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Supplemental Table S1. Candidate genes selected.

Gene Name Gene symbol References

Genes that play, or are assumed to play, a role in Xanth or triglyceride metabolism in 

adipose tissue

Apolipoprotein C1 APOC1 1

Apolipoprotein C2 APOC2 1

Apolipoprotein C4 APOC4 1

Apolipoprotein E APOE 1

β-carotene 15,15’oxygenase-1 BCO1 2

β-carotene 9,10’ oxygenase-2 BCO2 3

Cholesterol ester transfer protein CETP 4

Cluster of differentiation 36 CD36 5

ELOVL fatty acid elongase 5 ELOVL5 6

GRAM domain containing 1A GRAMD1A 7,8

GRAM domain containing 1C GRAMD1C 7,8

Lecithin-cholesterol acyltransferase LCAT 4

Low density lipoprotein receptor LDLR 9

Lipase E LIPE 10

Lipoprotein lipase LPL 11
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Monoglyceride lipase MGLL 12,13

Polycystic kidney disease 1-like 2 PKD1L2 2

Phospholipid transfer protein PLTP 4

Patatin-like phospholipase domain-containing 2 PNPLA2 10

Peroxisome proliferator activated receptor gamma PPARG 14

Scavenger receptor class B member 1 SCARB1 15

Genes that have been associated with serum XANTH concentration in genome wide 

association studies

Nuclear receptor subfamily 1 group H member 3 NR1H3 16

StAR related lipid transfer domain containing STARD3 17

Genes whose SNPs have been associated with the postprandial chylomicron carotenoid 

or triacylglycerol response in the same group of participants

ATP binding cassette subfamily G member 2 ABCG2 18,19

ATP binding cassette subfamily A member 1 ABCA1 18–21

ATP binding cassette subfamily G member 5 ABCG5 20

Apolipoprotein A1 APOA1 19

Apolipoprotein A3 APOA3 19

Apolipoprotein A4 APOA4 19

Apolipoprotein A5 APOA5 19,21

Apolipoprotein B APOB 18–20

COBL-like 1 COBLL1 19

Chemokine (C-X-C motif) ligand 8 CXCL8 20

ELOVL fatty acid elongase 2 ELOVL2 18–20

Fatty acid desaturase 1 FADS1 22
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Fatty acid desaturase 2 FADS2 22

Fatty acid desaturase 3 FADS3 22

Insulin induced gene 2 INSIG2 18,19

Insulin receptor substrate 1 IRS1 19

Intestine specific homebox ISX 18–20,22

Lipase, hepatic LIPC 18–20

Melanocortin 4 receptor MC4R   19

Microsomal triglyceride transfer protein MTTP 18,19

Niemann-Pick disease, type C1, gene-like 1 NPC1L1 18

Pancreatic lipase PNLIP 18

Retinal pigment epithelium-specific protein 65kDa RPE65 19,20

Solute carrier family 27, member 6 SLC27A6 18

Superoxide dismutase 2, mitochondrial SOD2 18,20

Transcription factor 7 like 2 TCF7L2 20
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919 SNPs removed

279 SNPs removed1,444 SNPs removed

Supplemental Figure S1. Candidate SNPs selection flowchart.

Partial least squares regression analysis

Univariate filtering  removal of SNPs with
p > 0.05

Removal of SNPs with fewer than 5

Additive: 537 SNPs Dominant: 1,702 SNPs

SNP coding according to genetic models
(Additive and Dominant models)

1,981 SNPs

2,134 SNPs

3,053 SNPs

3,589 SNPs in 49 candidate genes

Selection of 49 candidate genes involved in
adipose tissue Lutein and Zeaxanthin

concentration

aDeviations from Hardy-Weinberg equilibrium (HWE) can indicate inbreeding, population 
stratification, and genotyping errors. 
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536 SNPs removed

HWEa (chi-squared test, p<0.05), 
SNPs with a single genotype and 
SNPs with a call rate <95% 
removal

Tag SNPs selection and removal 
of SNPs in linkage disequilibrium 
(R²>0.8)

Additional analysis on SNPs not 
found in the SNPinfo Web 
Server database i.e. when 2 
SNPs were perfectly correlated 
(i.e., R2 = 1.0)

153 SNPs removed



Supplemental Table S3A-B. Comparison between adipose tissue lutein (L) and zeaxanthin (Z) 

concentrations measured at fast and 8 h after consumption of the 3 test meals. 

A. Linear mixed model

Adipose tissue L 
concentration

Adipose tissue Z 
concentration

Parametersa F Sig. F Sig.

Intercept 134.8 0.000 140.8 0.000

Time (Fasting vs 8 hr) 0.5 0.494 0.6 0.458
Type of Meal (Control vs 
Vitamin E vs Tomato 
Puree)

1.1 0.342 0.5 0.604

Time * Type of Meal 2.2 0.124 2.4 0.103

aUnstructured linear mixed model. Adipose tissue L and Z concentrations measured at fast and 8 
h after consumption of the 3 test meals were analyzed with linear mixed models, using a full 
factorial design with meal (control, vitamin E and tomato puree) and time (fasting and 8 h post-
meal) as fixed within-subject variables and participant as the random variable. Of the 5 linear 
mixed models tested, the unstructured model was selected based on Akaike’s Information 
Criterion 23

B. Paired t-test

Paired Differences t df Sig.

95% CI

Type of Meal

Mean SD SEM

Lower Upper

Adipose tissue L concentration

Control Meal -45.5 326.5 56.0 -159.4 68.4 -0.8 33 0.4

Vitamin E Meal 30.2 270.4 47.8 -24.7 -67.2 0.6 31 0.5

Tomato Puree Meal 84.5 272.1 46.7 -10.4 179.5 1.8 33 0.1

Adipose tissue Z concentration

Control Meal -24.4 186.4 32.0 -89.5 40.6 -0.8 33 0.5

Vitamin E Meal 9.2 124.3 22.0 -35.6 54.0 0.4 31 0.7

Tomato Puree Meal 48.4 148.1 25.4 -3.2 100.1 1.9 33 0.1

5



Abbr: df, degrees of freedom ; sig, significance (p-value) for paired t-test
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Supplemental Table S4. Characteristics of the partial least squares regression models a

A. Lutein

Number of 

predictors

R2 Adjusted 

R2b

 R² after 100 

permutationsc

R² after cross-

validationc

Cross-

validation-

ANOVA p-

valued

110 SNPs (and 

total 

cholesterol)

0.87 1.08 0.52 0.79 7.48 x 10-14

58 0.82 1.44 0.39 0.74 3.83 x 10-12

38 0.74 -2.46 0.28 0.68 3.10 x 10-10

22 0.74 0.43 0.20 0.66 5.90 x 10-10

20 0.71 0.44 0.20 0.64 2.07 x 10-9

19 0.72 0.48 0.20 0.65 1.45 x 10-9

16 0.69 0.50 0.18 0.62 6.38 x 10-9

15 0.69 0.51 0.17 0.62 6.46 x 10-9

12 0.68 0.55 0.15 0.61 9.29 x 10-9

8 0.65 0.57 0.12 0.59 2.62 x 10-8

7 0.65 0.58 0.11 0.58 3.75 x 10-8

6 0.61 0.54 0.10 0.56 1.06 x 10-7

5 0.58 0.52 0.09 0.54 2.34 x 10-7

3 0.56 0.52 0.06 0.51 8.55 x 10-7
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B. Zeaxanthin

Number of 

predictors

R2 Adjusted 

R2b

 R² after 100 

permutationsc

R² after cross-

validationc

Cross-

validation-

ANOVA p-

valued

99 SNPs (and 

total and 

LDL-

cholesterol)

0.84 1.12 0.50 0.74 2.90 x 10-12

56 0.80 1.54 0.37 0.72 2.04 x 10-11

28 0.72 0.10 0.26 0.61 1.21 x 10-8

23 0.72 0.37 0.24 0.62 7.51 x 10-9

18 0.66 0.40 0.19 0.56 1.01 x 10-7

16 0.65 0.42 0.18 0.54 2.85 x 10-7

13 0.65 0.49 0.17 0.55 1.52 x 10-7

10 0.61 0.48 0.13 0.54 2.63 x 10-7

9 0.59 0.47 0.11 0.52 6.65 x 10-7

7 0.50 0.39 0.09 0.43 1.65 x 10-5

6 0.40 0.30 0.07 0.34 2.82 x 10-4

5 0.40 0.32 0.06 0.35 2.64 x 10-4

3 0.27 0.22 0.04 0.24 5.22 x 10-3

aThe selected model is highlighted in bold font. All models had 1 component.
bSee Equation 1.
cSee Supplemental Figure S3 for further explanation of the procedure.
dSee 24.
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Pairwise linkage disequilibrium (LD) test: Identification of LD SNPs in the final PLS model

The PLS regression model chosen for zeaxanthin contained 13 SNPs (Table 3B, main 

manuscript). Among these, 3 were in LD according to an online calculator tool for pairwise LD 

(available at https://www.ensembl.org/Homo_sapiens/Tools/LD, population: European CEU, 

queried in 5 April 2024). Since these SNPs conveyed redundant information in the model, we kept 

the one which had the higher VIP value, leaving 11 SNPs in the final selected PLS regression 

model (Table 3B).

Supplemental Table S5. SNPs in LD in the final PLS regression model.a

SNP not retained in the 
final PLS regression 

model

VIPb SNP retained in the 
final PLS regression 

model

VIPb LD R2c

rs709157 1.357 rs709158 1.364 0.87

rs1151996 1.328 rs709158 1.364 0.91

 a Gene names can be found in Supplemental Table S1.

b VIP: Variable Importance in the Projection

cPairwise LD R2 results were generated from population 1000GENOMES:phase_3:CEU 

(accessible at https://www.ensembl.org/Homo_sapiens/Tools/LD)
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Supplemental Information: additional validations of the partial least squares (PLS) regression 

model.

1) Leave-k-out cross-validation

The leave-k-out validation was based on Steyerberg et al.25. Briefly, the two selected PLS 

regression models were accessed by randomly taking out k participants (k={1,2,3,4}) from the 

original dataset, thus leaving a training dataset. The k participants taken out were then 

reintroduced into this training set to assess whether the models built without these k participants 

would be able to predict accurately their adipose tissue Xanth concentrations. This test was 

performed up to 42 times so that each participant was taken out once (i.e. 42 times for k=1, 21 

times for k=2, 14 times for k=3 and 10 times for k=4).

The relative prediction error (%) between the predicted and the measured adipose tissue 

Xanth concentrations for each k are presented below (Supplemental Table S6). The percentage 

of error remained relatively stable, after leave-k-out cross-validation test, suggesting that the PLS 

regression model was relatively robust.

Supplemental Table S6. Average relative prediction error (%) following the leave-k-out 

procedure.

Number of participants left out

0 1 2 3 4

Lutein (7 SNPs) 35.4 39.1 38.7 38.7 39.5

Zeaxanthin (11 SNPs) 37.1 42.4 42.5 41.9 42.7
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2) Regression coefficient stability testing following the leave-k-out procedure

The stability of the regression coefficients of each selected model (Table 4) remained 

unchanged (p>0.05; ANOVA) even when up to 4 participants were left out of the model (detailed 

procedure is shown in Supplemental information 1). Supplemental Figure S2-A (lutein) and 

S2-B (zeaxanthin) shows good stability of the regression coefficients with this validation.

11



Supplemental Figure S2-A: Regression coefficient stability validation for adipose tissue lutein concentration following the leave-k-out 

procedure. k participants (k={1,2,3,4}) were randomly removed from the original dataset, thus leaving a training subset. These participants were 
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then reintroduced in the training subset to assess the regression coefficients of the 7 SNPs from the selected model. This test was performed at 

most 42 times so that each participant was taken out once. One-way ANOVA performed for each gene showed no significant differences between 

the full model and the 4 training subsets generated by the procedure. Gene names are found in Supplemental Table 1.
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Supplemental Figure S2-B: Regression coefficient stability validation for adipose tissue zeaxanthin concentration following the leave-k-out 

procedure. k participants (k={1,2,3,4}) were randomly removed from the original dataset, thus leaving a training subset. These participants were 

then reintroduced in the training subset to assess the regression coefficients of the 11 SNPs from the selected model. This test was performed at 
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most 42 times so that each participant was taken out once. One-way ANOVA performed for each gene showed no significant differences between 

the full model and the 4 training subsets generated by the procedure. Gene names are found in Supplemental Table 1.
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3) R2 and adjusted R² of the selected model after 100 permutations. 

This procedure 1) assessed the risk that the PLS regression model is spurious, i.e. the model 

fits the current data set well but does not predict Y well for new observations, and 2) tested for 

over-fitting. Briefly, the accuracy of fit (R2 and R² after cross-validation) of the original model 

was compared with the accuracy of fit of 100 models based on data where the order of the Y 

matrices for the participants (adipose tissue L and Z concentrations) were randomly permuted, 

while the X matrices (list of selected SNPs) were kept intact. A robust model (where the fit 

between X and Y is high) should not be able to correctly predict the permuted Y variables with 

the intact X variables. Supplemental Figure S3-A (L) and supplemental Figure S3-B (Z) 

present results of these permutations using their corresponding PLS regression model.
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Supplemental Figure S3-A. The horizontal axis represents the correlation between the 

permuted Y’s and the original Y’s. The vertical axis represents the R2 (dashed line and black 

triangles) and R² after cross-validation (dashed line and squares) values obtained in the 

permuted models. Values of the original model are on the far right (at correlation = 1) while 

values of the 100 Y-permuted models are further to the left. The average R² after 100 

permutations was 0.11. This strongly supports the conclusion that the ability of the original, 

non-permuted model, to predict the adipose tissue lutein concentration is not due to chance. 

Supplemental Figure S3-B. The horizontal axis represents the correlation between the 

permuted Y’s and the original Y’s. The vertical axis represents the R2 (dashed line and black 

triangles) and R² after cross-validation (dashed line and squares) values obtained in the 

permuted models. Values of the original model are on the far right (at correlation = 1) while 

values of the 100 Y-permuted models are further to the left. The average R² after 100 
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permutations was 0.18. This strongly supports the conclusion that the ability of the original, 

non-permuted model, to predict the adipose tissue zeaxanthin concentration is not due to 

chance. 

18

Predicted power = 80 %, sample size per group =15

(b)Adipose tissue zeaxanthin concentration

(a) Adipose tissue lutein concentration



Supplemental Figures S4 A and B. Retrospective multivariate power calculation was 

performed for 2 PLS models that incorporated the SNP variables associated with both adipose 

tissue lutein (7 SNPs) and zeaxanthin (11 SNPs) concentrations (refer to Table 3, main 

manuscript). With an FDR-adjusted p-value of 0.001, the predicted multivariate power of 80 % 

(on the vertical axis) was computed for a sample size of 15 per group for (a) adipose tissue 

lutein concentration and 20 per group for (b) adipose tissue zeaxanthin concentration (on the 

horizontal axis), affirming that the chosen sample sizes for this study (total sample size of 42 

participants) were adequate. Image obtained from MetaboAnalyst 6.0 website, accessible at 

https://new.metaboanalyst.ca .
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