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1. Introduction

Protective effect of provitamin A dietary
carotenoid intake on overweight/obesity and
their relation to inflammatory and oxidative
stress biomarkers — a case-control study+

Natalia Koos, Farhad Vahid “=' and Torsten Bohn @2 *

This investigation assessed associations between dietary carotenoid intake and the odds of overweight/
obesity, as well as inflammatory/oxidative stress biomarkers, in 851 participants with overweight/obesity
(BMI >25 kg m™2) and 754 normal-weight controls. A 124-item food-frequency-questionnaire (FFQ) and
food composition databases were employed to estimate carotenoid intake. Binary logistic regressions
assessed the association of carotenoid intake with the odds of overweight/obesity, adjusting for several
potential confounders. Multiple linear regression models revealed associations between carotenoid intake
and biomarkers (anthropometrics, blood lipids, inflammation, antioxidant status). Logistic regression
models adjusted for various confounders and fruits and vegetables showed protective associations for
provitamin A carotenoids (i.e., p-carotene + a-carotene + B-cryptoxanthin; odds ratio (OR): 0.655, p =
0.041) and astaxanthin (OR: 0.859, p = 0.017). Similarly adjusted multiple linear regressions revealed sig-
nificant associations between several carotenoids and lower levels of interleukin (IL)-6, IL-1f, and TNF-a
and increased IL-10 and total antioxidant capacity. Further analysis revealed that lycopene was signifi-
cantly associated with increased odds of overweight/obesity (OR: 1.595, p = 0.032) in a model adjusted
for various confounders and vegetables (i.e., unadjusted for fruits). A protective association between the
sum of provitamin A carotenoid and astaxanthin dietary intake and the odds of having overweight/obesity
was found. The findings that carotenoids other than lycopene were not or inversely associated with the
odds of overweight/obesity may point toward differentiating effects of various carotenoids or their associ-
ations with different food groups. Provitamin A rich food items including fruits and vegetables appear to
be a prudent strategy to reduce inflammation and the odds of having overweight/obesity.

lence of overweight and obesity tends to increase rapidly in
lower- and middle-income countries due to changes brought

According to the World Health Organization (WHO), over-
weight and obesity are preventable conditions characterized by
excessive adipose tissue accumulation, posing a health risk
that affects 1.9 billion individuals of the adult population."
Importantly, having overweight or obesity increases the risk of
several chronic diseases, including cardiovascular disease
(CVvD),"? type 2 diabetes (T2DM),”> and some types of
cancer.” Consequently, high direct and indirect healthcare
costs are attributable to managing overweight and its co-mor-
bidities, placing a considerable burden on the economy,
society, and the healthcare system.>® Of note, the obesity epi-
demic does not only affect developed countries. The preva-
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about by the nutrition transition, following the adoption of
westernized lifestyles.” Therefore, investigating factors associ-
ated with the increased risk of excess weight is highly relevant
to public health in many developing regions.

Currently, obesity prevention and treatment strategies focus
on adopting a healthier lifestyle, including diet.>*° Increased
consumption of fruits and vegetables is generally
recommended,'®'" together with limiting caloric intake and
simple carbohydrates and saturated fatty acid (SFA) consump-
tion, among others."” Fruits and vegetables are widely
regarded  for  their  health-promoting  properties.'®
Unfortunately, dietary intakes in the general population tend
to be suboptimal, not reaching the recommended 5 daily
portions.'®'> Based on a 2019 survey, only 12% and 10% of
the US adult population met fruit and vegetable intake rec-
ommendations, respectively.'"* Several aspects of fruits and
vegetables may explain their association with improved health

This journal is © The Royal Society of Chemistry 2024
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outcomes. Both are a rich source of micronutrients, are rela-
tively low in calories, and provide dietary fiber along with a
plethora of secondary plant metabolites that have been shown
to exert biological activity."> Among these, carotenoids are an
important group of compounds constituting widespread lipo-
soluble pigments that show the highest tissue and blood con-
centrations in humans among secondary plant metabolites
(around 2 pM).'® Carotenoids and their circulating concen-
trations or their dietary intake have been associated with a
lower risk of T2DM,'” metabolic syndrome,'® CVD,'® some
types of cancer,>® and even total mortality.>*

It has been reported that carotenoids are effective reactive
oxygen species (ROS) scavengers and may also interact with
transcription factors such as nuclear factor kappa B (NF-kB) or
nuclear factor erythroid 2-related factor 2 (Nrf2), associated
with hampered inflammation and oxidative stress, respect-
ively.'® Obesity is now widely recognized as a condition associ-
ated with elevated oxidative stress markers and systemic
inflammation,>*** associated with several co-morbidities.>®
Consequently, it seems plausible that increased dietary intake
of antioxidants is associated with a lower risk of excess adi-
posity. Research indicated the protective role of dietary pat-
terns with higher dietary antioxidant index (DAI) scores,*®®
while a higher dietary inflammatory index (DII) was associated
with an increased risk of obesity.>** Carotenoids are increas-
ingly recognized as potential actors in modulating adipocyte
function. Carotenoids and their metabolites, i.e., apocarote-
noids, interact with transcription factors such as retinoid X
receptors (RXR), retinoic acid receptor (RARs), and peroxisome
proliferator-activated receptors (PPARs).** These have been
suggested to interfere with lipid oxidation and storage pro-
cesses, adipose tissue differentiation, inflammation, and oxi-
dative stress, all related to the expansion of fat cells.** Finally,
overweight and obesity have been associated with altered gut
microbiota composition, dysbiosis, and increased gut
permeability,>*® which may provide another mechanism of
action for carotenoids due to their possible interaction with
the gut microbiota.*”**

A few studies have demonstrated a beneficial association of
carotenoids with body composition.>*™**> These studies showed
some inconsistency regarding the role of individual caroten-
oids. Furthermore, research has mostly focused on frequently
consumed carotenoids such as p-carotene, leaving a gap in our
understanding of the role of other carotenoids that also con-
tribute to the total dietary intake of carotenoids, such as phy-
toene or phytofluene.*?

In addition to their potential health benefits, carotenoid
concentrations in blood have also been regarded as markers of
fruit and vegetable consumption.** Therefore, an important
question to answer is to what extent carotenoid-health associ-
ations are independent of the effects of increased fruit and
vegetable intake. Although observational studies generally
seem to support the beneficial role of carotenoids,'”**>® sup-
plementation studies using individual carotenoids have, in
part, reported adverse health effects, such as for smokers.*>*
Isolated carotenoids may differ in dosing, missing synergistic
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effects and bioavailability,”” and thus may act differently than
when present in food matrices.

The present study investigated whether carotenoid intake
was associated with the odds of overweight/obesity in an
Iranian population, as an example of a population experiencing
a rapid change in lifestyle concomitantly with an increased
prevalence of obesity.***® We investigated the association of
overweight/obesity with individual carotenoids. Additionally, we
aimed to assess the role of carotenoids in these associations
beyond acting as markers for the consumption of fruits and veg-
etables by adjusting for their intake. As a further objective, we
investigated the association between carotenoid intake and
several biomarkers associated with overweight/obesity, such as
central obesity, blood pressure, lipid profile, glucose control,
and inflammatory and antioxidant status.

2. Materials and methods
2.1 Study population

A detailed description of the methods and study design has
been published previously.>®*° Briefly, this study had a case-
control design based on a study population randomly selected
from patients of medical centers in Arak, Iran. Three sub-
centers recruited participants who were referred to the main
center for performing the measurements. The case group con-
sisted of individuals having overweight/obesity with a BMI
>25 kg m~>. Controls were also recruited in these centers with
BMI <25 kg m™2. Participants were eligible for inclusion if they
met the following criteria: age 18-81 years, absence of disease,
no dietary restrictions or major changes to the diet during the
year preceding inclusion, no medication or supplement use at
present, absence of drug addiction, filling out >80% of ques-
tionnaires, residency in Arak during the 5 years preceding
enrolment, and additionally for women absence of pregnancy
and no lactation. Written informed consent was obtained from
all participants. The study was approved by the Arak University
of Medical Science Ethics Committee (Ethics Committee no.
IR.ARAKMU. REC.1398.094).

2.2 Sociodemographic data collection

Information about participants’ age, sex, civil status, level of
education, alcohol intake, current smoking habits, physical
activity, and disease history (including diabetes, CVD, and
hypertension) were collected by a questionnaire.

2.3 Dietary and carotenoid intake

Data was collected by medical personnel trained by nutrition-
ists. Dietary intake data was obtained via a validated 124-item
food frequency questionnaire (FFQ),>' with the frequency of
consumption during the previous year indicated on a five-
point scale: never, daily, weekly, monthly, or annually. Pictures
of typical portion sizes of food items were shown to partici-
pants to aid in specifying the amount of food intake. To
account for the seasonality of food intake, the frequencies
“daily” and “weekly” could be indicated for the specific
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season. Nutritionist IV software (First Databank, Hearst Corp.,
San Bruno, CA, United States of America) was used to assess
average daily macro- and micronutrient intake (yearly total
intake divided by 365). The software used the United States
Department of Agriculture (USDA) database (https:/fdc.nal.
usda.gov/ accessed on May 2023). Total energy intake was cal-
culated by adding up the energy content of consumed macro-
nutrients using the following energy equivalents: 9 kecal g™*
fat, 4 keal g~ ' protein or carbohydrate, and 2 kecal g~* fiber.

Dietary intake (pg) of the following carotenoids was
assessed: o- and p-carotene, p-cryptoxanthin, lutein, zeax-
anthin, lycopene, phytoene, phytofluene, violaxanthin, neox-
anthin, and astaxanthin. To measure intakes as accurately as
possible, several databases were consulted. a- and p-carotene,
B-cryptoxanthin, lutein, zeaxanthin, and lycopene consump-
tion was estimated by the USDA database and the USDA-NCC
Carotenoid Database.’® The European Food Safety Authority
database was used for astaxanthin intake assessment.>
Phytofluene, phytoene, neoxanthin, and violaxanthin were esti-
mated using another published database.*® For analysis, caro-
tenoids were assessed individually and further grouped into
provitamin A carotenoids (a-carotene + f-carotene +
B-cryptoxanthin), non-provitamin A carotenoids (lutein + zeax-
anthin + lycopene + phytoene + phytofluene + violaxanthin +
neoxanthin + astaxanthin) and total carotenoids (sum of all
eleven measured carotenoids). Lutein and zeaxanthin could
not be consistently assessed independently; thus, they were
combined into a single variable.

Carotenoid intakes were adjusted for total daily energy
intake and expressed as pg carotenoid per 1000 kcal con-
sumed. This was achieved by first dividing the estimated daily
carotenoid intake by the total energy consumed (kcal), which
was subsequently multiplied by 1000. In this article, unless
otherwise noted, all analyses were performed on energy-
adjusted values.

2.4 Anthropometrics

Weight and height were measured by Seca scales (Seca GmbH
& Co. KG. Hamburg, Germany) to the nearest 0.5 kg and by
wall-attached tape measurement to the nearest cm, respect-
ively. The obtained measures were then used to calculate par-
ticipants’ BMI (as kg m™). Based on the BMI, participants
were assigned their case/control status, as indicated above. In
addition to the BMI, another measure of body composition,
the body surface area (BSA), was calculated using the Mosteller
formula.>* Normal BSA was considered to be <1.91 m” and
<1.71 m? for men and women, respectively. Waist circumfer-
ence (WC) (cm) was measured by a flexible measuring tape
placed horizontally around the waist at the level of the narrow-
est part of the abdomen. The participant was asked to stand
comfortably with relaxed abdominal muscles during the
measurement.

2.5 Biomarker assessment

Using a sphygmomanometer, trained personnel obtained sys-
tolic and diastolic blood pressure (SBP, DBP) measurements
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after a 10-15-minute period of quiet sitting, following a stan-
dardized procedure.

Intravenous blood samples were collected following an
8-12 hours fast. Serum samples were obtained by 10-minute
whole blood centrifugation at 2000g. Samples were stored at
—80 °C until analysis. All analyses were performed by accre-
dited laboratories.

The following markers related to inflammation and oxi-
dative status were measured: high-sensitivity C-reactive protein
(hs-CRP) by enzyme-linked immunosorbent assays (ELISA,
DRG Company, USA). Interleukins (IL-6, IL-1p, IL-10, and IL-4)
were measured by commercially available kits (ABCAM, United
Kingdom). Antioxidant and oxidative status were evaluated by
Teb Pazhouhan Razi kits (Teb Pazhouhan Razi, Tehran, Iran)
for total antioxidant capacity (TAC) and malondialdehyde
(MDA). TNF-a was measured by commercial kits (ABCAM).

Glucose control-related biomarkers and lipid profiles were
measured by ELISA, following kit instructions (Pishtazteb Co.,
Tehran, Iran). The following were assessed: fasting blood
glucose, glycated hemoglobin (HbA1lc), fasting insulin, trigly-
cerides, cholesterol (total, low-density lipoprotein cholesterol
(LDL-c), high-density lipoprotein cholesterol (HDL-c)). The
homeostatic model assessment for insulin resistance (HOMA
IR) was calculated as follows: HOMA IR = (fasting insulin x
fasting glucose)/405.

3. Statistical analysis
3.1 General data treatment and transformation

All statistical analyses were performed by SPSS Statistics
(version 25, IBM, Chicago, IL).”® Distribution was assessed for
normality by visual appraisal of Q-Q plots and Kolmogorov-
Smirnov tests. A p-value <0.05 (2-sided) was accepted as statisti-
cally significant. Study population characteristics are reported
as mean + standard deviation (SD) or as median + interquartile
range (IQR) for data with normal and non-normal distribution,
respectively. For categorical variables, frequencies are shown.
Comparisons between cases and controls were performed by
non-parametric Mann-Whitney U-tests and chi-square tests for
continuous and categorical variables, respectively. Between-
group (case versus control) differences related to sociodemo-
graphic variables, dietary and carotenoid intake, anthropo-
metrics, blood pressure, and markers of inflammation, oxi-
dative stress, blood lipids, and glucose control were assessed.
The same comparisons were performed based on sex stratifica-
tion. Carotenoid intake was assessed both as total intake as
well as adjusted for daily energy consumption (per 1000 keal).

Spearman correlations investigated correlations between
pairs of carotenoids, as the normal distribution of data could
not be assumed based on Kolmogorov-Smirnov tests and nor-
mality plots. Carotenoid intakes were also correlated with fruit
and vegetable consumption.

For all other analyses, only energy-adjusted carotenoid
intakes were used. Due to the observation that variables were
not normally distributed, they were log-transformed for

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Dietary intake (median + interquartile range) of carotenoids intake (ug/1000 kcal per day) of the study population (n = 1605). Groups of over-
weight/obese and normal weight were determined based on BMI, where normal-weight status was defined as BMI <25 kg m™2 and overweight/
obesity is defined as BMI >25 kg m~2. Two-sided p-values were derived from nonparametric Mann—Whitney U-tests. Only statistically significant (p
< 0.05) intakes (normal weight vs. overweight/obesity) are shown. For more details, p-values and non-significant results, please see ESI Table 2.1 *
Carotenoid intakes are adjusted for daily energy intake. ** The “total carotenoids” intakes only in this figure is reported as ug/500 kcal per day; all
other ones and elsewhere in the publication are reported as pg/1000 kcal per day.
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Fig. 2 Heat Map — Spearman correlations were performed to investigate the relationship between unadjusted (total) intake of carotenoids (upper
right triangle) and between carotenoids adjusted for total daily energy intake (lower left triangle). Spearman correlation coefficients are shown. For
details and p-values, refer to ESI Tables 4 and 5.7 Interpretation of colors: dark red = very high correlations; Salmon and coral = moderate corre-
lations; light red = weak correlations. Blue color is used only for the correlations between total energy and carotenoids and as the intensity
increases, the degree of correlation increases. * Statistically significant at p < 0.05. ** Statistically significant at p < 0.01.
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further analysis. Because the estimated intake of astaxanthin
was 0.00 ng for several participants, the log-transformation of
this variable created missing values. To overcome this issue,
0.00 pg intakes were replaced by 0.1 prior to analysis. Log-
transformation of MDA created two missing values (original
values = 0.00 pM). These were substituted by the lowest value
above “0” following the log-transformation of the variable to
preserve the sample size. No missing observations were noted
for any of the variables included. Data was assessed for outly-
ing observations, which were then evaluated against physio-
logical plausibility. One observation for fasting insulin was
substituted by the median for analysis.

3.2 Main outcomes

3.2.1 Unconditional logistic regression models. To answer
the main research question related to the association
between carotenoid intake and the odds of overweight/
obesity, unconditional logistic regression models were used,
and the derived odds ratios (OR) and 95% confidence inter-
vals (95% CI) were reported. For the dependent variable,
normal-weight participants were coded as “0” (serving as the
reference group), and participants with overweight/obesity
were coded as “1”. Three models were used: model 1 was a
crude model with overweight/obesity as the dependent and
carotenoid intake as the explanatory variable, and model 2
adjusted for several demographic and lifestyle factors that
were selected based on previously published literature (age,
sex, civil status, level of education, smoking status, disease
history). The third and final model adjusted for the same
potential confounders as model 2 with the addition of fruit
and vegetable intake (added up and thus combined into a
single variable) in order to study an independent effect of
carotenoids.

Sensitivity analysis was undertaken to evaluate the effect of
fruit and vegetable intake separately. Sex-stratified analyses
were also performed. Furthermore, the study population was
regrouped using a BSA-based definition of normal weight
versus overweight/obesity, as described above, i.e., it was evalu-
ated whether a different assessment method of adiposity
would substantially alter the study outcomes. Sex- and BSA-
based analyses were performed on model 3 only.

3.2.2 Linear regression models. The association between
carotenoid intake and the following biomarkers was evaluated
by linear regression models: BMI, WC, systolic and diastolic
blood pressure (SBP, DBP), fasting blood glucose (FBG), fasting
insulin, HOMA IR, total, LDL and HDL cholesterol, triglycer-
ides, hs-CRP, IL-6, IL-1p, IL-10, IL-4, TAC, MDA, and TNF-x.
These analyses were performed via the same three models as
the logistic regression models, except that in models 2 and 3,
BMI was added as a confounding variable (for the analyses
where BMI was not the dependent variable). These analyses
were performed in the pooled sample of cases and controls.
Cases and controls were also analyzed separately, using the
fully adjusted model. Sensitivity analysis based on sex stratifi-
cation was performed using model 3. No issues regarding mul-
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ticollinearity were observed based on the variance inflation
factor (VIF).

4. Results

4.1 Study population and descriptive results

The study population consisted of 851 participants with
overweight/obesity and 754 normal-weight controls. The sex
distribution was 49.7% men and 50.3% women. Table 1
provides an overview of the sociodemographic character-
istics of the study population. Based on weight status
(normal or overweight/obesity according to BMI), signifi-
cant differences were only noted for disease history, while
between-sex differences were noted for regular physical
activity (Table 1). In addition, ESI Table 11 shows study
population characteristics, including sociodemographic
variables in groups with overweight/obesity and normal-
weight defined by BSA.

Table 2 provides an overview of the anthropometric, inflam-
matory, oxidative stress, and serum measurements. As
expected, significant BMI and WC differences were observed
between individuals having overweight/obesity vs. normal-
weight. FBG, HbA1lc, HOMA IR, triglycerides, DBP, hs-CRP, IL-
6, TNF-a, and IL-4 were higher in participants with overweight/
obesity, while HDL-c, IL-10, and TAC levels were higher in
normal weight controls. Sex-based comparisons revealed stat-
istically significant differences in WC, SBP, and DBP.

Dietary intake was not statistically different between men
and women. However, total energy consumption and vegetable
intake differed significantly between cases and controls (ESI
Table 2t). Upon adjustment for total daily energy intake,
median intakes of carotenoids were higher in controls than
cases for a- and p-carotene, provitamin A carotenoids, lutein +
zeaxanthin, violaxanthin, neoxanthin, astaxanthin, and total
carotenoid intake (Fig. 1 and ESI Table 21). Total daily caroten-
oid intakes (not adjusted for total energy intake) are shown in
ESI Table 3.}

4.2 Correlation between carotenoids and dietary intake

Fig. 2 and ESI Tables 4 and 51 show Spearman correlations
between dietary intake and individual carotenoids.
Carotenoids tended to have inverse correlations with total
daily energy intake (Fig. 2). Carotenoids showed a positive
association with vegetable consumption, although the strength
of the correlation varied. Lycopene showed the strongest corre-
lation with this food group (rs = 0.448, p < 0.001), which was
unaltered when carotenoid intakes adjusted for energy con-
sumption were used. Most carotenoids also showed positive
correlations with fruit intake (strength of association in the
range of 0.055 to 0.588), with the exception of a-carotene and
astaxanthin. Similar results were obtained with energy-
adjusted carotenoid intakes.

The strongest between-carotenoid correlations (total intake
and energy-adjusted) were noted between phytoene and phyto-
fluene (rs = 0.994 and 0.996, p < 0.001), neoxanthin and violax-

This journal is © The Royal Society of Chemistry 2024
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Table 1 Sociodemographic characteristics® of the study population (n = 1605)

Total Overweight/obesity” Normal weight? Male Female

(n=1605) (n=851) (n=754) p-Value® (n=798) (n=807) p-Value®
Age (years) 48.45 (19.99)  48.45 (20.66) 48.50 (19.03) 0.417 48.95(20.50)  48.07 (19.66)  0.129
Sex (M/F) 798/807 415/436 383/371 0.417 — —
Education
Diploma/low literacy 1070 571 499 0.697 534 536 0.832
Higher than diploma 535 280 255 264 271
Marital status
Single 273 143 130 0.961 127 146 0.207
Married 1215 645 570 619 596
Other 117 63 54 52 65
Regular physical activity
Yes 397 198 199 0.147 215 182 0.042
No 1208 653 555 583 625
Smoking status
Yes 261 138 123 0.958 124 137 0.435
No 1344 713 631 674 670
History of CVD
Yes 313 207 106 <0.001 161 152 0.498
No 1292 644 648 637 655
History of diabetes
Yes 436 252 184 0.019 222 214 0.558
No 1169 599 570 576 593
History of hypertension
Yes 827 509 318 <0.001 395 432 0.106
No 778 342 436 403 375

“For continuous variable(s), the median (IQR) is shown, while frequencies are displayed for categorical variables. ® Groups of overweight/obese
and normal weight are determined based on BMI (kg m ™), where normal-weight status is defined as BMI <25 kg m~> and overweight/obesity is
defined as BMI >25 kg m™>2 °Two-sided p-values were derived from chi-square tests for categorical variables and Mann-Whitney U-test for con-
tinuous variables. Significant p-values (p < 0.05) are shown in bold. Abbreviations: M = male, F = female, CVD = cardiovascular disease, IQR =
interquartile range.

Table 2 Study population’s anthropometric, inflammatory, oxidative stress, and serum measurements (n = 1605)?

Total Overweight/obesity” ~ Normal weight”
(n=1605) (n=1851) (n=754) p-Value®  Male (n =798) Female (n =807)  p-Value®
BMI (kg m™2) 25.41 (5.23) 27.35 (2.84) 22.10 (1.69) <0.001 25.33 (5.01) 25.54 (5.59) 0.342
WC (cm) 93.00 (28.35) 105.00 (24.30) 84.00 (18.78) <0.001 103.30 (32.25)  88.50 (20.00) <0.001
FBG (mg dL™) 89.00 (13.00) 89.00 (15.00) 88.00 (11.00) 0.046 89.00 (14.00) 89.00 (13.00) 0.416
Insulin (mIU mL™)  6.40 (4.7) 6.50 (5.20) 6.20 (4.20) 0.155 6.40 (4.82) 6.40 (4.60) 0.408
HbA1c (%) 5.10 (2.20) 5.10 (2.00) 4.30 (3.60) <0.001 5.10 (2.20) 5.10 (2.20) 0.887
HOMA IR 1.39 (1.20) 1.44 (1.31) 1.35 (1.05) 0.043 1.38 (1.27) 1.39 (1.11) 0.572
HDL-c (mg dL ™) 54.00 (19.00) 52.00 (19.00) 55.00 (19.00) <0.001 53.00 (19.25) 54.00 (19.00) 0.553
LDL-c (mg dL™) 125.30 (45.30)  126.00 (49.20) 124.80 (43.05) 0.139 125.40 (44.30)  125.00 (48.00) 0.782
TC (mg dL ™) 199.00 (48.00) 199.00 (51.00) 199.00 (46.25) 0.199 198.00 (48.25) 198.79 + 38.17 0.927
TG (mg dL™Y) 103.00 (75.00)  111.00 (73.00) 95.00 (70.75) <0.001 104.00 (73.25)  103.00 (75.00) 0.520
SBP (mmHg) 126.00 (21.50)  127.50 (24.50) 124.00 (20.00) 0.072 124.50 (21.50)  127.50 (21.50) <0.001
DBP (mmHg) 81.50 (14.50) 82.58 £ 11.22 80.50 (14.00) 0.006 80.74 £ 10.58 83.25 +10.74 <0.001
hs-CRP (mg dL™) 2.00 (1.49) 2.15 (1.36) 1.90 (1.55) <0.001 2.10 (1.42) 1.99 (1.48) 0.188
IL-6 (pg mL™Y) 136.00 (117.00)  144.00 (125.00) 121.00 (117.25)  <0.001 136.00 (117.00)  130.00 (123.00)  0.707
IL-1f (pg mL™Y) 1.80 (1.80) 1.80 (1.80) 1.90 (1.70) 0.420 1.80 (1.80) 1.90 (1.60) 0.348
TNF- (pg mL ™) 24.60 (23.35) 25.60 (24.80) 23.30 (21.70) <0.001 24.60 (23.80) 24.60 (22.80) 0.656
IL-10 (pg mL ™) 1.90 (1.90) 1.90 (1.80) 2.00 (2.00) 0.049 2.00 (1.90) 1.90 (2.00) 0.196
IL-4 (pg mL™Y) 8.80 (9.60) 9.20 (9.30) 8.40 (9.00) 0.003 9.00 (9.60) 8.80 (9.60) 0.659
TAC (uM) 1.51 (1.60) 1.39 (1.41) 1.60 (1.56) 0.001 1.51 (1.60) 1.50 (1.60) 0.715
MDA (uM) 2.70 (2.30) 2.70 (2.10) 2.80 (2.40) 0.105 2.80 (2.50) 2.70 (2.10) 0.674

“Normally distributed variables are shown as mean + standard deviation, while median (IQR) values are shown for non-normally distributed vari-
ables. ? Groups of overweight/obese and normal weight are determined based on BMI (kg m~2), where normal-weight status is defined as BMI
<25 kg m~> and overweight/obesity is defined as BMI >25 kg m™>. “Two-sided p-values were derived from Mann-Whitney U-tests as the normal
distribution of variables could not be assumed. Significant p-values (p < 0.05) are shown in bold. Abbreviations: BMI = body mass index, WC =
waist circumference, FBG = fasting blood glucose, HbAlc = glycated hemoglobin, HOMA IR = homeostatic model assessment of insulin resis-
tance, HDL-c = high-density lipoprotein cholesterol, LDL-c = low-density lipoprotein cholesterol, TC = total cholesterol, TG = triglycerides, SBP =
systolic blood pressure, DBP = diastolic blood pressure, hs-CRP = high-sensitivity C-reactive protein, IL = interleukin, TNF-a = tumor necrosis
factor a, TAC = total antioxidant capacity, MDA = malondialdehyde, IQR = interquartile range.
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anthin (r; = 0.867 and 0.904, p < 0.001), and between o- and
B-carotene (rs = 0.844 and 0.860. p < 0.001) (Fig. 2 and ESI
Tables 4 and 57).

4.3 0dds of overweight/obesity and carotenoid intake

The crude models (model 1) suggested protective associations
between several carotenoids and the odds of overweight/
obesity (Fig. 3 and ESI Table 61). In model 2 (adjusted for
sociodemographic and lifestyle factors), a few of these associ-
ations (lutein + zeaxanthin, violaxanthin, neoxanthin) lost stat-
istical significance. This model showed a significant reduction
in OR for a- and p-carotene, provitamin A carotenoids, phy-
toene and phytofluene, astaxanthin, and total carotenoids (OR
in the range of 0.493-0.862, all p < 0.05). After adjusting for
fruit and vegetable intake (model 3), only provitamin A caro-
tenoids and astaxanthin remained significantly associated
with reduced OR of overweight/obesity (OR: 0.655, p = 0.041,
and 0.859, p = 0.017, respectively).

4.4 Associations between carotenoid intake and biomarkers

Only the final adjusted model (model 3) is discussed here;
the crude model 1 and model 2 results are shown in ESI
Tables 10 and 11, respectively. Generally, some associations
became non-significant upon adding fruit and vegetable con-
sumption to the model, but several associations remained
statistically significant. None of the carotenoids had a signifi-
cant association with BMI (Tables 3-6). Only lycopene
showed a positive association with WC (# = 0.017, p = 0.015).
None of the carotenoids were associated with biomarkers
related to glucose control (Tables 3-6). Regarding blood lipid
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profile, only HDL-c showed positive associations with phy-
toene (f = 0.049, p = 0.016), phytofluene (f = 0.046, p = 0.023),
and non-provitamin A carotenoids (f = 0.056, p = 0.014). A
negative association was observed between DBP and
B-cryptoxanthin (= —0.017, p = 0.022).

Several carotenoids showed statistically significant associ-
ations with markers of oxidative stress and inflammation. This
was limited to interleukins, TNF-a, and TAC; no associations
were significant for hs-CRP or MDA. For IL-6, IL-1p, and TNF-q,
carotenoids tended to show inverse associations. IL-6 was nega-
tively associated with a-carotene (f = —0.057, p = 0.008), provita-
min A carotenoids (f = —0.064, p = 0.029), and lycopene (8 =
—0.073, p = 0.014). IL-1p had an inverse association with the
individual provitamin A carotenoids, provitamin A carotenoids
as a group, and total carotenoids (Tables 3 and 6). TNF-a was nega-
tively associated with p-cryptoxanthin, lycopene, non-provitamin A
carotenoids, and total carotenoids (fs in the range of —0.122
and —0.080, all p-values <0.05). IL-10 was positively associated
with several carotenoids (Tables 3-6). None of the carotenoids
were associated with IL-4 in the final model. TAC was positively
associated with a-carotene, provitamin A carotenoids, lutein +
zeaxanthin, violaxanthin, neoxanthin, and total carotenoids
(Bs in the range of 0.065-0.273, all p-values <0.05).

4.5 Sensitivity analyses

In the sensitivity analysis using BSA to categorize participants
into cases and controls, f-carotene and provitamin A caroten-
oids showed a significant protective effect (ESI Table 77). The
sex-stratified analysis (ESI Table 8f) revealed a significant
reduction in the odds of overweight/obesity associated with

Crude Model Model 2* Model 3%*
ITotal Carc vid * — [P E—
$Non-Provitamin A —e— 1 — o
Astaxanthin ot e e
Neoxanthin —e——1 o I °
Viol hin . I e 1 ——
Phytofluene —— — —
Phytoene —e— —e— ———
Lycopene S —t *®
Lutein + Zeaxanthin —— I — et
SProvitamin A — e . - e
B-Cryptoxanthin — el o I —
B-Carotene —e— — —e—1—
a-Carotene —eo—i —e— e
! T T | T v . Y T T T T |
ORs and 95%Cls 0 0,5 1 1,5 2 0 0,5 1 1,5 2 0 0,5 1 1,5 2 2,5

Fig. 3 Logistic regression models (ORs and 95% Cls) for the association between dietary carotenoid intake (adjusted for daily energy intake and
expressed as pg/1000 kcal) and the odds of overweight/obesity. For more details and p-values please see ESI Table 6.1 Binary logistic regression
analysis was performed with the odds of overweight/obesity as the dependent variable (0 = normal weight, 1 = overweight/obese). Continuous vari-
ables were log-transformed. Groups of overweight/obese and normal weight are determined based on BMI, where normal-weight status is defined
as BMI <25 kg m™2 and overweight/obesity is defined as BMI >25 kg m™2. * Model 2 adjusted for the following variables: age (years), sex (male/
female), marital status (married/single/other), education level (having diploma or low literacy/higher than diploma), smoking status (yes/no), disease
history (yes/no for cardiovascular disease, diabetes, and hypertension). ** Model 3 was adjusted for the same variables as model 2 with the addition
of fruit and vegetable intake (fruits (g per day) + vegetables (g per day)). Abbreviations: OR = odds ratio, Cl = confidence interval.
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Table 6 Association between dietary non-provitamin a and total carotenoids intake and biomarkers (anthropometric, serum measurements) based
on linear regression — model 3%

Non-provitamin A Total carotenoids

95% CI 95% CI

p p-Value  Lower Upper R’ R*adj. §p p-Value  Lower Upper R? R? adj.
BMI (kg m—z) 0.016 0.184 —0.007 0.039 0.022 0.015 —0.001 0.956 —0.019 0.018 0.021 0.014
WC (cm) 0.018 0.194 —0.009 0.045 0.255 0.249 —0.004 0.686 —0.026 0.017 0.254 0.248
FBG (mg del) 0.015 0.305 -0.014 0.043 0.005 —0.002 0.016 0.163 —0.007 0.039 0.006 —0.002
Insulin (mIU qu) 0.055 0.281 —0.045 0.156 0.01 0.002 0.019 0.657 —0.063 0.100 0.009 0.002
HOMA IR (%) 0.070 0.223 —0.043 0.183 0.008 0.000 0.035 0.456 —0.057 0.127 0.007 0.000
HDL-c (mg dL_1) 0.056 0.014 0.011 0.100 0.026 0.018 0.017 0.367 -0.019 0.053 0.022 0.015
LDL-c (mg del) —0.003 0.901 —0.051 0.045 0.011 0.003 —0.006 0.758 —0.045 0.033 0.011 0.003
TC (mg del) —0.005 0.775 —0.038 0.028 0.007 —0.001 —0.004 0.780 —0.031 0.023 0.007 —0.001
TG (mg dL_l] —0.022 0.618 —0.107 0.064 0.012 0.005 —0.008 0.810 —0.078 0.061 0.012 0.004
SBP (mmHg) —0.001 0.965 —0.023 0.022 0.015 0.008 —0.006 0.543 —0.024 0.013 0.015 0.008
DBP (mmHg) —0.016 0.173 —0.038 0.007 0.021 0.014 —0.011 0.256 —0.029 0.008 0.021 0.013
hs-CRP (mg dLﬂ) 0.015 0.729 -0.070 0.100 0.029 0.021 0.048 0.172 —0.021 0.117 0.03 0.022
IL-6 (pg mL_l] —0.053 0.366 —0.167 0.061 0.027 0.020 —0.083 0.079 —0.176 0.010 0.029 0.021
IL-1P (pg mL"1) —0.066 0.181 —0.163 0.031 0.031 0.024 -0.111 0.006 -0.189 —0.032 0.035 0.028
TNF-a (pg mLfl) —0.122 0.034 —0.236 —0.009 0.027 0.019 -0.113 0.016 —0.205 —0.021 0.028 0.020
IL-10 (pg qu) 0.104 0.100 —0.020 0.227 0.033 0.026 0.146 0.004 0.045 0.246 0.036 0.029
IL-4 (pg mL_l] —0.019 0.833 —0.194 0.156 0.018 0.011 0.016 0.823 —0.126 0.158 0.018 0.011
TAC (uM) 0.124 0.097 —0.022 0.269 0.027 0.019 0.145 0.016 0.027 0.264 0.028 0.021
MDA (uM) 0.036 0.501 -0.070 0.142 0.014 0.007 0.028 0.530 —0.059 0.114 0.014 0.007

“Multiple linear regression models were used to assess the associations between carotenoids and a selected list of biomarkers relevant to cardio-
metabolic health, inflammatory status, and oxidative stress. Model 3 was adjusted for the following variables: age (years), gender (male/female),
marital status (married/single/other), education level (having diploma or low literacy/higher than diploma), smoking status (yes/no), disease
history (yes/no for cardiovascular disease, diabetes, and hypertension) and fruit + vegetable intake. BMI (kg m~>) was also included as an expla-
natory variable, in models where it was not the dependent variable. All continuous variables were log-transformed. Carotenoids were adjusted for
total energy intake (and expressed as ug/1000 kcal) prior to log-transformation. ? Statistically significant p-values (p < 0.05) are shown in bold.
Abbreviations: BMI = body mass index, HOMA IR = homeostatic model assessment of insulin resistance, HDL-c = high-density lipoprotein chole-
sterol, LDL-c = low-density lipoprotein cholesterol, SBP = systolic blood pressure, DBP = diastolic blood pressure, hs-CRP = high-sensitivity
C-reactive protein, IL = interleukin, TNF-o = tumor necrosis factor a, TAC = total antioxidant capacity, MDA = malondialdehyde, WC = waist cir-

cumference, FBG = fasting blood glucose, TC = total cholesterol, TG = triglycerides.

astaxanthin in men (OR: 0.800; p = 0.013). None of the other
carotenoids showed significant associations with the odds of
overweight/obesity (ESI Table 8f). ESI Table 9t displays the
association between dietary intake of carotenoids and over-
weight/obesity based on BMI, separately adjusted either for
fruits or for vegetables (sensitivity analysis). Adjusting only for
fruit (but not vegetable) consumption + model 2 yielded com-
parable results with model 2. Adjusting for vegetable (but not
fruit) intake + model 2 showed a protective effect of astax-
anthin (OR: 0.862, p = 0.019) and an increased OR associated
with higher intakes of lycopene (OR: 1.595, p = 0.032) (ESI
Table 97).

Evaluation of the associations between carotenoid intakes
and biomarker analyses in cases and controls separately
suggested a general tendency for associations to be more often
significant in participants with overweight/obesity (ESI
Table 1271). In participants with overweight/obesity, BMI was
positively associated with all individual non-provitamin A caro-
tenoids except for lycopene as well as non-provitamin A caro-
tenoids (grouped) (#s in the range of 0.005-0.021, p < 0.05).
WC was positively associated with lycopene only in cases (8 =
0.021, p = 0.009). No associations were significant for glucose-
control related markers. Regarding blood lipid profile, only
phytoene, phytofluene, and non-provitamin A carotenoids

5520 | Food Funct.,, 2024, 15, 5510-5526

were associated with HDL-c concentrations in cases (f = 0.069,
p =0.018, = 0.066, p = 0.022, and f = 0.072, p = 0.024, respect-
ively). B-Cryptoxanthin was inversely associated with SBP (8 =
—0.024, p = 0.014) and DBP (f = —0.024, p = 0.020) only in con-
trols. Pro-inflammatory biomarkers IL-6, IL-1f, and TNF-a
showed negative associations primarily in the overweight/
obese group (ESI Table 12%). IL-10 and TAC tended to show
positive associations with several carotenoids. IL-4 was only
associated with lycopene (f = 0.120, p = 0.037). These associ-
ations were almost always only significant in cases.

The sex-based analysis (ESI Table 131) showed a signifi-
cant positive association between lycopene and WC only
among women (f = 0.026, p = 0.005). Additionally, a positive
association between non-provitamin A carotenoids and
WC also reached statistical significance among women (f =
0.039, p = 0.035). Among women, lycopene intake was also
positively significantly associated with FBG (f = 0.027,
p = 0.006), insulin concentrations (f = 0.071, p = 0.044), and
HOMA IR (f = 0.098, p = 0.014). In contrast, violaxanthin
and neoxanthin had a positive association with fasting
insulin only in men (8 = 0.125, p = 0.036, # = 0.118, p =
0.043, respectively). The negative association between systo-
lic and diastolic blood pressure and f-cryptoxanthin con-
sumption was only significant in men (f = -0.024, p =

This journal is © The Royal Society of Chemistry 2024
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0.038, f = —0.029, p = 0.008, respectively). The associations
between IL-6, IL-1f and TNF-a and carotenoids generally
showed similar directions of response in both sexes,
although the associations tended to reach significance in
only one of the sexes (ILs tended to be more often signifi-
cant in men and TNF-a in women). The associations
between lutein and zeaxanthin and IL-1p and TNF-a
were only inversely associated in women. p-Cryptoxanthin
showed a negative association with IL-4 in men (f = —0.223,
p = 0.007).

5. Discussion

The current analysis revealed significant protective associ-
ations between the intake of provitamin A carotenoids and
astaxanthin and the odds of overweight/obesity (OR: 0.655, p =
0.041, and OR: 0.859, p = 0.017, respectively), even after adjust-
ing for fruit and vegetable consumption. Similarly, when
classified based on BSA values, provitamin A as well as
B-carotene were associated with lower OR for overweight/
obesity (OR: 0.627, p = 0.032, and OR: 0.634, p = 0.049, respect-
ively). Higher dietary intake of several carotenoids (a-carotene,
B-carotene, p-cryptoxanthin, provitamin A carotenoids, lutein/
zeaxanthin, lycopene, violaxanthin, neoxanthin, non-provita-
min A carotenoids and total carotenoids) was beneficially
associated with several inflaimmatory markers and/or TAC.
Based on further stratified analyses, associations with bio-
markers were more often significant in participants with over-
weight/obesity than in those with normal-weight. Interestingly,
sensitivity analysis revealed inverse associations between lyco-
pene intake and the odds of overweight/obesity in models
adjusted for confounders and vegetable intake.

A significant difference in the intake of several carotenoids
was observed between cases and controls, with median intakes
being higher by 669 ug d™* for total and 605 pg d™* for provita-
min A carotenoids among normal-weight participants per
1000 kcal. Fully adjusted logistic regression models showed
that a higher intake of provitamin A carotenoid and astax-
anthin was significantly associated with lower odds of over-
weight/obesity as defined by BMI. For every 605 pg d~* (per
1000 keal) increase in provitamin A carotenoids, there was a
34.5% decrease (OR = 0.655) in the odds of overweight/obesity.
With a BSA-based classification, provitamin A carotenoids and
B-carotene showed a significant inverse association.
Importantly, adjusting for fruit and vegetable intake did not
alter the significant association, which may point toward
effects being independent of fruit/vegetable intake.

Several epidemiological studies support a beneficial associ-
ation between carotenoid intake or their tissue concentrations
and overweight/obesity.*>*® Additionally, negative associations
between circulating carotenoids and adiposity-related markers
(such as BMI, WC, and fat mass) have also been reported.*>*"*”
Some studies found a beneficial effect for p-carotene,
a-carotene, lutein  +  zeaxanthin, lycopene, and
p-cryptoxanthin,?®*! with p-carotene and a-carotene showing

This journal is © The Royal Society of Chemistry 2024
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the strongest association.?® Previous reports have proposed a
substantial effect for provitamin A carotenoids, as these may be
turned into retinoids, which may interact with RXR/PPAR recep-
tors, involved in the proliferation of adipose tissue.’®"’
However, a cross-sectional analysis of PREDIMED-Plus partici-
pants, ie., men and women with overweight/obesity (between
55 and 75 years), found beneficial associations with anthropo-
metric measures for xanthophylls but not for carotenes and pro-
vitamin A carotenoids,®” which is in contrast with our results.
This may point to additional benefits of carotenoids beyond
acting as precursors for vitamin A, such as improving anti-
oxidant status or simply acting as markers of fruits and veg-
etables (the authors did not adjust models for fruit/vegetables
intake). In support of this, non-provitamin A carotenoids were
also associated with potential health benefits other than BMI,
including astaxanthin, phytoene, and phytofluene (Tables 3-6).

As for astaxanthin, one meta-analysis found no effect of
astaxanthin supplementation on BMI or body weight, although
beneficial effects on HDL-c and CRP levels were observed®
and astaxanthin showed to be efficacious in reducing weight
gain elicited by a high-fat diet in a mouse model.** As fish and
seafood are the main sources of astaxanthin,®® likely, the
benefits of consuming fish and seafood, related to lower BMI
in some studies,® are reflected in the present findings.
Overall, several studies have shown beneficial associations
between carotenoids and body composition-related markers,
but inconsistencies exist regarding the type of carotenoids and
their associations with overweight/obesity, which warrants
further investigation.

Using a BMI or BSA-based assignment to normal or over-
weight/obese groups yielded somewhat different associations,
suggesting that the method of evaluating body composition
may influence the associations to a certain extent. In line with
this, a cross-sectional study in middle-aged men concluded
that increased consumption of p-carotene was inversely associ-
ated with BMI, while f-carotene, a-carotene, lycopene, and
total carotenoid intake was associated with lower measures of
WC.%® It was also reported that more direct measures of
adipose tissue mass, such as by dual-energy X-ray absorptio-
metry, were more strongly associated with carotenoid concen-
trations in serum than anthropometric measures*® This may
be related to the fact that adipose tissue is among the main
storage sites of carotenoids,®® where they or their metabolites
may interact with specific transcription factors such as PPARs/
RXRs or signalling pathways relevant to adipogenesis includ-
ing AMPK. Interactions with such processes can influence adi-
pogenesis, lipogenesis, and metabolic activity, as demon-
strated for several carotenoids and/or their BCO1/BCO2 conver-
sion products.’>®* Furthermore, carotenoids may influence
adipose tissue through their actions outside this tissue, such
as the liver, muscles, or the brain, by stimulating mitochon-
drial fatty acid oxidation in muscle tissue.®

In our final model, we applied a covariate adjustment for
fruit and vegetable intake to separate the effects of carotenoids
from fruit and vegetable intake. Fruits and vegetables can be
rich sources of dietary fiber, vitamins, minerals, and several
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phytochemicals™® that might act in concert to yield health
benefits. Fruits and vegetables are also generally low in cal-
ories,”> which may also improve weight management.’®®
Adjusting for fruits and vegetables indeed modified some
associations and should thus be considered in future
investigations.

Regarding biomarkers, dietary intake of several carotenoids
(all provitamin A carotenoids, lutein/zeaxanthin, lycopene, vio-
laxanthin, neoxanthin, non-provitamin A carotenoids and total
carotenoids) were associated with lower concentrations of
inflammatory markers and increased antioxidant capacity,
which may be important factors in the development of obesity
and its co-morbidities. It has been suggested that a lower
intake of dietary antioxidants, including secondary plant
metabolites, may contribute to increased oxidative stress
associated with obesity.®” In support of this hypothesis,
studies have shown a lower dietary intake or lower blood con-
centrations of dietary antioxidants in overweight/obese individ-
uals compared to normal-weight people.®®®® In the present
study, several carotenoids (a-carotene, provitamin A caroten-
oids, lutein + zeaxanthin, violaxanthin, neoxanthin, and total
carotenoids) were associated with increased TAC. A systematic
review and meta-analysis of randomized controlled trials
assessed the effect of carotenoid supplementation, including
astaxanthin and lutein/zeaxanthin, on inflammatory markers
for CRP, 1I-6, and TNF-a,”® finding significant reductions in
CRP and IL-6 levels, and similar results were obtained in
observational studies.”’ In the present study, IL-1f was nega-
tively associated with provitamin A carotenoids as a group and
individually (a- and p-carotene and p-cryptoxanthin), as well as
total carotenoids, and TNF-a with p-cryptoxanthin, lycopene,
non-provitamin A and total carotenoids. Some discrepancies
among these results may be due to the assessment of caroten-
oid exposure (blood concentrations or dietary intake, with
blood concentrations being expected to result in stronger
associations as dietary intakes of carotenoids are moderated
by bioavailability, which can vary substantially). This is a limit-
ation of the present study, as HPLC carotenoid analyses of
blood samples, similar as to many other studies’*”>
vailable due to their large cost and labor intensity.

Furthermore, it was stated that the baseline levels of inflam-
matory cytokines may predict responsiveness to supplemen-
tation with carotenoids.”® In line with this, when stratified
into overweight/obesity and normal weight groups, associ-
ations between carotenoid intake and reduced inflammatory
cytokine concentrations (IL-6 and TNF-a) were stronger in the
group having overweight/obesity vs. persons with normal BMI.

Our analysis showed intriguing results for lycopene. First,
we found increased odds of overweight/obesity with increasing
intake of lycopene in models adjusted for vegetable intake (ESI
Table 9t). Lycopene was also the only carotenoid positively
associated with WC. This association was observed among
women and participants with overweight/obesity in stratified
analyses as well. Additionally, among women, lycopene intake
was associated with higher fasting blood glucose, insulin
levels and insulin resistance. In contrast, lycopene intake was

were una-
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associated with reduced inflammation (IL-6 and TNF-a) in the
fully adjusted model (also adjusted for fruits and vegetables),
in women when stratified for sex, and also in BMI-stratified
analyses (though not IL-6 in participants with overweight/
obesity), indicative of a potential anti-inflammatory effect.
Several epidemiological and experimental studies support a
beneficial effect of lycopene (intake or blood concentrations)
and tomato-products rich in lycopene on cardiovascular risk
factors, metabolic syndrome, and certain types of cancer.”*”®
Lycopene is acknowledged as one of the most potent antioxi-
dants among carotenoids.”® One may, therefore expect a lower
risk of conditions characterized by inflammation and oxidative
stress, such as overweight and obesity.”” However, important
dietary sources of lycopene, at least in a more westernized diet,
include tomato products such as pasta sauces and ketchup.”®
In a study of US adults, pizza and pasta were found to be the
main contributors of lycopene to the diet.”” As such, a poten-
tial explanation for the discrepancy with our finding may be
residual confounding from those less healthy food sources of
dietary lycopene. Additionally, it was shown that people with
high blood concentrations of lycopene had lower concen-
trations of other carotenoids, including a-carotene, f-carotene,
zeaxanthin, and lutein.”” Therefore, sources of certain caroten-
oids, especially of lycopene, may be related to the intake of
convenience foods rather than fresh fruits and vegetables. In a
cross-sectional evaluation, serum carotenoid concentrations
(a- and p-carotene, P-cryptoxanthin, and lutein/zeaxanthin)
were associated with fresh fruit, vegetable, and juice consump-
tion (r = 0.22), while lycopene was not (r = —0.06).*' This sup-
ports the notion that the food sources of carotenoids may
differ and are important sources of bias to take into account.

When stratified by sex, the observed associations differed in
part between men and women. Such differences may derive
from between-sex differences in carotenoid utilization and/or
specific biomarker regulation. A study in Japanese healthy
adults found a protective effect for serum carotenoids (a- and
B-carotene, and canthaxanthin) on measures of central adi-
posity only in female participants.”® Plasma concentrations of
carotenoids have been described to be higher in women, irre-
spective of dietary intake,”®** which may have implications for
carotenoid-mediated effects. Even though we did not observe
any sex-based differences in carotenoid intake (adjusted for
total daily energy intake), it is plausible that this intake yielded
different tissue concentrations.

The present study had several strengths worth noting. First
of all, we investigated the associations of several individual
dietary carotenoids with the odds of overweight/obesity. We
included individual carotenoids in the analyses instead of only
assessing them as groups, which provided valuable insights
and allowed comparability across studies even if different indi-
vidual carotenoids were chosen for analysis. In addition to
only studying the odds of overweight/obesity, we included bio-
markers relevant to the etiology of obesity or its complications
and assessed their association with the intake of carotenoids,
providing a more objective method of assessing the health
status of individuals with overweight/obesity. Furthermore, we
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performed extensive sensitivity analyses in subgroups of the
study population. Dietary information was collected via a vali-
dated FFQ, which was administered by trained personnel,
improving the reliability of the data. Most importantly, in our
final model, we adjusted for fruit and vegetable intake that
may also explain the observed health benefits.

Some limitations of our study are inherent to the study
design; most notably, the retrospective collection of data
makes the results prone to recall bias. Additionally, the use of
FFQs for dietary intake assessment in our study may be
affected by social desirability bias (response bias).
Furthermore, the cross-sectional nature of the study does not
allow for drawing any conclusions regarding causality. Also the
case-control design of the study may have introduced some
sampling bias (selection bias) in the present findings, which
prompts caution upon interpreting results. Despite the rela-
tively large sample size, the generalizability of findings may be
limited, considering that participants belonged to an Iranian
urban population; however, this is a limitation inherent to
many studies due to lack of local consumption patterns.®"*? In
addition, dietary patterns in Iran have shifted from traditional
Iranian diets towards western diets similar to the US diet.*?
Finally, although several confounders were adjusted for in the
models, there is a possibility for residual confounding.

6. Conclusion

Our findings suggest an association between carotenoids and
the odds of overweight/obesity. Protective associations in this
regard were noted for increased dietary intake of provitamin A
carotenoids as a group and astaxanthin. Additionally, our
study indicates that dietary antioxidant intake in the form of
carotenoids was associated with reduced inflammation and
increased antioxidant capacity in plasma, even after fruit and
vegetable intake adjustment. Furthermore, as lycopene was in
part statistically positively associated with the odds of over-
weight/obesity and WC, it is important to take the food source
and, potentially the overall dietary pattern into account when
evaluating dietary carotenoid associations with health
outcomes.
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