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Carotenoid intake has been reported to be associated with improved
cardiovascular health, but there is little information on actual plasma
concentrations of these compounds as biomarkers of cardiometabolic risk.
The objective was to investigate the association between circulating plasma
carotenoids and different cardiometabolic risk factors and the plasma fatty
acid profile. This is a cross-sectional evaluation of baseline data conducted
in a subcohort (106 women and 124 men) of an ongoing multi-factorial
lifestyle trial for primary cardiovascular prevention. Plasma concentrations
of carotenoids were quantified by liquid chromatography coupled to mass
spectrometry. The associations between carotenoid concentrations and
cardiometabolic risk factors were assessed using regression models adapted
for interval-censored variables. Carotenoid concentrations were cross-
sectionally inversely associated with serum triglyceride concentrations [—2.79
mg/dl (95% Cl: —4.25, —1.34) and —5.15 mg/dl (95% CI: —7.38, —2.93), p-
values = 0.0002 and <0.00001 in women and men, respectively], lower levels
of plasma saturated fatty acids [-0.09% (95% CI: —0.14, —0.03) and —0.15 %
(95% Cl: —0.23, —0.08), p-values = 0.001 and 0.0001 in women and men,
respectively], and higher levels of plasma polyunsaturated fatty acids [(0.12
% (95% Cl: —0.01, 0.25) and 0.39 % (95% Cl: 0.19, 0.59), p-values = 0.065
and 0.0001 in women and men, respectively] in the whole population. Plasma
carotenoid concentrations were also associated with higher plasma HDL-
cholesterol in women [0.47 mg/dl (95% CI: 0.23, 0.72), p-value: 0.0002], and
lower fasting plasma glucose in men [—1.35 mg/dl (95% CI: —2.12, —0.59),
p-value: 0.001].
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Mediterranean diet, PREDIMED-plus study, plasma carotenoids, cardiovascular health,
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Introduction

The effect of Mediterranean diet on reducing the incidence
of cardiovascular disease and mortality has been established
with first level evidence by the researchers working on
randomized trials and high-quality prospective cohort studies
like the PREDIMED (PREvencion con DIeta MEDiterrdnea)
randomized trial (1-5) and others (6-10). The success of
this study led to the design of the PREDIMED-Plus study,
which implemented a healthy Mediterranean lifestyle adding
physical activity and behavioral changes to an energy-restricted
Mediterranean diet in order to evaluate the effect of weight loss
on cardiovascular disease (11). Both interventions considered
fruits and vegetables to be essential in preventive cardiology
due to their content in fiber and phytochemicals. In fact, the
intervention in the PREDIMED-Plus trial targeted fruits and
vegetables and demonstrated a substantial increment in their
consumption after 6 and 12 months follow-up (12).

Carotenoids are one of the groups of phytochemicals present
in these foods, being natural pigments that give them their
yellow to reddish tonalities (13). Some, but not all of them, can
be converted into vitamin A by the human body, known for its
role in controlling gene transcription (14).

In recent years, several studies and systematic reviews have
focused on the health effects of carotenoids. Possibly due to their
antioxidant capacity, consumption of carotenoid-rich foods has
been associated with the prevention and control of type 2
diabetes and some of its complications (15) and they are also
believed to have a role in the risk reduction of developing
cardiovascular diseases (16, 17) and metabolic syndrome,
which is characterized by impaired glucose metabolism and
abnormal lipid profile, together with elevated blood pressure and
abdominal obesity (18, 19).

This study aims to assess the association of plasma
carotenoid concentrations in an older population with metabolic
syndrome with anthropometric, clinical, and biochemical
parameters related to cardiovascular risk.

Materials and methods

Study design

This work was performed as a cross-sectional analysis of
baseline data of a subgroup of participants in the PREDIMED-
Plus study (20), for which eligible subjects met at least three of
the metabolic syndrome criteria described by the International
Diabetes Federation, the American Heart Association, and the
National Heart, Lung, and Blood Institute (21). Participants
were women and men between 55 and 75 years and overweight
or obese (body mass index between 27 and 40 kg/mz). The
selection criteria and description of the PREDIMED-Plus cohort
have been detailed elsewhere (11). The complete study protocol
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can be found at http://www.predimedplus.com/ (accessed on 16
May 2021).

For the present study K3-EDTA plasma samples from the
baseline were selected according to the evaluation given by
the baseline semi-quantitative 143-item PREDIMED-Plus food
frequency questionnaires (22). The total PREDIMED-Plus study
population was divided into fruit and vegetable consumption
deciles and fat intake quartiles. Only participants belonging to
the extreme fruit and vegetable consumption (deciles 1 and 10)
and the extreme fat intake (quartiles 1 and 4) were included in
the study (n = 230). Even though the food intake was clearly
compartmentalized, the plasma concentrations of carotenoids
were not, as we previously described (23), they were dispersed
ranging from 0 to more than 40 pmol/L.

Ethics statement

The PREDIMED-Plus study was carried out in accordance
with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans,
and all procedures involving human participants were approved
by the Institutional Review Boards of the participating centers.
The clinical trial was registered in the ISRCTN of London,
England with the number 89898870 on 24 July 2014. Written
informed consent was obtained from all participants.

Outcome variables

Anthropometric and body composition
variables

Anthropometric measurements were performed by trained
personnel according to the PREDIMED-Plus protocol. Weight
was recorded using calibrated scales with barefoot participants
wearing light clothing. Height was measured with wall-mounted
stadiometers. Body mass index was calculated as weight (kg)
divided by the squared height (m?). Waist circumference
was measured using non-stretchable measuring tapes midway
between the lowest rib and the iliac crest with subjects standing
at the end of gentle expiration.

Blood pressure

Systolic and diastolic blood pressure and heart rate
were measured in triplicate with semiautomatic oscillometers
(Omron HEM-705CP).

Biochemical parameters

Determination of glucose (mg/dl), glycated hemoglobin (%),
triglycerides (mg/dl), total cholesterol, and HDL-cholesterol
(mg/dl) was performed by standard laboratory enzymatic
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methods in the clinical analysis cores of each PREDIMED-Plus
participating center.

Plasma fatty acid profile
Samples-standards-and-reagents

Baseline K3-EDTA fasting plasma samples obtained in the
first study visit were analyzed. These samples had been stored at
- 80°C until use. Tridecanoic acid methyl ester (C13:0), boron
trifluoride-methanol reagent, n-hexane, and sodium methylate
(0.5% w/v) were acquired from Sigma-Aldrich (St. Louis, MO,
USA). Sodium chloride solution was purchased from Panreac
Quimica SLU (Barcelona, Spain) and anhydrous sodium sulfate
from Schalab (Barcelona, Spain). Supelco 37 component fatty
acids methyl ester mix and PUFA No.2 (Animal source) were
acquired from Merck (Darmstadt, Germany).

Fatty-acid-derivatization

The determination of fatty acids was performed using a
validated method (24). Briefly, 20 pl of the internal standard
tridecanoic acid methyl ester (C13:0) were added to 100 pl of
plasma samples. Then, 1 ml of sodium methylate (0.5% w/v)
was added, and the mix was heated to 100°C for 15 min. After
cooling, samples were esterified with 1 ml of boron trifluoride-
methanol reagent, again at 100°C, for 15 min. When the sample
was cool, fatty acids methyl esters were isolated by adding
500l of n-hexane. The mix was vortexed for 1min, then,
1ml of a saturated sodium chloride solution was added, and
the tubes were centrifuged for 10 min at 3,000 rpm at room
temperature. After drying with anhydrous sodium sulfate, the
clear n-hexane top layer was transferred into an automatic
injector vial equipped with a volume adapter of 300 pl.

Gas-chromatography-conditions

Fast gas chromatography analyses were performed on a
Shimadzu GC-2010 Gas Chromatograph (Shimadzu, Kyoto,
Japan) equipped with a flame ionization detector and a
Shimadzu AOC-20i Autoinjector. Separation of fatty acids
methyl esters was carried out on a capillary column (40 m
x 0.18mm ID. x 0.1um film thickness) coated with an
RTX-2330 stationary phase of 10% cyanopropyl phenyl —90%
byscyanopropyl polysiloxane from Restek (Bellefonte, USA).

Operating conditions were as follows: the split-splitness
injector was used in split mode with a split ratio of 1:50. The
injection volume of the sample was 1 pl. The injector and
detector temperatures were kept at 250 and 300°C, respectively.
The program initial temperature was 110°C, increased at
52°C/min to 195°C and held at this temperature for 6 min, then
it was increased at 25°C/min to 230°C and held for 6.5 min
(total run time: 16.03 min). Hydrogen was used as the carrier
gas at a constant pressure of 26 psi that refers to a linear velocity
of 40 cm/s at 110°C. Data acquisition and processing were
performed with the Shimadzu-Chemstation software for GC
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systems. Supelco 37 component fatty acids methyl ester mix and
PUFA No.2 (Animal source) were used for peak identification.
Results were expressed as relative percentages of total FA.

Exposure variables

The total sum of carotenoids in plasma and of the two
groups of carotenoids: carotenes (a-carotene, PB-carotene,
E-lycopene, and Z-lycopene) and xanthophylls (astaxanthin,
lutein, canthaxanthin, and B-cryptoxanthin) were computed
from the concentration of the individual carotenoids calculated
after liquid-liquid extraction and separation by liquid
chromatography coupled to UV-VIS detector and a triple
quadrupole mass spectrometer, following the procedure
described by Hrvolova et al. (25). Due to the limits of
detection and quantification of the method, the concentrations

were interval-censored.

Samples, standards, and solvents

The analyzed samples were —80°C stored K3-EDTA fasting
plasma that had been drawn at baseline. Handling of all samples
and standards was always done under cool conditions and
avoiding exposure to light. Carotenoid standards: astaxanthin,
canthaxanthin, E-B-apo-8-carotenal, a-carotene, B-carotene,
fucoxanthin, and lycopene were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Lutein was purchased from
Cayman Chemical (Ann Arbor, MI, USA), zeaxanthin and
pB-cryptoxanthin were provided by Extrasynthese (Genay, Lyon,
France). 13-Z-B-carotene and 9-Z-f-carotene were purchased
from Carbosynth (Newbury, Berkshire, UK).

Methanol of LC-MS grade, n-hexane, ethanol, and methyl
tert-butyl ether (MTBE) of HPLC grade, blank human plasma,
and butylated hydroxytoluene (BHT) were obtained from
Sigma-Aldrich. Ammonium acetate (AMAC) and acetic acid
of HPLC grade were purchased from Panreac Quimica SLU
(Barcelona, Spain). Ultrapure water (Milli-Q) was generated by
a Millipore system (Bedford, MA, USA).

Carotenoid extraction and analysis

The extraction of carotenoids was performed using a
previously validated method with minor modifications (26).
Briefly, 450 1 of plasma were thawed and mixed with 800 !l of
ethanol, 500 pl of ultrapure water, and 2 ml of n-hexane/BHT
(100 mg/L). Hundred microliters of fucoxanthin at 1 mg/ml
were also added as internal standard. After vortexing for 1 min
and centrifugating at 2,070 x g for 5min at 4°C and the
upper non-polar layer was separated into a new tube and the
lower aqueous phase underwent re-extraction with two more
milliliters of n-hexane/BHT (100 mg/L). Both upper non-polar
layers were combined and evaporated to dryness under nitrogen
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stream at room temperature. The evaporate was reconstituted
with 100 ] of methanol and stored in glass amber vials at —80°C
until analysis.

Calibration curves were prepared following the same
procedure using stock solution of blank human plasma and
carotenoid standards.

Quantitation of carotenoids was achieved by means of
separation by liquid chromatography with a YMC Carotenoid S-
5um, 250 x 4.6 mm (Waters, Milford, MA, USA) and detection
with UV-VIS detector set at 450 nm and mass spectrometer
triple quadrupole mass spectrometer equipped with APCI
ionization source using a published method by our group
(25) with minor modifications, namely, the implementation of
internal standard method for quantitation (23). MultiQuant
software version 3.0.1 (Sciex) was used for chromatographic
analysis. Due to the labile profile of the Z-lycopene standard, this
carotenoid was quantified in E-lycopene equivalents.

Covariates and other variables

Information related to sociodemographic and lifestyle
habits,
conditions, and medication use were evaluated using self-

individual and family medical history, medical
reported questionnaires with the support of trained personnel
(11). From the validated food frequency questionnaire, we
also estimated the total energy intake in kcal/day. Finally, the
quality of the diet was assessed based on the validated 17-item

energy-reduced Mediterranean diet adherence score.

Statistical analyses

Descriptive characteristics are presented using means and
standard deviations for continuous variables and percentages
for categorical data. Linear regression models were used
to examine the cross-sectional association between plasma
carotenoids and anthropometric, clinical, and biochemical
parameters of cardiovascular risk. The carotenoid’s regression
coeflicient represents the effect size measure of these models
and corresponds to the expected change in the dependent
variable per unit increase of plasma carotenoids (mol/L). The
method applied to fit these models considered values of plasma
carotenoids below the detection and quantification, which are,
actually, interval-censored data (i.e., they are not observed
exactly and as a consequence, they lie within an interval) (27,
28). The use of carotenoids as a continuous variable allows
the analysis to be done without losing information. On the
other hand, due to the interval-censoring of the data it is not
possible to make quantiles without making imputation, since the
intervals overlap.

The analyses were also stratified by sex according to the
recommendations of the Department of Economic and Social
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TABLE 1 General characteristics of the population.

Characteristics All Women Men
No. of subjects 230 106 124
Age, years 66.1 £ 4.40 66.8 (4.43) 65.5 (4.24)
Type 2 diabetes, n (%) 55 (23.6) 21(19.8) 34 (27.4)
Hypercholesterolemia, 1 (%) 155 (67.4) 78 (73.6) 77 (62.1)
Hypertension, n (%) 200 (87.0) 90 (84.9) 110 (88.7)
Medications, 1 (%)

Insulin 8(3.5) 1(0.9) 7(5.7)
Metformin 44 (19.1) 16 (15.1) 28 (22.6)
Other hypoglycemic drugs 37(16.1) 13 (12.3) 24 (19.4)
Cholesterol-lowering agents 115 (50.0) 54 (50.9) 61 (49.2)
Anti-hypertensive agents 191 (83.0) 86 (81.1) 105 (84.7)
Leisure time physical activity, 2,525 £ 2,458 1,995 (1829) 2,979 (2819)
MET-min/week

Body mass index, kg/m? 32.7 £3.50 33.0 (3.77) 32.3(3.27)
Current smoker, 7 (%) 37 (16.1) 12 (11.3) 25(20.2)
Dietary intake

Total energy intake, kcal/day 2,400 £ 716 2,268 + 705 2,513 £708
Carbohydrate, % kcal/day 41.8 +8.19 42.0 £ 8.16 41.6 +8.25
Protein, % kcal/day 16.4 + 3.03 17.2 +2.90 15.7 +£2.97
Fat, % kcal/day 38.1 £ 8.06 39.1 £8.16 37.4+£792
Alcohol, g/day 12.8 £16.92 5424933 19.2+£19.3
Fruit and vegetable, g/day 783 & 544 816 & 557 755 4 533
Mediterranean diet adherence 84+29 87+28 82+£3.0

score (range 0-17)

MET, metabolic task equivalents. Values are number and percentages for categorical
variables and means =+ SD for continuous variables.

Affairs of the United Nations Secretariat (29). All analyses
were adjusted for age, body mass index, leisure time physical
activity, total energy intake, and adherence to the Mediterranean
diet, all continuous variables, unless the variable was being
tested. Blood pressure was also adjusted for anti-hypertensive
agents and triglycerides for cholesterol-lowering agents. The
model assumptions of homoscedasticity and normality were
graphically checked by means of residual plots.

Analyses were performed with the statistical software
R, version 4.1.0 (Vienna, Austria; https://www.r-project.org/).
Statistical significance was set at <0.05.

Results

The general characteristics of the studied population are
summarized in Table 1. Overall, men were slightly younger,
more active, and had higher total energy intake than women.
Their intake of alcohol and percentage of caloric intake as
protein were also higher.
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The association between plasma carotenoids and outcome
variables has been performed taking into account the interval-
censoring of the quantitated carotenoids.

Anthropometric and clinical variables

Lower body mass index in women was significantly
associated with higher concentrations of xanthophylls in plasma
(Figure 1).

In men, significant inverse associations were observed for
xanthophyll plasma concentrations with waist circumference
(Figure 2), total carotenes with heart rate (Figure 3), and total
carotenoids, as well as xanthophylls, with systolic blood pressure
(Figure 4).

Biochemical parameters of
cardiovascular health and risk

Glucose metabolism

Men with higher carotenoid concentrations, both carotenes
and xanthophylls, showed significantly lower levels of plasmatic
glucose (Figure 5). Additionally, a trend toward lower levels of
glycated hemoglobin Alc was observed for higher carotenoid
and xanthophyll concentrations (Figure 5). These associations

were not found in women.

Lipid profile

Triglycerides were significantly and inversely associated with
concentrations of total carotenoids and carotenes in plasma, in
both women and men, whereas only in women a trend was
found for the sum of xanthophylls (Figure 6). No significant
association neither trend was found for total cholesterol in
our study.

Likewise, only in women HDL-cholesterol showed a
significantly positive correlation with total carotenoids, together
with both carotenes and xanthophylls (Figure 7).

Fatty acid profile

Total carotenoids and the sum of carotenes were inversely
correlated with saturated fatty acids in all individuals (men and
women), and a trend toward the same direction was found
for the sum of xanthophylls in women (Figure 8). Regarding
monounsaturated fatty acids, no association was observed in
women but a significant inverse association for total carotenoids,
and a trend in the same direction for carotenes, were found in
men (Figure 8). Finally, we uncovered a trend toward association
between polyunsaturated fatty acids and total carotenoids in

Frontiersin Nutrition

06

10.3389/fnut.2022.967967

women. This association was significant for men and, when
looking at carotenes, in all individuals (Figure 8).

Regarding the possible differences in provitamin A activity
we also performed the analyses classifying into provitamin A and
non-provitamin A carotenoids, however, no associations neither
trends in any of the groups were found.

Discussion

In this article, we summarize the cross-sectional associations
between plasma carotenoid concentrations and anthropometric,
clinical, and biochemical parameters in a senior population
High
plasma concentrations of carotenoids have been found to be

with overweight/obesity and metabolic syndrome.

associated with a favorable lipid profile. In addition, carotenoid
concentrations in men, but not in women, were associated with
lower levels of plasma glucose.

Carotenoids have been studied for their antioxidant
properties and individual supplementation of carotenoids or
carotenoid rich foods have been used in order to assess their
metabolic and health attributes. In addition, the provitamin A
fraction of carotenoids has also been attributed a role in obesity
and cardiovascular disease (30). Higher plasma concentrations
of these molecules have been correlated with lower overall and
cause-specific mortality in male smokers (31). However, most
studies have only considered carotenoid intake, not plasma
concentrations, which might not perfectly correlate. In addition,
although sex differences have been studied regarding carotenoid
levels, they have been less sought regarding cardiovascular risk
factors within the same population. In this study, the sample
was stratified by sex in order to adress these differences, a
practice that is well-recommended by the Statistical Division of
the United Nations (29).

Antropometric variables such as body mass index and waist
circumference have traditionally been primary attributes of
non-communicable preventive diseases. Meta-analyses have
reported that carotenoid intake was associated with reduced
waist circumference in people with type 2 diabetes, metabolic
syndrome, coronary artery disease (32), or individuals
with overweight/obesity (33). Our results show that total
xanthophylls in men are indeed associated with a lower waist
circumference. This concurs with results of a recent study
examining sex differences in circulating carotenoids (34). In
that study, body mass index also correlated with carotenoid
plasma concentrations, a finding that we only observed for
xanthophylls in women.

Regarding heart rate and blood pressure, which are
health,
few studies have associated these variables with intake or

non-invasive clinical markers of cardiovascular
plasma concentration of carotenoids. In our study, beneficial
associations of high carotenoid plasma concentration with

and heart rate and systolic blood pressure were observed
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Body mass index (kg/m?)
B Women ® Men

B (95% ClI) p-value

a -0.04 (-0.14, 0.06) 0.421
Total carotenoids

0.03 (-0.06,0.13)  0.474

o -0.04 (-0.15,0.08)  0.537
Total carotenes
. 0.03 (-0.07,0.14)  0.531
- -0.63 (-1.17,-0.09)  0.022
Total xanthophylls
. 0.12(-0.33,0.57) 0594

FIGURE 1
Cross-sectional association of plasma carotenoids and subclasses (per unit increase) with body mass index (kg/m?) (95%-Cl), and their
respective p-values.

Waist circumference (cm)
B Women ® Men

B (95% ClI) p-value

. -0.11 (-0.28, 0.06) 0.189
Total carotenoids
. 0.01 (-0.14,0.15) 0.914
0 -0.15(-0.34,0.04) 0.123
Total carotenes
- 0.07 (-0.10,0.24) 0.416
L] -0.58 (-1.55, 0.39) 0.240

Total xanthophylis
-0.74 (-1.44,-0.05) 0.035

FIGURE 2
Cross-sectional association of plasma carotenoids and subclasses (per unit increase) with waist circumference (cm) (95%-Cl), and their
respective p-values.

only for men. A metaanalysis of lycopene interventions (35) remain diluted in the overall population (37). In the Botnia
and an 8-week randomized controlled trial with astaxanthin Dietary Study, opposite associations between p-carotene and
supplementation to participants with type 2 diabetes (36) fasting plasma glucose by sex were reported: inverse for dietary
described an association between these carotenoids and systolic intake in men, and direct for plasma concentrations in women
blood pressure in the same direction that in our study. (38); while data from the Women’s Health Study showed

Even though there is abundant information on differences no association between plasma lycopene concentrations and
in glucose metabolism between men and women, the underlying the risk of type 2 diabetes incidence in middle-aged and
causes of which are not yet understood, the literature on older women (39). Similarly, we found a significant inverse
sex-related differences in glucose metabolism in relation to relationship between glucose and plasma carotenoids, and a
carotenoids is scarce because most studies do not stratify trend toward the same outcome for glycated hemoglobin Alc
participants by sex and the not out of the question differences in men, but no association in women. Another study that also
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Heart rate (bpm)
B Women @ Men

Total carotenoids

Total carotenes

Total xanthophylls

B (95% ClI) p-value
-0.19 (-0.47,0.09) 0.192
-0.20 (-0.53,0.12) 0.216
-0.26 (-0.59, 0.07) 0.119
-0.38 (-0.75, 0.003) 0.048
-0.48 (-2.08, 1.11)  0.553
-0.61(-2.18,0.97) 0.450

FIGURE 3

p-values.

Cross-sectional association of plasma carotenoids and subclasses (per unit increase) with heart rate (bpm) (95%-Cl), and their respective

B Women ® Men

Total carotenoids

Total carotenes

Total xanthophylis

Systolic blood pressure (mmHg)

B (95% ClI) p-value
-0.01 (-0.51, 0.48) 0.965
-0.47 (-0.93,-0.01) 0.047
-0.11 (-0.68, 0.46) 0.698
-0.24 (-0.77,0.30) 0.387
= 1.08 (-1.73,3.89) 0.452
-2.41 (-4.56, -0.25) 0.029

FIGURE 4

respective p-values.

Cross-sectional association of plasma carotenoids and subclasses (per unit increase) with systolic blood pressure (mmHg) (95%-Cl), and their

stratified their population by sex did find an inverse association
for women, but not for overweight individuals (40), which is in
line with the lack of association observed in our study, where all
individuals were overweight and most of them were obese.
With regard to the lipid profile, there is a general
understanding that carotenoids are beneficially associated with
lower plasma triglycerides and higher HDL-cholesterol (41),
two recognized risk markers of cardiovascular disease. Indeed,
we observed that the higher the carotenoid concentration in
plasma, the lower the triglyceride levels, both in women and
men. This, together with the lack of association with serum total
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cholesterol concentrations and a direct association with HDL-
cholesterol in women, adds to the evidence that carotenoids
could play a role in maintaining a salutary lipid profile, even in
an older population at high cardiovascular risk. These results
could be explained by the enhancement of long-chain fatty
acids hydrolisis and mitochondrial and peroxisomal $-oxidation
related enzimes induced by the carotenoids (42, 43).

The association between plasma fatty acids and carotenoids
has not been thoroughly studied in large cohorts. Not only
there is still room for research in carotenoid absorption—
regarding micelle formation and intestinal transport, among
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Fasting plasma glucose (mg/dL)
B Women @ Men
B (95% CI) p-value
) = -0.12 (-0.68, 0.45) 0.686
Total carotenoids
* -1.35(-2.12,-0.59) 0.001
8 -0.31(-0.94,0.32) 0.332
Total carotenes
* -1.36 (-2.24, -0.48) 0.003
s -1.88 (-5.03, 1.28) 0.243
Total xanthophylis
¢ -4.49 (-7.79,-1.19) 0.008
Glycated haemoglobin A1c (%)
B women @ Men
B (95% Cl) p-value
L] -0.003 (-0.021,0.015) 0.750
Total carotenoids
o -0.027 (-0.055, 0.001) 0.059
= -0.003 (-0.024, 0.018) 0.772
Total carotenes
¢ -0.026 (-0.058, 0.007) 0.129
o -0.013 (-0.111, 0.086) 0.799
Total xanthophylls
* -0.125 (-0.271,0.021) 0.092
FIGURE 5
Cross-sectional association of plasma carotenoids and subclasses (per unit increase) with fasting plasma glucose (mg/dl) and glycated
hemoglobin Alc (%) (95%-Cl), and their respective p-values.

other variables—depending on the type and amount of fat
that is ingested, but also for how they interact once they
circulate in blood. In this environment, the lipophilic nature
of the carotenoids might prompt a beneficial synergy when
partitioning into the chylomicrons. The healthy Mediterranean
diet is both rich in carotenoids and characterized by a lower
full-fat dairy produce and processed meat consumption, which
could also affect the fatty acid profile. In the present study,
we observed that plasma carotenoids were directely associated
with polyunsaturated fatty acids and inversely associated with
saturated fatty acids in the whole sample, while in men an
inverse relationship with monounsaturated fatty acids was also
found. Similar to our results, in a study with females from
a breast cancer trial the investigators detected an increase on
carotenoid intake that was not significant when assessing plasma
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concentrations, but that was concomitant with a decrease in
short chain fatty acids, an increase in polyunsaturated fatty
acids and a favorable decrease in the ratio of n-6 to n-3
polyunsaturated fatty acids (44). On the contrary, another study
with beta carotene, lutein and lycopene supplementation to
healthy non-smoker males, researchers found no associations
with lutein, a positive association of beta carotene with
linoleic acid and a negative one of lycopene with this same
polyunsaturated fatty acid (45). More research is needed to
uncover these contradictions and focused on the molecular
mechanisms that would lead to the association toward a
favorable fatty acid profile when blood carotenoids increase.
Our study has limitations due to a small sample size
and the cross-sectional design. Coming from a large cohort,
the experimental analyses and stratification by sex reduced
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Triglycerides (mg/dL)

H Women # Men

Total carotenoids

Total carotenes

Total xanthophylls

B (95% ClI) p-value
= -2.68 (-4.15, -1.22) 0.0003

-5.09(-7.33,-2.85) 0

= -3.07 (-4.77, -1.38) 0.0004
-5.02 (-7.65, -2.38) 0.0002

-7.45 (-16.15, 1.26) 0.094
-6.79 (-17.90, 4.31) 0.231

FIGURE 6

respective p-values.

Cross-sectional association of plasma carotenoids and subclasses (per unit increase) with blood triglycerides (mg/dl) (95%-Cl), and their

B Women @ Men

HDL-cholesterol (mg/dL)

& 1.87 (0.46, 3.27) 0.009

B(95%Cl)  p-value
0.47 (0.23,0.72) 0.0002

0.23 (-0.10, 0.55) 0.174

0.58 (0.29, 0.86) 0.0001
0.21(-0.17,0.59) 0.279

0.55 (-1.05, 2.16) 0.497

respective p-values.

o
Total carotenoids
L
o
Total carotenes
L
Total xanthophylis
L 2
r T T v v T )
FIGURE 7

Cross-sectional association of plasma carotenoids and subclasses (per unit increase) with blood HDL-cholesterol (mg/dl) (95%-Cl), and their

the number of observations by group. In addition, the
scarce literature on sex-related differences in the association
of carotenoids (both intake and plasma concentration) with
cardiovascular health outcomes makes comparisons with prior
findings difficult. Nevertheless, we consider that stratification
by sex adds value to the conclusions, where the importance of
sex-related differences is addressed.

The main strengths of the study are the precise carotenoid
extraction and quantification in human plasma and the
novel methodology for assessing the association with response
variables taking into account that the values below the limits of
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quantification and detection are interval-censored data. These
methods consider the whole interval of possible values instead of
replacing it by a single imputed value such as the upper limit or
the midpoint. As a consequence, the uncertainty of the estimated
regression coefficients reflects the fact that the carotenoids below
limits of quantification and detection are observations between
zero and the limit of detection or between the limit of detection
and the limit of quantification.

In summary, we crossectionally described associations
between markers of cardiovascular health and plasma
carotenoid concentrations in a sub-sample of participants
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Saturated fatty acids (%)

B Women @ Men

Total carotenoids

Total carotenes

Total xanthophylis

Monounsaturated fatty acids (%)
B Women ® Men

[ ]
Total carotenoids
L

o

Total carotenes
.
Total xanthophylis
.

Polyunsaturated fatty acids (%)
B Women @ Men

Total carotenoids

Total carotenes

Total xanthophylis

FIGURE 8

B(95%Cl)  p-value
-0.09 (-0.14, -0.03) 0.001

-0.15(-0.23, -0.08) 0.0001

-0.10 (-0.17,-0.04) 0.002
-0.16 (-0.24, -0.07) 0.001

-0.30 (-0.60, 0.004) 0.053
-0.34 (-0.76,0.07) 0.100

B (95% ClI) p-value
-0.03 (-0.15, 0.08) 0.568

-0.24 (-0.43,-0.06) 0.010

-0.05 (-0.19, 0.09) 0.472
-0.19 (-0.39, 0.01) 0.057

0.09 (-0.52,0.70) 0.766
-0.28 (-1.24,0.68) 0.566

B (95% ClI) p-value
0.12(-0.01, 0.25) 0.065

0.39 (0.19, 0.59) 0.0001

0.15 (0.00, 0.31) 0.050
0.34 (0.11,0.57) 0.003

0.24 (-0.42,0.90) 0.475
0.63 (-0.41,1.67) 0.234

Cross-sectional association of plasma carotenoids and subclasses (per unit increase) with plasma saturated, monounsaturated and

polyunsaturated fatty acids (%) (95%-Cl), and their respective p-values.
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from the PREDIMED-Plus study at baseline. Assesment of
larger samples from both clinical trials and prospective cohorts
is needed to support our findings and provide mechanistical
insight in their molecular basis.

Data availability statement

The datasets presented in this article are not readily
available because there are restrictions on the availability of
data for the PREDIMED-Plus trial, due to the signed consent
agreements around data sharing, which only allow access to
external researchers for studies following the project purposes.
Requestors wishing to access the PREDIMED-Plus trial data
used in this study can make a request to the PREDIMED-Plus
trial Steering Committee chair: jordi.salas@urv.cat. The request
will then be passed to members of the PREDIMED-Plus Steering
Committee for deliberation. Requests to access the datasets
should be directed to jordi.salas@urv.cat.

Ethics statement

The studies involving human participants were reviewed and
approved by Institutional Review Boards of the participating
centers. The patients/participants provided their written
informed consent to participate in this study.

Author contributions

MM-M: conceptualization, formal analysis, investigation,
methodology, software, visualization, and writing—original
draft. ID-L: investigation and writing—review and editing.
KL: editing. AT-R:
conceptualization and writing—review and editing. MZ,
ER, ET, MFPC, RB, ET, LT-S, EG-G, JZ, MM, AG-R, RC,
AG-P, JS-L, ZV-R, AA, EA, MG-R, VB, AM-R, OL, NB, and
FPL: writing—review and editing. MMG, JS-S, DC, JM, AA-R,
JW, JeV, DR, JL-M, RE, FT, JL, LS-M, AB-C, JT, VM-S, XP,
MD-R, PM-M, JoV, CV, and LD: funding acquisition, resources,
and writing—review and editing. MF: data curation, funding

software and writing—review and

acquisition, and writing—review and editing. GGM: validation
and writing—review and editing. RL-R: conceptualization,
administration,

funding acquisition, project

validation, and writing—review and editing. All authors

supervision,

contributed to the article and approved the submitted version.

Funding
This research was funded (AGL2016-75329-R and PID2020-

114022RB-I0) and CIBEROBN from the Instituto de Salud
Carlos III, ISCIII from the Ministerio de Ciencia, Innovacion

Frontiersin Nutrition

12

10.3389/fnut.2022.967967

y Universidades, (AEI/FEDER 10.13039/501100011033, UE),
Generalitat de Catalunya (GC) (2017SGR196, 2017SGR622).
The PREDIMED-Plus trial was supported by the official Spanish
Institutions for funding scientific biomedical research, CIBER
Fisiopatologia de la Obesidad y Nutricion (CIBEROBN) and
Instituto de Salud Carlos III (ISCII), through the Fondo
de Investigacion para la Salud (FIS), which is co-funded by
the European Regional Development Fund (six coordinated
FIS projects lead by JS-S and JoV, including the following
projects: PI13/00673, PI13/00492, PI13/00272, PI13/01123,
PI13/00462, P113/00233, PI113/02184, P113/00728, PI13/01090,
PI13/01056, PI114/01722, P114/00636, P114/00618, P114/00696,
P114/01206, PI114/01919, P114/00853, P114/01374, P114/00972,
P114/00728, PI114/01471, PI116/00473, P116/00662, PI116/01873,
PI16/01094, PI16/00501, PI16/00533, PI16/00381, PI16/00366,
PI16/01522, PI16/01120, PI17/00764, PI17/01183, PI17/00855,
PI17/01347, P117/00525, P117/01827, P117/00532, P117/00215,
PI17/01441, PI17/00508, P117/01732, PI117/00926, P119/00957,
PI19/00386, P119/00309, PI19/01032, PI19/00576, P119/00017,
PI19/01226, P119/00781, PI119/01560, P119/01332, P120/01802,
P120/00138, P120/01532, PI120/00456, P120/00339, P120/00557,
P120/00886, P120/01158); the Especial Action Project entitled:
Implementacién y evaluacién de una intervencién intensiva
sobre la actividad fisica Cohorte PREDIMED-Plus grant to
JS-S; the European Research Council (Advanced Research
Grant 2014-2019; agreement #340918) granted to MM-
G.; the Recercaixa (number 2013ACUP00194) grant to
JS-S; grants from the Consejerfa de Salud de la Junta de
Andalucia (PI0458/2013, PS0358/2016, PI0137/2018); the
PROMETEQO/2017/017 grant from the Generalitat Valenciana;
the SEMERGEN grant; None of the funding sources took part
in the design, collection, analysis, interpretation of the data, or
writing the report, or in the decision to submit the manuscript
for publication. JS-S is partially supported by ICREA under the
ICREA Academia programme. AT-R is a Serra Hunter fellow.
MM-M is supported by the FPU17/00513 grant.

Acknowledgments

We thank the PREDIMED-Plus volunteers for their
generous participation and the study personnel for their
outstanding contribution to the trial. We would like to thank the
CCiT UB facility for the LC-MS/MS equipment support. MM-G
is also affiliated to the Department of Nutrition, Harvard T. H.
Chan School of Public Health, Boston, MA 02115, USA.

Conflict of interest

JS-S reported receiving research support from the Instituto
de Salud Carlos III, Ministerio de Educacién y Ciencia,
Departament de Salut Pablica de la Generalitat de Catalunya,
the European Commission, the USA National Institutes of

frontiersin.org


https://doi.org/10.3389/fnut.2022.967967
mailto:jordi.salas@urv.cat
mailto:jordi.salas@urv.cat
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Marhuenda-Mufoz et al.

Health; receiving consulting fees or travel expenses from
Eroski Foundation, Instituto Danone, Mundipharma, receiving
non-financial support from Hojiblanca, Patrimonio Comunal
Olivarero, the Almond Board of California, Pistachio Growers
and Borges S.A.; serving on the board of and receiving
grant support through his institution from the International
Nut and Dried Foundation and the Eroski Foundation;
and personal fees from Instituto Danone; Serving in the
Scientific Board of Danone Institute International. DC reported
receiving grants from Instituto de Salud Carlos III. RE
reported receiving grants from Instituto de Salud Carlos
III, Fundaciéon Dieta Mediterranea and Cerveza y Salud
and olive oil for the trial from Fundacién Patrimonio
Comunal Olivarero and personal fees from Brewers of Europe,
Fundaciéon Cerveza y Salud, Interprofesional del Aceite de
Oliva, Instituto Cervantes in Albuquerque, Milano and Tokyo,
Pernod Ricard, Fundacién Dieta Mediterranea (Spain), Wine
and Culinary International Forum and Lilly Laboratories;
non-financial support from Sociedad Espafola de Nutricién
and Fundaciéon Bosch y Gimpera; and grants from Uriach
Laboratories. ER reports grants, personal fees, non-financial

References

1. Estruch R, Ros E, Salas-Salvad6 ], Covas MI, Corella D, Ards F et al.
Retraction and republication: primary prevention of cardiovascular disease with
a mediterranean diet. N Engl ] Med 2013;368:1279-90. N Engl ] Med. (2018)
378:2441-2. doi: 10.1056/NEJMc1806491

2. Sotos-Prieto M, Bhupathiraju SN, Mattei J, Fung TT. Li Y, Pan A, et al. Changes
in diet quality scores and risk of cardiovascular disease among US men and women.
Circulation. (2015) 132:2212-9. doi: 10.1161/CIRCULATIONAHA.115.017158

3. Galbete C, Schwingshackl L, Schwedhelm C, Boeing H, Schulze MB.
Evaluating Mediterranean diet and risk of chronic disease in cohort studies:
an umbrella review of meta-analyses. Eur ] Epidemiol. (2018) 33:909-
31. doi: 10.1007/s10654-018-0427-3

4. Martinez-Gonzdlez ~ MA, Gea A, Ruiz-Canela M.
Mediterranean  diet and cardiovascular  health. Circ  Res.
124:779-98. doi: 10.1161/CIRCRESAHA.118.313348

The
(2019)

5. Serra-Majem L, Romén-Vifas B, Sanchez-Villegas A, Guasch-Ferré M, Corella
D, La Vecchia C. Benefits of the Mediterranean diet: epidemiological and molecular
aspects. Mol Aspects Med. (2019) 67:1-55. doi: 10.1016/j.mam.2019.06.001

6. Barzi E Woodward M, Marfisi RM, Tavazzi L, Valagussa F Marchioli
R. Mediterranean diet and all-causes mortality after myocardial infarction:
results from the GISSI-Prevenzione trial. Eur J Clin Nutr. (2003) 57:604-
11. doi: 10.1038/sj.ejcn.1601575

7. Bonaccio M, di Castelnuovo A, Costanzo S, Persichillo M, de Curtis A, Cerletti
C, et al. Interaction between Mediterranean diet and statins on mortality risk
in patients with cardiovascular disease: findings from the Moli-sani Study. Int |
Cardiol. (2019) 276:248-54. doi: 10.1016/j.ijcard.2018.11.117

8. Iestra J, Knoops K, Kromhout D, de Groot L, Grobbee D, van
Staveren W. Lifestyle, Mediterranean diet and survival in European post-
myocardial infarction patients. Eur ] Cardiovasc Prevent Rehabil. (2006) 13:894-
900. doi: 10.1097/01.hjr.0000201517.36214.ba

9. Trichopoulou A, Bamia C, Trichopoulos D. Mediterranean diet and survival
among patients with coronary heart disease in Greece. Arch Intern Med. (2005)
165:929. doi: 10.1001/archinte.165.8.929

10. Trichopoulou A, Bamia C, Norat T, Overvad K, Schmidt EB,
Tjonneland A, et al. Modified Mediterranean diet and survival after
myocardial infarction: the EPIC-elderly study. Eur ] Epidemiol. (2007)
22:871-81. doi: 10.1007/s10654-007-9190-6

Frontiersin Nutrition

13

10.3389/fnut.2022.967967

support, and other from California Walnut Commission,
during the conduct of the study; grants, personal fees, non-
financial support, and other from Alexion; personal fees and
other from Amarin, outside the submitted work. RL-R reports
personal fees from Cerveceros de Espana, personal fees and
other from Adventia, other from Ecoveritas, S.A., outside the
submitted work.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

11. Martinez-Gonzélez MA, Buil-Cosiales P, Corella D, Bull6 M, Fit6 M, Vioque
], et al. Cohort profile: design and methods of the PREDIMED-Plus randomized
trial. Int ] Epidemiol. (2019) 48:387-80. doi: 10.1093/ije/dyy225

12. Sayon-Orea C, Razquin C, Bull6 M, Corella D, Fit6 M, Romaguera D,
et al. Effect of a nutritional and behavioral intervention on energy-reduced
Mediterranean diet adherence among patients with metabolic syndrome. JAMA.
(2019) 322:1486-99. doi: 10.1001/jama.2019.14630

13. XD W. Carotenoids. In: Ross CA, Caballero B, Cousins RJ, Tucker KL, Ziegler
TR, editors. Modern Nutrition in Health and Disease. 11th ed. Lippincott Williams
& Wilkins; (2014). p. 427-39.

14. Brun PJ, Yang KJZ, Lee SA, Yuen JJ, Blaner WS. Retinoids: potent regulators
of metabolism. BioFactors. (2013) 39:151-63. doi: 10.1002/biof.1056

15. Roohbakhsh A, Karimi G, Iranshahi M. Carotenoids in the treatment
of diabetes mellitus and its complications: a mechanistic review. Biomed
Pharmacother. (2017) 91:31-42. doi: 10.1016/j.biopha.2017.04.057

16. Miiller L, Caris-Veyrat C, Lowe G, Bohm V. Lycopene and its antioxidant
role in the prevention of cardiovascular diseases—a critical review. Crit Rev Food
Sci Nutr. (2016) 56:1868-79. doi: 10.1080/10408398.2013.801827

17. Wood AD, Strachan AA, Thies F Aucott LS, Reid DM, Hardcastle
AC, et al. Patterns of dietary intake and serum carotenoid and
tocopherol status are associated with biomarkers of chronic low-grade
systemic inflammation and cardiovascular risk. Brit ] Nutr. (2014)
112:1341-52. doi: 10.1017/S0007114514001962

18. Beydoun MA, Chen X, Jha K, Beydoun HA, Zonderman AB, Canas
JA. Carotenoids, vitamin A, and their association with the metabolic
syndrome: a systematic review and meta-analysis. Nufr Rev. (2019)
77:32-45. doi: 10.1093/nutrit/nuy044

19. Liu J, Shi WQ, Cao Y, He LP, Guan K, Ling WH, et al. Higher serum
carotenoid concentrations associated with a lower prevalence of the metabolic
syndrome in middle-aged and elderly Chinese adults. Br ] Nutr. (2014) 112:2041-
8. doi: 10.1017/S000711451400316X

20. Salas-Salvad¢ ], Diaz-Lopez A, Ruiz-Canela M, Basora J, Fité M, Corella
D, et al. Effect of a lifestyle intervention program with energy-restricted
mediterranean diet and exercise on weight loss and cardiovascular risk factors:
one-year results of the PREDIMED-Plus trial. Diabetes Care. (2018) 42:777-
88. doi: 10.2337/dc18-0836

frontiersin.org


https://doi.org/10.3389/fnut.2022.967967
https://doi.org/10.1056/NEJMc1806491
https://doi.org/10.1161/CIRCULATIONAHA.115.017158
https://doi.org/10.1007/s10654-018-0427-3
https://doi.org/10.1161/CIRCRESAHA.118.313348
https://doi.org/10.1016/j.mam.2019.06.001
https://doi.org/10.1038/sj.ejcn.1601575
https://doi.org/10.1016/j.ijcard.2018.11.117
https://doi.org/10.1097/01.hjr.0000201517.36214.ba
https://doi.org/10.1001/archinte.165.8.929
https://doi.org/10.1007/s10654-007-9190-6
https://doi.org/10.1093/ije/dyy225
https://doi.org/10.1001/jama.2019.14630
https://doi.org/10.1002/biof.1056
https://doi.org/10.1016/j.biopha.2017.04.057
https://doi.org/10.1080/10408398.2013.801827
https://doi.org/10.1017/S0007114514001962
https://doi.org/10.1093/nutrit/nuy044
https://doi.org/10.1017/S000711451400316X
https://doi.org/10.2337/dc18-0836
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Marhuenda-Mufoz et al.

21. Alberti KGMM, Eckel RH, Grundy SM, Zimmet PZ, Cleeman ]I, Donato
KA, et al. Harmonizing the metabolic syndrome. Circulation. (2009) 120:1640-
5. doi: 10.1161/CIRCULATIONAHA.109.192644

22. Schréder H, Zomeno MD, Martinez-Gonzalez MA, Salas-Salvadé J, Corella
D, Vioque J, et al. Validity of the energy-restricted Mediterranean diet adherence
screener. Clin Nutr. (2021) 40:4971-9. doi: 10.1016/j.cInu.2021.06.030

23. Marhuenda-Mufioz M, Rinaldi de Alvarenga JF, Herndez A, Tresserra-
Rimbau A, Martinez-Gonzdlez MA, Salas-Salvadé J, et al. High fruit
and vegetable consumption and moderate fat intake are associated with
higher carotenoid concentration in human plasma. Antioxidants. (2021)
10:473. doi: 10.3390/antiox10030473

24. Bondia-Pons I, Castellote AI, Lopez-Sabater MC. Comparison
of conventional and fast gas chromatography in human plasma
fatty acid  determination. ]  Chromatogr  B. (2004)  809:339-

44. doi: 10.1016/j.jchromb.2004.07.002

25. Hrvolova B, Martinez-Huélamo M, Colman-Martinez M, Hurtado-Barroso
S, Lamuela-Raventos R, Kalina J. Development of an advanced HPLC-MS/MS
method for the determination of carotenoids and fat-soluble vitamins in human
plasma. Int ] Mol Sci. (2016) 17:1719. doi: 10.3390/ijms17101719

26. Colman-Martinez M, Martinez-Huélamo M, Miralles E, Estruch R, Lamuela-
Raventés RM. A new method to simultaneously quantify the antioxidants:
carotenes, xanthophylls, and vitamin A in human plasma. Oxid Med Cell Longev.
(2016) 2016:9268531. doi: 10.1155/2016/9268531

27. Gémez G, Espinal AW, Lagakos S. Inference for a linear
regression model with an interval-censored covariate. Stat Med. (2003)
22:409-25. doi: 10.1002/sim.1326

28. Langohr K, Melis GG. Estimation and residual analysis with R for a linear
regression model with an interval-censored covariate. Biometrical J. (2014) 56:867—-
85. doi: 10.1002/bimj.201300204

29. UN Statistical Division. Integrating a Gender Perspective into Statistics. New
York (2016).

30. Blaner WS. Vitamin A signaling and homeostasis in obesity,
diabetes, and metabolic disorders. Pharmacol Ther. (2019) 197:153-
78. doi: 10.1016/j.pharmthera.2019.01.006

31. Huang J, Weinstein SJ, Yu K, Minnisto S, Albanes D. Serum beta
carotene and overall and cause-specific mortality. Circ Res. (2018) 123:1339-
49. doi: 10.1161/CIRCRESAHA.118.313409

32, Rahmani J, Bazmi E, Clark C, Hashemi Nazari SS. The effect of saffron
supplementation on waist circumference, HA1C, and glucose metabolism: a
systematic review and meta-analysis of randomized clinical trials. Complement
Ther Med. (2020) 49:102298. doi: 10.1016/j.ctim.2020.102298

33. Yao N, Yan S, Guo Y, Wang H, Li X, Wang L, et al. The association between
carotenoids and subjects with overweight or obesity: a systematic review and
meta-analysis. Food Funct. (2021) 12:4768-82. doi: 10.1039/D1FO00004G

34. Allore T, Lemieux S, Vohl MC, Couture P, Lamarche B, Couillard C.
Correlates of the difference in plasma carotenoid concentrations between men and
women. Br ] Nutr. (2019) 121:172-81. doi: 10.1017/S0007114518003045

35. Rattanavipanon W, Nithiphongwarakul C, Sirisuwansith P, Chaiyasothi
T, Thakkinstian A, Nathisuwan S, et al. Effect of tomato, lycopene and
related products on blood pressure: a systematic review and network meta-
analysis. ~ Phytomedicine. (2021) 88:153512. doi: 10.1016/j.phymed.2021.
153512

36. Mashhadi NS, Zakerkish M, Mohammadiasl ], Zarei M, Mohammadshahi
M, Haghighizadeh MH. Astaxanthin improves glucose metabolism and reduces
blood pressure in patients with type 2 diabetes mellitus. Asia Pac J Clin Nutr. (2018)
27:341-6. doi: 10.6133/apjcn.052017.11

37. Coyne T, Ibiebele TI, Baade PD, Dobson A, McClintock C, Dunn S,
et al. Diabetes mellitus and serum carotenoids: findings of a population-
based study in Queensland, Australia. Am ] Clin Nutr. (2005) 82:685—
93. doi: 10.1093/ajcn/82.3.685

38. Ylonen K, Alfthan G, Groop L, Saloranta C, Aro A, Virtanen SM. Dietary
intakes and plasma concentrations of carotenoids and tocopherols in relation to

Frontiersin Nutrition

14

10.3389/fnut.2022.967967

glucose metabolism in subjects at high risk of type 2 diabetes: the Botnia Dietary
Study. Am J Clin Nutr. (2003) 77:1434-41. doi: 10.1093/ajcn/77.6.1434

39. Wang L, Liu S, Pradhan AD, Manson JE, Buring JE, Gaziano JM, et al.
Plasma lycopene, other carotenoids, and the risk of type 2 diabetes in women. Am
J Epidemiol. (2006) 164:576-85. doi: 10.1093/aje/kw;j240

40. Higuchi K, Saito I, Maruyama K, Eguchi E, Mori H, Tanno
S, et al. Associations of serum f-carotene and retinol concentrations
with insulin resistance: the Toon Health Study. Nutrition. (2015)
31:975-80. doi: 10.1016/j.nut.2015.02.015

41. Farook VS, Reddivari L, Mummidi S, Puppala S, Arya R, Lopez-Alvarenga
JC, et al. Genetics of serum carotenoid concentrations and their correlation with
obesity-related traits in Mexican American children. Am J Clin Nutr. (2017)
106:52-8. doi: 10.3945/ajcn.116.144006

42. Palozza P, Simone R, Catalano A, Monego G, Barini A, Mele MC, et al.
Lycopene prevention of oxysterol-induced proinflammatory cytokine cascade in
human macrophages: inhibition of NF-kB nuclear binding and increase in PPARy
expression. ] Nutr Biochem. (2011) 22:259-68. doi: 10.1016/j.jnutbio.2010.02.003

43. Martin-Pozuelo G, Navarro-Gonzalez I, Gonzilez-Barrio R, Santaella M,
Garcia-Alonso J, Hidalgo N, et al. The effect of tomato juice supplementation on
biomarkers and gene expression related to lipid metabolism in rats with induced
hepatic steatosis. Eur ] Nutr. (2015) 54:933-44. doi: 10.1007/s00394-014-0770-4

44. Buckland G, Travier N, Arribas L. del Barco S, Pernas S, Zamora E, et al.
Changes in dietary intake, plasma carotenoids and erythrocyte membrane fatty
acids in breast cancer survivors after a lifestyle intervention: results from a
single-arm trial. ] Hum Nutr Diet. (2019) 32:468-79. doi: 10.1111/jhn.12621

45. Wright AJA, Hughes DA, Bailey AL, Southon S. Beta-carotene and
lycopene, but not lutein, supplementation changes the plasma fatty acid
profile of healthy male non-smokers. J Lab Clin Med. (1999) 134:592-
8. doi: 10.1016/S0022-2143(99)90098-7

Marhuenda-Mufioz M, Dominguez-Ldpez |, Langohr K, Tresserra-Rimbau
A, Martinez Gonzalez MA, Salas-Salvadd J, Corella D, Zomefio MD,
Martinez JA, Alonso-Gémez AM, Warnberg J, Vioque J, Romaguera
D, Lopez-Miranda J, Estruch R, Tinahones FJ, Lapetra J, Serra-Majem
L. Bueno-Cavanillas A, Tur JA, Martin-Sanchez V, Pintdé X, Delgado-
Rodriguez M, Matia-Martin P, Vidal J, Vazquez C, Daimiel L, Ros E, Toledo
E, Fernandez de la Puente Cervera M, Barragan R, Fitd M, Tojal-Sierra L,
Gomez-Gracia E, Zazo JM, Morey M, Garcia-Rios A, Casas R, Gomez-
Pérez AM, Santos-Lozano JM, Vazquez-Ruiz Z, Atzeni A, Asensio EM,
Gili-Riu MM, Bullon V, Moreno-Rodriguez A, Lecea O, Babio N, Pefias
Lopez F, Gomez Melis G and Lamuela-Raventdés RM (2022) Circulating
carotenoids are associated with favorable lipid and fatty acid profiles in
an older population at high cardiovascular risk. Front. Nutr. 9:967967.
doi: 10.3389/fnut.2022.967967

© 2022 Marhuenda-Mufioz, Dominguez-Lépez, Langohr, Tresserra-
Rimbau, Martinez Gonzalez, Salas-Salvado, Corella, Zomefio, Martinez,
Alonso-Gomez, Warnberg, Vioque, Romaguera, Lopez-Miranda, Estruch,
Tinahones, Lapetra, Serra-Majem, Bueno-Cavanillas, Tur, Martin-
Sanchez, Pintd, Delgado-Rodriguez, Matia-Martin, Vidal, Vazquez,
Daimiel, Ros, Toledo, Ferndndez de la Puente Cervera, Barragén, Fito,
Tojal-Sierra, Gémez-Gracia, Zazo, Morey, Garcia-Rios, Casas, Gomez-
Pérez, Santos-Lozano, Vazquez-Ruiz, Atzeni, Asensio, Gili-Riu, Bullon,
Moreno-Rodriguez, Lecea, Babio, Pefias Lopez, Goémez Melis and
Lamuela-Raventds. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

frontiersin.org


https://doi.org/10.3389/fnut.2022.967967
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
https://doi.org/10.1016/j.clnu.2021.06.030
https://doi.org/10.3390/antiox10030473
https://doi.org/10.1016/j.jchromb.2004.07.002
https://doi.org/10.3390/ijms17101719
https://doi.org/10.1155/2016/9268531
https://doi.org/10.1002/sim.1326
https://doi.org/10.1002/bimj.201300204
https://doi.org/10.1016/j.pharmthera.2019.01.006
https://doi.org/10.1161/CIRCRESAHA.118.313409
https://doi.org/10.1016/j.ctim.2020.102298
https://doi.org/10.1039/D1FO00004G
https://doi.org/10.1017/S0007114518003045
https://doi.org/10.1016/j.phymed.2021.153512
https://doi.org/10.6133/apjcn.052017.11
https://doi.org/10.1093/ajcn/82.3.685
https://doi.org/10.1093/ajcn/77.6.1434
https://doi.org/10.1093/aje/kwj240
https://doi.org/10.1016/j.nut.2015.02.015
https://doi.org/10.3945/ajcn.116.144006
https://doi.org/10.1016/j.jnutbio.2010.02.003
https://doi.org/10.1007/s00394-014-0770-4
https://doi.org/10.1111/jhn.12621
https://doi.org/10.1016/S0022-2143(99)90098-7
https://doi.org/10.3389/fnut.2022.967967
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

	Circulating carotenoids are associated with favorable lipid and fatty acid profiles in an older population at high cardiovascular risk
	Introduction
	Materials and methods
	Study design
	Ethics statement
	Outcome variables
	Anthropometric and body composition variables
	Blood pressure
	Biochemical parameters
	Plasma fatty acid profile
	Samples-standards-and-reagents
	Fatty-acid-derivatization
	Gas-chromatography-conditions


	Exposure variables
	Samples, standards, and solvents
	Carotenoid extraction and analysis

	Covariates and other variables
	Statistical analyses

	Results
	Anthropometric and clinical variables
	Biochemical parameters of cardiovascular health and risk
	Glucose metabolism
	Lipid profile
	Fatty acid profile


	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


