero cor-
relation value (Pearson’s r) with respect to the Xanth concen-
tration. A PLS regression model including all thus selected
variables coded in units of variance was then built. Variables
were ranked according to their variable importance in the pro-
jection (VIP) value, which estimates the contribution of each
variable in the projection used in the PLS regression model.
Several PLS regression models were then generated using
different VIP threshold values as described in detail
elsewhere.44,49,50 The model that had the highest adjusted R2

(eqn (1)) value with a significant p-value after cross-validation
ANOVA,51 was selected.

AdjustedR2 ¼ 1� ð1� R2Þðn� 1Þ
n� k � 1

ð1Þ

With n the sample size and k the number of variables in the
model (excluding the constant). The selected models were intern-
ally validated through several methods. This included leave-k-out
cross validation,52 regression coefficient stability testing,34 R2 and
adjusted R2 after subjecting the Y variable, i.e. adipose tissue
Xanth concentration, to 100 random permutations53 (see ESI†).
SIMCA® Multivariate Data Analytics Solution software (version
17.0.0.24543, Umetrics, Umeå, Sweden) was used for all multi-
variate data analyses, robustness and stability tests.

Retrospective multivariate power analysis calculations

A retrospective sample size power calculation was conducted
using the online tool MetaboAnalyst 6.0 (accessible at https://
new.metaboanalyst.ca). By utilizing the Power Analysis feature
of MetaboAnalyst 6.0, we determined the minimum sample
size required to achieve statistical significance for a dataset
consisting of SNPs identified through PLS regression analysis
(Table 3 – lutein; Table 4 – zeaxanthin). To facilitate this ana-
lysis, the sample was divided into 2 groups based on the
median adipose tissue Xanth concentration. The evaluation
indicated that a sample size of at least 15 participants per
group was needed to achieve a statistical power of more than
80% at a false discovery rate (FDR) adjusted p-value of 0.001
(ESI Fig. S4A and B†). This suggests that the sample size used
in this study was adequate.

Results
Characterization of adipose tissue Xanth concentrations

The concentrations of the 2 Xanth at fast were not significantly
different when samples were taken on days of different test
meals (L: p = 0.342; Z: p = 0.604). The mean concentrations were
also not significantly different 8 h after the test meals vs. at fast
before consumption of the test meals (L: p = 0.494; Z: p = 0.458)
(also verified by paired t-tests; see ESI Table S3B†). Therefore, to
decrease sampling variability and obtain a more accurate esti-
mate of adipose tissue L and Z concentrations, we decided, in
the following analyses, to use for each participant the mean of
the 6 concentrations measured (Fig. 3A and B). Indeed, we
assume that these means were in fact more representative of
the real concentrations of the Xanth in adipose tissue than a
single value which can be more affected by the variability of the
measurement. Consequently, the mean concentration of L was
280.7 ± 26.9 nmol g−1 proteins, that of Z was 150.1 ± 14.3 nmol
g−1 proteins. Interestingly, mean values of adipose tissue L and
Z concentrations were correlated (Pearson’s r = 0.896 [95% CI:
0.8115, 0.9415], p = 4.76 × 10−16).

Regarding interindividual variability, the coefficients of
variation of L and Z were close, i.e. 62.2 and 61.6% for L and Z,
respectively. These were significantly higher than both the
interindividual variability values of fasting plasma L and Z,
which had a CV of 34.3 and 33.1%, respectively (L: p = 0.004; Z:
p = 0.002).
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Correlations between adipose tissue Xanth concentrations and
characteristics of the participants

Since these compounds are taken up by the adipose tissue
through the blood circulation, we first calculated the correlation
between their concentrations in the plasma and in the adipose
tissue. We did not find a significant correlation even if that of
L was close to significance (L: Pearson’s r = 0.276 [95% CI:
−0.0340, 0.5325], p = 0.077; Z: Pearson’s r = 0.203 [95% CI:
−0.1322, 0.4924], p = 0.228). Concerning other parameters
measured in the participants at baseline, we found significant
correlations with fasting total cholesterol (L: Pearson’s r = 0.315
[95% CI: 0.0086, 0.5624], p = 0.042; Z: Pearson’s r = 0.383 [95%
CI: 0.0850, 0.6125], p = 0.012), and fasting LDL-C, only for L (Z:
Pearson’s r = 0.379 [95% CI: 0.0528, 0.6262], p = 0.022) (Table 2).

Genetic variants associated with the interindividual variability
of adipose tissue Xanth concentrations

The list of associated SNPs which passed univariate filtering (p
< 0.05) is presented in ESI Table S2† (in separate .xls file).
With these SNPs, a PLS regression model was generated for
each Xanth to find the combination of SNPs and covariates
(among participant characteristics) that best explained the
interindividual variability of their concentration in the adipose
tissue.34,41–44,54 As shown in ESI Table 3A,† the models includ-
ing all selected variables (1st in the lists) could explain a high
part of the variance in the phenotypes (indicated by the R2)
but this estimation was positively biased, as illustrated by low
adjusted R2 values. This is due to the high number of predic-
tors included in the model. Therefore, to improve the model
and find an association of SNPs more predictive of the adipose
tissue Xanth concentrations, we filtered out SNPs and covari-
ates that made no important contribution (i.e., those that dis-
played the lowest VIP value). After the application of several
thresholds of the VIP value, we showed that the best models
obtained are highlighted in bold in ESI Table S4.† The PLS
regression model for L included 7 SNPs in or near 4 genes and
it explained 58% (adjusted R2) of the variability in adipose
tissue L concentration (Table 3). For Z, the best model
included 13 SNPs, of which 11 were not in LD (ESI Table S5†).
The 11 SNPs were located in or near 7 genes (Table 4) and

Fig. 3 Adipose tissue L and Z concentrations. Adipose tissue concen-
trations (nmol g−1 protein) of L (A) and Z (B) of each participant were the
arithmetic mean of the concentrations measured in periumbilical
adipose tissue samples taken at fast and 8 h after consumption of 3 test
meals (usually 6 values for the participants who ingested the 3 test
meals). Values are means with their SEM. Participants (n = 42) were
sorted by increasing adipose tissue L and Z concentrations.

Table 2 Pearson’s correlation coefficients between adipose tissue lutein (L) and zeaxanthin (Z) concentrations and selected anthropometric
measurements and blood lipid concentrations

Adipose tissue L Concentration Adipose TISSUE Z concentration

Pearson’s r 95% CI p-Value Pearson’s r 95% CI p-Value

Age, years 0.15 −0.16, 0.44 0.33 0.27 −0.04, 0.53 0.09
BMI, kg m−2 0.10 −0.21, 0.39 0.54 0.09 −0.22, 0.38 0.56
Fasting lipid concentration, g L−1

Total cholesterol 0.32 0.01, 0.56 0.04 0.38 0.08, 0.61 0.01
LDL-C 0.32 −0.02, 0.58 0.06 0.38 0.05, 0.63 0.02
HDL-C 0.14 −0.20, 0.44 0.44 0.12 −0.21, 0.43 0.48
Triglycerides 0.03 −0.27, 0.33 0.83 0.17 −0.14, 0.45 0.29
Concentration in fasting plasma L and Z, μmol L−1 a 0.28 −0.03, 0.53 0.08 0.20 −0.13, 0.49 0.23

aMeans of 3 samples collected in fasted state at 3 weeks intervals.
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explained 53% of the variance (adjusted R2). The results of
internal validation tests are presented in ESI Table S6 and ESI
Fig. S2 and S3† (i.e. leave-k-out cross-validation, regression
coefficient stability test, R2 and adjusted R2 after 100 random
permutations).

Genetic score to explain adipose tissue Xanth concentrations

With the knowledge of a participant’s genotype at the SNPs in
the selected model, it was possible to calculate a participant’s

adipose tissue Xanth concentrations (in nmol g−1 proteins)
using the following equations:

Adipose tissue L concentration ¼

175:1þ
X7

i¼1

ðriÞ � number of minor allele SNPi
ð2Þ

Adipose tissue Z concentration ¼

76:4þ
X11

i¼1

ðriÞ � number of minor allele SNPi
ð3Þ

with ri the unstandardized regression coefficient of the ith SNP
in the PLS regression model (provided in Tables 3 and 4).
When SNPs were entered under the dominant model, partici-
pants homozygous for the lesser frequent allele were grouped
with heterozygous participants and the number of minor
alleles for both these groups was considered to be 1.

Discussion

The first objective of this study was to characterize the concen-
tration of these two Xanth in human adipose tissue. We chose
to collect subcutaneous adipose tissue from the abdominal
region because it is apparently the preferential site for Xanth
storage.32 In addition, to obtain a more precise estimate of
their concentrations in this tissue, we calculated the average of
the up to 6 concentrations of L and Z obtained in each partici-
pant, which is an improvement from previous studies in which
only one measurement in the abdominal area was carried out
in each participant.29

The data obtained first showed that the ratio of the concen-
trations of L to Z in this tissue was around 1.9 ± 0.07. This was
approximately 4 times significantly lower than the one
observed in plasma of this group of participants, i.e. 7.1 ±
0.41. This means that the proportion of Z in this tissue was sig-
nificantly higher than that found in the plasma. Several
hypotheses can be proposed, either Z is better captured by this
tissue than L, or L is more metabolized in this tissue than Z,
or L is more secreted by this tissue than Z. Whatever the
mechanism(s), the fact that the ratio between these two Xanth
is similar to the ratio found in retina,5 i.e. around 4, suggests
that either Z is preferentially bioaccumulated than L in eye
and adipose tissue and/or L is preferentially metabolized in
another compound than Z. This latter hypothesis comes from
the observation that L is converted in meso-Z in the primate
eye.7 A second interesting observation is that, despite the
differences in concentration of these two molecules in this
tissue, their concentrations are closely correlated. This
suggests that their bioavailability and transport to this tissue
are governed by very similar mechanisms.

Regarding interindividual variability, we observe coeffi-
cients of variation of 62.2 and 61.6% for L and Z concentration
in adipose tissue, respectively. When we compare these CV to
the CV of their concentrations in the fasting plasma, i.e. 34.3
and 33.1%, respectively, we observe that they are approximately

Table 3 Combination of SNPs associated with adipose tissue L concen-
tration following partial least squares regression

Genea SNP VIP valueb
Regression
coefficientc

ELOVL5 rs2817114 1.455 87.0
PPARG rs709158 1.336 68.1
ISX rs5755468 1.305 −68.4
PPARG rs1152004 1.282 66.5
ABCA1 rs1561166 1.275 100.3
ABCA1 rs3904998 1.263 66.2
ISX rs2413241 1.257 64.3

aGene names can be found in ESI Table S1.† b Variables were ranked
according to their variable importance in the projection (VIP) value,
which estimates the contribution of each SNP in the projection used in
the PLS regression model. cRegression coefficients are for untrans-
formed variables and represent the mean change in adipose tissue L
concentrations (nmol g−1 protein) for each additional copy of the minor
allele under the additive model and in the presence of the minor allele
under the dominant model. Abbr: ABCA1 – ATP binding cassette sub-
family A member 1; ELOVL5 – ELOVL fatty acid elongase 5; ISX –
Intestine specific homeobox; L – lutein; PPARG – Peroxisome prolifera-
tor activated receptor gamma; SNP – single nucleotide polymorphism.

Table 4 Combination of SNPs associated with adipose tissue Z con-
centration following partial least squares regression

Genea SNP VIP valueb
Regression
coefficientc

PPARG rs709158 1.364 19.4
ABCA1 rs3904998 1.283 27.3
ABCA1 rs4149275 1.282 29.3
PPARG rs1152004 1.252 26.4
ELOVL5 rs2817114 1.241 30.1
ABCA1 rs1561166 1.182 37.7
CXCL8 rs4694627 1.172 −16.4
IRS1 rs16866816 1.130 33.4
ISX rs2413241 1.125 23.4
ELOVL5 rs2493164 1.121 23.2
MC4R rs489310 1.117 35.7

aGene names can be found in ESI Table S1.† b Variables were ranked
according to their variable importance in the projection (VIP) value,
which estimates the contribution of each SNP in the projection used in
the PLS regression model. cRegression coefficients are for untrans-
formed variables and represent the mean change in adipose tissue Z
concentrations (nmol g−1 protein) for each additional copy of the minor
allele under the additive model and in the presence of the minor allele
under the dominant model. Abbr: ABCA1 – ATP binding cassette sub-
family A member 1; CXCL8 – Chemokine (C–X–C motif) ligand 8;
ELOVL5 – ELOVL fatty acid elongase 5; IRS1 – Insulin receptor substrate
1; ISX – Intestine specific homeobox; MC4R – Melanocortin-4 receptor;
PPARG – Peroxisome proliferator activated receptor gamma; SNP –
single nucleotide polymorphism; Z – zeaxanthin.
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1.8 times higher in adipose tissue. This suggests that factors
additional to those which influence the concentration of these
Xanth in plasma influence their concentration in adipose
tissue. This is in support of our starting hypothesis, i.e.
genetic variations in genes that encode proteins which are
involved in the metabolism of these compounds in this tissue
can modulate the activity or the expression of these proteins
and in turn the concentrations of these compounds in this
tissue.

Knowing that correlations between the concentration of L
in the adipose tissue and macular pigment density have been
previously described,55,56 we investigated whether the concen-
trations of the two Xanth in the adipose tissue were correlated
with other biochemical measurements or participants’ demo-
graphics. There was no significant correlation with the fasting
plasma concentrations of the Xanth, although this was close to
significance for L. We also did not find any significant corre-
lation with BMI, though likely because participants were all
having normal weight. On the other hand, we found signifi-
cant correlations with the fasting plasma concentrations of
total and LDL-cholesterol.

The second objective of this study was to search for associ-
ations between interindividual variability of Xanth concen-
tration in adipose tissue and genetic variations in candidate
genes. To reach this goal, we used a 2-step procedure that we
have previously used in several studies.34,42,43,54,57 Firstly, we
identified SNPs in candidate genes significantly associated
with these concentrations. Then, these SNPs were entered into
PLS regression analyses. This procedure allowed us to identify
a combination of 7 SNPs in 4 genes (ELOVL5, PPARG, ABCA1
and ISX) that explained best adipose tissue L concentration,
and a combination of 11 SNPs in 7 genes (ELOVL5, PPARG,
ABCA1, CXCL8, ISX, IRS1 and MC4R) that explained best
adipose tissue Z concentration. It is interesting to point out
that 6 SNPs in 4 genes (ELOVL5, PPARG, ISX and ABCA1) were
present in both models. This confirms what was assumed and
supported by the high correlation between L and Z concen-
trations in adipose tissue, namely that the metabolism of
these 2 Xanth is relatively similar. Regarding the 3 genes
which were not found in both PLS regression models, either
they are very specific to each Xanth, or they are less signifi-
cantly associated with the second Xanth. For instance, the fact
that Chemokine (C–X–C motif ) ligand 8 (CXCL8) was classified
in 8th (additive model) position in one of the non-selected PLS
models of L supports its potential involvement in the concen-
tration of L in adipose tissue.

Obviously, the associations we report do not prove causality.
Nevertheless, based on the known functions of the 4 genes
which were associated with the concentration of both Xanth in
the adipose tissue, we can make hypotheses on their role in
the adipose tissue metabolism, and therefore in the concen-
tration, of these 2 Xanth. Regarding ELOVL5, it encodes an
enzyme that catalyzes the elongation of eicosapentaenoic acid
into docosapentaenoic acid, then into docosahexaenoic acid. A
SNP in ELOVL2, which shares function with ELOVL5 within the
fatty acid elongation pathway, has been associated with L bio-

availability,34 probably due to the inhibitory effect of eicosa-
pentaenoic acid on carotenoid intestinal absorption.58

Knowing that chylomicrons are the lipoproteins responsible
for the transport of newly absorbed Xanth from the intestine
to the liver and that a significant proportion of fatty acids
located on their surface are transferred to adipose tissue
during their metabolism,59,60 and knowing that Xanth are pre-
ferentially located on the surface of lipoproteins,61 we can
assume that a variation in their concentration in the surface of
chylomicrons, due to a variation in their absorption induced
by variants of ELOVL5, will modulate the quantity of Xanth
which will be transferred to adipose tissue and, ultimately,
their concentration in this tissue. Concerning PPARG, its
association with the adipose tissue concentrations of both
Xanth could be explained indirectly by its role in regulating
the expression of genes involved in lipid metabolism in this
tissue. In fact, this regulation has the effect of modulating the
absorption of fatty acids by this tissue and their storage in the
form of triglycerides. Knowing that Xanth are hydrophobic
and solubilized in triglycerides,62 we can assume that their
concentration in this tissue is positively correlated with that of
triglycerides and that it is therefore indirectly linked to the
activity of PPARG. The third gene associated with the adipose
tissue concentrations of both Xanth was ABCA1. This associ-
ation could be due to the fact that this membrane transporter,
which is well known to efflux cholesterol,63,64 is also capable to
efflux these 2 Xanth.34,65 This would not be so surprising as it
has been suggested that it is capable to efflux another lipophi-
lic micronutrient, vitamin E, and perhaps also some caroten-
oids.65 This association could also be due to the fact that this
membrane transporter was associated with the concentration
of L in chylomicrons in the postprandial period.34 ISX SNPs
were found in PLS regression models for L and for Z. Knowing
that this gene is not expressed in this tissue (https://www.pro-
teinatlas.org; accessed on June 25, 2024), we can explain its
association by the effect of ISX on the bioavailability of L,34,66

and therefore probably also on that of Z. ISX has been identi-
fied as a transcriptional repressor of SR-BI expression.67 Given
that SR-BI is crucial for L uptake,68 we hypothesize that SNPs
in ISX could influence its expression or its activity. This, in
turn, may impact SR-BI expression and, consequently, the
efficiency of Xanth uptake. Indeed, as previously suggested we
can assume that the higher the concentration of these Xanth
in chylomicrons, and the more these Xanth are transferred to
this tissue during vascular metabolism of chylomicrons.

This study has of course limitations (see ref. 69 for a
detailed discussion). The main one being that we did not esti-
mate the Xanth intake by a dietary survey even though it is one
of the main factors which affects the concentration of Xanth in
our body. The results were obtained only in males, mainly
Caucasians, and consequently we cannot extrapolate them to
females and other population groups yet. We followed a candi-
date gene approach and it is likely that other genes are
involved in these phenotypes. The SNPs analyzed were those
on the DNA chips and other SNPs are probably involved.
Finally, this is an association study and only functional genetic
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studies could confirm the involvement of these SNPs in these
phenotypes. On the other hand, this is the first time that the
interindividual variability of the concentration of these 2
Xanth in human adipose tissue is characterized, and that
genetic variations potentially involved in this variability are
identified. The results described herein are very interesting
from a pathophysiological point of view. Indeed, the fact that
we are not all equal in terms of our capacity to store Xanth in
adipose tissue, a major storage site for Xanth, suggests that we
do not benefit the same way from their health effect.14,15 This
also suggests that our genetic characteristics could affect our
ability to benefit from the effects of these compounds on
visual function,8 cardiometabolic health,70 cognitive perform-
ance8,12,13 as well as on AMD and cancer prevention.9,10,21 We
therefore hope that these preliminary results will encourage
other researchers to investigate the metabolism of these com-
pounds in adipose tissue and to identify the factors influen-
cing their concentration.

Abbreviations

ABCA1 ATP binding cassette subfamily A member 1
AMD Age-related macular degeneration
CXCL8 Chemokine (C–X–C motif ) ligand 8
ELOVL5 ELOVL fatty acid elongase 5
IRS1 Insulin receptor substrate 1
ISX Intestine specific homeobox
L Lutein
MC4R Melanocortin-4 receptor
PLS Partial least squares
PPARG Peroxisome proliferator activated receptor gamma
Xanth Xanthophyll(s)
Z Zeaxanthin

Author contributions

The authors’ responsibilities were as follows. M. P. Z.: choice
of candidate genes, statistical analysis, visualization, review &
editing. C. D.: methodology, choice of candidate genes, statisti-
cal analysis, validation, supervision, writing – review &
editing. B. G.: quantification of L and Z in the adipose
tissue. M. N.: organization of the clinical study, preparation of
test meals, collection and storage of samples. D. O. A.: collec-
tion of adipose tissue samples. P. B.: conceptualization, meth-
odology, funding acquisition, resources, project adminis-
tration, supervision, choice of candidate genes, validation,
writing – original draft, review & editing. All authors have read
and approved the final manuscript.

Data availability

Data described in the manuscript will not be made available
because this was not stated in the ethics application.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This study was supported by the European Community’s Sixth
Framework Program. The funding was attributed to the
Lycocard project (no. 016213), which was an Integrated Project
within the framework of the “Food Quality and Safety”
program. We would like to thank the Department of Science
and Technology-Science Education Institute, Philippines
(DOST-SEI) and the Embassy of France to the Philippines and
Micronesia for the PhilFrance-DOST Fellowship of M. P. Z.

References

1 J. Yabuzaki, Carotenoids Database: structures, chemical
fingerprints and distribution among organisms,
Carotenoids DatabaseDOI: 10.1093/database/bax004.

2 D. Haytowitz, J. Ahuja, X. Wu, M. Khan, M. Somanchi,
M. Nickle, Q. Nguyen, J. Roseland, J. Williams and
K. Patterson, USDA National Nutrient Database for stan-
dard reference, legacy, USDA National Nutrient Database for
Standard Reference.

3 M. E. O’Neill, Y. Carroll, B. Corridan, B. Olmedilla,
F. Granado, I. Blanco, H. V. den Berg, I. Hininger,
A.-M. Rousell, M. Chopra, S. Southon and D. I. Thurnham,
A European carotenoid database to assess carotenoid
intakes and its use in a five-country comparative study,
Br. J. Nutr., 2001, 85, 499–507.

4 L. Morand-Laffargue, J. Hirschberg, C. Halimi,
C. Desmarchelier and P. Borel, The zeaxanthin present in a
tomato line rich in this carotenoid is as bioavailable as that
present in the food sources richest in this xanthophyll,
Food Res. Int., 2023, 168, 112751.

5 P. S. Bernstein, F. Khachik, L. S. Carvalho, G. J. Muir,
D.-Y. Zhao and N. B. Katz, Identification and Quantitation
of Carotenoids and their Metabolites in the Tissues of the
Human Eye, Exp. Eye Res., 2001, 72, 215–223.

6 L. Ma, R. Liu, J. Du, T. Liu, S. Wu and X. Liu, Lutein,
Zeaxanthin and Meso-zeaxanthin Supplementation
Associated with Macular Pigment Optical Density,
Nutrients, 2016, 8, 426.

7 E. J. Johnson, M. Neuringer, R. M. Russell, W. Schalch and
D. M. Snodderly, Nutritional Manipulation of Primate
Retinas, III: Effects of Lutein or Zeaxanthin
Supplementation on Adipose Tissue and Retina of
Xanthophyll-Free Monkeys, Invest. Ophthalmol. Visual Sci.,
2005, 46, 692.

8 M. W. Roark and J. M. Stringham, Visual Performance in
the “Real World”: Contrast Sensitivity, Visual Acuity, and
Effects of Macular Carotenoids, Mol. Nutr. Food Res., 2019,
63, 1801053.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 9995–10006 | 10003

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:5

1:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1093/database/bax004
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo03087g


9 E. Y. Chew, T. E. Clemons, J. P. SanGiovanni, R. P. Danis,
F. L. Ferris, M. J. Elman, A. N. Antoszyk, A. J. Ruby, D. Orth,
S. B. Bressler, G. E. Fish, G. B. Hubbard, M. L. Klein,
S. R. Chandra, B. A. Blodi, A. Domalpally, T. Friberg,
W. T. Wong, P. J. Rosenfeld, E. Agrón, C. A. Toth,
P. S. Bernstein and R. D. Sperduto, Secondary Analyses of
the Effects of Lutein/Zeaxanthin on Age-Related Macular
Degeneration Progression: AREDS2 Report No. 3, JAMA
Ophthalmol., 2014, 132, 142.

10 E. Y. Chew, T. E. Clemons, E. Agrón, A. Domalpally,
T. D. L. Keenan, S. Vitale, C. Weber, D. C. Smith,
W. Christen, AREDS2 Research Group, J. P. SanGiovanni,
F. L. Ferris, R. P. Danis, B. A. Blodi, A. J. Ruby, A. Antoszyk,
M. Klein, I. Kim, G. E. Fish, W. T. Wong, D. H. Orth,
K. Rezaei, S. B. Bressler, G. B. Hubbard, M. J. Elman,
S. Chandra, T. Friberg, M. Tolentino, D. Le, M. B. Lansing,
J. B. Stallman, P. A. Edwards, C. W. Baker, M. A. Novak,
R. D. Isernhagen, T. E. Schneiderman, L. Halperin, M. Lee,
D. Boyer, P. Rosenfeld, P. Rath, M. Levy, R. H. Rosa,
J. Hoskins, C. K. Chan, D. M. Brown, C. Greven,
J. M. Jumper, L. Margulies, W. Rosenthal, R. Rosen,
G. Stoller, F. El Baba, W. C. McLean, R. Kingsley, A. Lyon,
J. Heier, A. Fung, I. Scott, J. Wells, M. Banach, P. Beer,
J. Folk, J. Maguire, S. Sadda, R. Garfinkel, J. E. Kim,
P. Berstein, M. Rauser, R. A. Lewis, B. C. Fishburne,
S. Huang, N. R. Sabates, N. Kim, R. N. Frank, B. Joondeph,
O. Houghton, D. Hainsworth, E. Chaum, R. Millay, R. Iezzi,
R. Apte, R. Adelman, A. Agrawal, N. Bhagat, L. Ulanski,
S. Schwartz, C. Owsley, A. J. Letson, Y.-G. He, C. Toth,
L. Morse, M. Cooney, S. Grover, H. Ferreyra, A. J. Brucker,
D. DiLoreto and A. Weinberg, Long-term Outcomes of
Adding Lutein/Zeaxanthin and ω-3 Fatty Acids to the
AREDS Supplements on Age-Related Macular Degeneration
Progression: AREDS2 Report 28, JAMA Ophthalmol., 2022,
140, 692.

11 A. Junghans, H. Sies and W. Stahl, Macular Pigments
Lutein and Zeaxanthin as Blue Light Filters Studied
in Liposomes, Arch. Biochem. Biophys., 2001, 391, 160–
164.

12 M.-C. García-Romera, M.-C. Silva-Viguera, I. López-
Izquierdo, A. López-Muñoz, R. Capote-Puente and
B. Gargallo-Martínez, Effect of macular pigment caroten-
oids on cognitive functions: A systematic review, Physiol.
Behav., 2022, 254, 113891.

13 J. Li and E.-S. M. Abdel-Aal, Dietary Lutein and Cognitive
Function in Adults: A Meta-Analysis of Randomized
Controlled Trials, Molecules, 2021, 26, 5794.

14 N. Wang, D. Wang, G. Luo, J. Zhou, Z. Tan, Y. Du, H. Xie,
L. Liu, X. Yang and L. Hao, Lutein attenuates excessive
lipid accumulation in differentiated 3T3-L1 cells and
abdominal adipose tissue of rats by the SIRT1-mediated
pathway, Int. J. Biochem. Cell Biol., 2021, 133, 105932.

15 M. Al-thepyani, S. Algarni, H. Gashlan, M. Elzubier and
L. Baz, Evaluation of the Anti-Obesity Effect of Zeaxanthin
and Exercise in HFD-Induced Obese Rats, Nutrients, 2022,
14, 4944.

16 S. S. Gopal, R. Kasiappan, B. Vallikannan and
G. Ponesakki, Effective inhibition of adipogenesis-
mediated inflammation by a macular carotenoid, lutein
in vitro, J. Food Biochem., 2022, 46, e14211.

17 S. S. Gopal, S. M. Eligar, B. Vallikannan and G. Ponesakki,
Inhibitory efficacy of lutein on adipogenesis is associated
with blockage of early phase regulators of adipocyte differ-
entiation, Biochim. Biophys. Acta, 2021, 1866, 158812.

18 J. Xie, M. Liu, H. Liu, Z. Jin, F. Guan, S. Ge, J. Yan,
M. Zheng, D. Cai and J. Liu, Zeaxanthin ameliorates
obesity by activating the β3-adrenergic receptor to stimulate
inguinal fat thermogenesis and modulating the gut micro-
biota, Food Funct., 2021, 12, 12734–12750.

19 M. Liu, H. Liu, J. Xie, Q. Xu, C. Pan, J. Wang, X. Wu,
S. Sanabil, M. Zheng and J. Liu, Anti-obesity effects of zeax-
anthin on 3T3-L1 preadipocyte and high fat induced obese
mice, Food Funct., 2017, 8, 3327–3338.

20 M. Liu, M. Zheng, D. Cai, J. Xie, Z. Jin, H. Liu and J. Liu,
Zeaxanthin promotes mitochondrial biogenesis and adipo-
cyte browning via AMPKα1 activation, Food Funct., 2019,
10, 2221–2233.

21 T. Bohn, M. L. Bonet, P. Borel, J. Keijer, J.-F. Landrier,
I. Milisav, J. Ribot, P. Riso, B. Winklhofer-Roob and
Y. Sharoni, Mechanistic aspects of carotenoid health
benefits–Where are we now?, Nutr. Res. Rev., 2021, 1–66.

22 M. L. Bonet, J. A. Canas, J. Ribot and A. Palou, in
Carotenoids in Nature, ed. C. Stange, Springer International
Publishing, Cham, 2016, vol. 79, pp. 377–414.

23 V. Tyssandier, E. Reboul, J.-F. Dumas, C. Bouteloup-
Demange, M. Armand, J. Marcand, M. Sallas and P. Borel,
Processing of vegetable-borne carotenoids in the human
stomach and duodenum, Am. J. Physiol.: Gastrointest. Liver
Physiol., 2003, 284, G913–G923.

24 P. Borel, O. Dangles and R. E. Kopec, Fat-soluble vitamin
and phytochemical metabolites: Production, gastrointesti-
nal absorption, and health effects, Prog. Lipid Res., 2023,
90, 101220.

25 E. Reboul and P. Borel, Proteins involved in uptake, intra-
cellular transport and basolateral secretion of fat-soluble
vitamins and carotenoids by mammalian enterocytes, Prog.
Lipid Res., 2011, 50, 388–402.

26 V. Böhm, G. Lietz, B. Olmedilla-Alonso, D. Phelan,
E. Reboul, D. Bánati, P. Borel, J. Corte-Real, A. R. de Lera,
C. Desmarchelier, J. Dulinska-Litewka, J.-F. Landrier,
I. Milisav, J. Nolan, M. Porrini, P. Riso, J. M. Roob,
E. Valanou, A. Wawrzyniak, B. M. Winklhofer-Roob,
R. Rühl and T. Bohn, From carotenoid intake to carotenoid
blood and tissue concentrations - implications for dietary
intake recommendations, Nutr. Rev., 2021, 79, 544–573.

27 R. S. Parker, Carotenoids in Human Blood and Tissues,
J. Nutr., 1989, 119, 101–104.

28 B. R. Hammond, T. A. Ciulla and D. M. Snodderly, Macular
pigment density is reduced in obese subjects, Invest.
Ophthalmol. Visual Sci., 2002, 43, 47–50.

29 H.-Y. Chung, A. L. A. Ferreira, S. Epstein, S. A. Paiva,
C. Castaneda-Sceppa and E. J. Johnson, Site-specific con-

Paper Food & Function

10004 | Food Funct., 2024, 15, 9995–10006 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:5

1:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo03087g


centrations of carotenoids in adipose tissue: relations with
dietary and serum carotenoid concentrations in healthy
adults, Am. J. Clin. Nutr., 2009, 90, 533–539.

30 M. A. Leo, A. S. Rosman and C. S. Lieber, Differential
depletion of carotenoids and tocopherol in liver disease,
Hepatology, 1993, 17, 977–986.

31 K. Zhang, Y. Zhou, Z. Xie and G. Liu, Subcutaneous and
Orbital Adipose Tissues: Intrinsic Differences in
Carotenoid Contents and Lipidomic Compositions, ACS
Omega, 2023, 8, 28052–28059.

32 S. Jeon, M. Neuringer, E. Johnson, M. Kuchan, S. Pereira,
E. Johnson and J. Erdman, Effect of Carotenoid
Supplemented Formula on Carotenoid Bioaccumulation in
Tissues of Infant Rhesus Macaques: A Pilot Study Focused
on Lutein, Nutrients, 2017, 9, 51.

33 C. Desmarchelier and P. Borel, Overview of carotenoid bio-
availability determinants: From dietary factors to host
genetic variations, Trends Food Sci. Technol., 2017, 69, 270–
280.

34 P. Borel, C. Desmarchelier, M. Nowicki, R. Bott, S. Morange
and N. Lesavre, Interindividual variability of lutein bio-
availability in healthy men: characterization, genetic var-
iants involved, and relation with fasting plasma lutein con-
centration, Am. J. Clin. Nutr., 2014, 100, 168–175.

35 N. Cardinault, Short-term supplementation with lutein
affects biomarkers of lutein status similarly in young and
elderly subjects, Exp. Gerontol., 2003, 38, 573–582.

36 C. Sy, B. Gleize, O. Dangles, J. Landrier, C. C. Veyrat and
P. Borel, Effects of physicochemical properties of caroten-
oids on their bioaccessibility, intestinal cell uptake, and
blood and tissue concentrations, Mol. Nutr. Food Res.,
2012, 56, 1385–1397.

37 M. Moussa, E. Gouranton, B. Gleize, C. E. Yazidi, I. Niot,
P. Besnard, P. Borel and J.-F. Landrier, CD36 is involved in
lycopene and lutein uptake by adipocytes and adipose
tissue cultures, Mol. Nutr. Food Res., 2011, 55, 578–584.

38 D. Babino, G. Palczewski, M. A. K. Widjaja-Adhi,
P. D. Kiser, M. Golczak and J. von Lintig, Characterization
of the Role of β-Carotene 9,10-Dioxygenase in Macular
Pigment Metabolism, J. Biol. Chem., 2015, 290, 24844–
24857.

39 P. Huebbe, J. Lange, G. Lietz and G. Rimbach, Dietary beta-
carotene and lutein metabolism is modulated by the APOE
genotype, BioFactors, 2016, 42, 388–396.

40 J. Strychalski, A. Gugołek, E. Kaczorek-Łukowska,
Z. Antoszkiewicz and P. Matusevičius, The BCO2 Genotype
and the Expression of BCO1, BCO2, LRAT, and TTPA Genes
in the Adipose Tissue and Brain of Rabbits Fed a Diet with
Marigold Flower Extract, Int. J. Mol. Sci., 2023, 24, 2304.

41 P. Borel, C. Desmarchelier, M. Nowicki, R. Bott and
F. Tourniaire, Can Genetic Variability in α-Tocopherol
Bioavailability Explain the Heterogeneous Response to
α-Tocopherol Supplements?, Antioxid. Redox Signal., 2015,
22, 669–678.

42 M. P. Zumaraga, P. Borel, R. Bott, M. Nowicki, D. Lairon
and C. Desmarchelier, The Interindividual Variability of

Phytofluene Bioavailability is Associated with a
Combination of Single Nucleotide Polymorphisms, Mol.
Nutr. Food Res., 2022, 2200580.

43 P. Borel, C. Desmarchelier, M. Nowicki and R. Bott,
Lycopene bioavailability is associated with a combination
of genetic variants, Free Radicals Biol. Med., 2015, 83, 238–
244.

44 C. Desmarchelier, E. Wolff, C. Defoort, M. Nowicki,
P.-E. Morange, M.-C. Alessi, R. Valéro, A. Nicolay, D. Lairon
and P. Borel, A Combination of Single Nucleotide
Polymorphisms is Associated with the Interindividual
Variability of Cholesterol Bioavailability in Healthy Adult
Males, Mol. Nutr. Food Res., 2020, 64, e2000480.

45 P. Borel, M. Moussa, E. Reboul, B. Lyan, C. Defoort,
S. Vincent-Baudry, M. Maillot, M. Gastaldi, M. Darmon and
H. Portugal, Human fasting plasma concentrations of
vitamin E and carotenoids, and their association with
genetic variants in apo C-III, cholesteryl ester transfer
protein, hepatic lipase, intestinal fatty acid binding protein
and microsomal triacylglycerol transfer protein, Br. J. Nutr.,
2008, 101, 680–687.

46 J. Forkman, Estimator and Tests for Common Coefficients
of Variation in Normal Distributions, Commun. Stat. Theory
Methods, 2009, 38, 233–251.

47 E. Rajendiran, B. Lamarche, Y. She, V. Ramprasath, P. Eck,
D. Brassard, I. Gigleux, E. Levy, A. Tremblay, P. Couture,
J. D. House, P. J. H. Jones and C. Desmarchelier, A combi-
nation of single nucleotide polymorphisms is associated
with the interindividual variability in the blood lipid
response to dietary fatty acid consumption in a randomized
clinical trial, Am. J. Clin. Nutr., 2021, 114, 564–577.

48 E. Le Floch, V. Guillemot, V. Frouin, P. Pinel, C. Lalanne,
L. Trinchera, A. Tenenhaus, A. Moreno, M. Zilbovicius,
T. Bourgeron, S. Dehaene, B. Thirion, J.-B. Poline and
E. Duchesnay, Significant correlation between a set of
genetic polymorphisms and a functional brain network
revealed by feature selection and sparse Partial Least
Squares, NeuroImage, 2012, 63, 11–24.

49 J.-P. Gauchi and P. Chagnon, Comparison of selection
methods of explanatory variables in PLS regression with
application to manufacturing process data, Chemom. Intell.
Lab. Syst., 2001, 58, 171–193.

50 M. M. H. Abdullah, I. Vazquez-Vidal, D. J. Baer,
J. D. House, P. J. H. Jones and C. Desmarchelier, Common
Genetic Variations Involved in the Inter-Individual
Variability of Circulating Cholesterol Concentrations in
Response to Diets: A Narrative Review of Recent Evidence,
Nutrients, 2021, 13, 695.

51 L. Eriksson, J. Trygg and S. Wold, CV-ANOVA for signifi-
cance testing of PLS and OPLS® models, J. Chemom., 2008,
22, 594–600.

52 E. W. Steyerberg, F. E. Harrell Jr, G. J. J. M. Borsboom,
M. J. C. Eijkemans, Y. Vergouwe and J. D. F. Habbema,
Internal validation of predictive models: efficiency of some
procedures for logistic regression analysis, J. Clin.
Epidemiol., 2001, 54, 774–781.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 9995–10006 | 10005

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:5

1:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo03087g


53 B. Y. Hsu, Y. S. Pu, B. S. Inbaraj and B. H. Chen, An
improved high performance liquid chromatography–diode
array detection–mass spectrometry method for determi-
nation of carotenoids and their precursors phytoene and
phytofluene in human serum, J. Chromatogr. B: Anal.
Technol. Biomed. Life Sci., 2012, 899, 36–45.

54 P. Borel, C. Desmarchelier, M. Nowicki and R. Bott, A com-
bination of single-nucleotide polymorphisms is associated
with interindividual variability in dietary β-carotene bio-
availability in healthy men, J. Nutr., 2015, 145, 1740–1747.

55 W. M. Broekmans, T. T. Berendschot, I. A. Klöpping-
Ketelaars, A. J. de Vries, R. A. Goldbohm, L. B. Tijburg,
A. F. Kardinaal and G. van Poppel, Macular pigment
density in relation to serum and adipose tissue concen-
trations of lutein and serum concentrations of zeaxanthin,
Am. J. Clin. Nutr., 2002, 76, 595–603.

56 E. J. Johnson, B. R. Hammond, K.-J. Yeum, J. Qin,
X. D. Wang, C. Castaneda, D. M. Snodderly and
R. M. Russell, Relation among serum and tissue concen-
trations of lutein and zeaxanthin and macular pigment
density, Am. J. Clin. Nutr., 2000, 71, 1555–1562.

57 C. Desmarchelier, P. Borel, A. Goncalves, R. Kopec,
M. Nowicki, S. Morange, N. Lesavre, H. Portugal and
E. Reboul, A Combination of Single-Nucleotide
Polymorphisms Is Associated with Interindividual
Variability in Cholecalciferol Bioavailability in Healthy
Men, J. Nutr., 2016, 146, 2421–2428.

58 A. Pizzini, L. Lunger, E. Demetz, R. Hilbe, G. Weiss,
C. Ebenbichler and I. Tancevski, The Role of Omega-3 Fatty
Acids in Reverse Cholesterol Transport: A Review, Nutrients,
2017, 9, 1099.

59 T. Olivecrona and G. Olivecrona, in Cellular Lipid
Metabolism, ed. C. Ehnholm, Springer Berlin Heidelberg,
Berlin, Heidelberg, 2009, pp. 315–369.

60 A. S. T. Bickerton, R. Roberts, B. A. Fielding, L. Hodson,
E. E. Blaak, A. J. M. Wagenmakers, M. Gilbert, F. Karpe and
K. N. Frayn, Preferential Uptake of Dietary Fatty Acids in
Adipose Tissue and Muscle in the Postprandial Period,
Diabetes, 2007, 56, 168–176.

61 P. Borel, P. Grolier, M. Armand, A. Partier, H. Lafont,
D. Lairon and V. Azais-Braesco, Carotenoids in biological

emulsions: solubility, surface-to-core distribution, and
release from lipid droplets, J. Lipid Res., 1996, 37, 250–261.

62 P. Goupy, C. Genot, F. Hammaz, C. Halimi, C. Caris-Veyrat
and P. Borel, Mechanisms Governing the Transfer of Pure
and Plant Matrix Carotenoids Toward Emulsified
Triglycerides, Mol. Nutr. Food Res., 2020, 64, 1900911.

63 C. Cavelier, I. Lorenzi, L. Rohrer and A. von Eckardstein,
Lipid efflux by the ATP-binding cassette transporters
ABCA1 and ABCG1, Biochim. Biophys. Acta, 2006, 1761, 655–
666.

64 W. De Haan, A. Bhattacharjee, P. Ruddle, M. H. Kang and
M. R. Hayden, ABCA1 in adipocytes regulates adipose
tissue lipid content, glucose tolerance, and insulin sensi-
tivity, J. Lipid Res., 2014, 55, 516–523.

65 A. During, H. D. Dawson and E. H. Harrison, Carotenoid
transport is decreased and expression of the lipid transpor-
ters SR-BI, NPC1L1, and ABCA1 is downregulated in Caco-2
cells treated with ezetimibe, J. Nutr., 2005, 135, 2305–2312.

66 M. A. K. Widjaja-Adhi, G. P. Lobo, M. Golczak and J. Von
Lintig, A genetic dissection of intestinal fat-soluble vitamin
and carotenoid absorption, Hum. Mol. Genet., 2015, 24,
3206–3219.

67 G. P. Lobo, J. Amengual, D. Baus, R. A. Shivdasani,
D. Taylor and J. von Lintig, Genetics and diet regulate
vitamin A production via the homeobox transcription
factor ISX, J. Biol. Chem., 2013, 288, 9017–9027.

68 E. Reboul, L. Abou, C. Mikail, O. Ghiringhelli, M. André,
H. Portugal, D. Jourdheuil-Rahmani, M.-J. Amiot, D. Lairon
and P. Borel, Lutein transport by Caco-2 TC-7 cells occurs
partly by a facilitated process involving the scavenger recep-
tor class B type I (SR-BI), Biochem. J., 2005, 387, 455–461.

69 P. Borel and C. Desmarchelier, Bioavailability of Fat-
Soluble Vitamins and Phytochemicals in Humans: Effects
of Genetic Variation, Annu. Rev. Nutr., 2018, 38, 69–96.

70 E. T. Leermakers, S. K. Darweesh, C. P. Baena,
E. M. Moreira, D. Melo Van Lent, M. J. Tielemans, T. Muka,
A. Vitezova, R. Chowdhury, W. M. Bramer, J. C. Kiefte-de
Jong, J. F. Felix and O. H. Franco, The effects of lutein on
cardiometabolic health across the life course: a systematic
review and meta-analysis, Am. J. Clin. Nutr., 2016, 103,
481–494.

Paper Food & Function

10006 | Food Funct., 2024, 15, 9995–10006 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:5

1:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo03087g

	Button 1: 


