Hindawi

Journal of Nutrition and Metabolism
Volume 2019, Article ID 9407069, 13 pages
https://doi.org/10.1155/2019/9407069

Clinical Study

Short-Term Bixin Supplementation of Healthy Subjects Decreases
the Susceptibility of LDL to Cu**-Induced Oxidation Ex Vivo

Lisiane Conte (,"? Sabrina Somacal (,2 Sabrina Marafiga Nichelle,> Cristine Rampelotto,2

Silvino Sasso Robalo,’ Miguel Roehrs ,2 and Tatiana Emanuelli

1,2

'Graduate Program on Pharmacology, Centre of Health Sciences, Federal University of Santa Maria,

97105-900 Santa Maria, RS, Brazil

’Integrated Centre for Laboratory Analysis Development (NIDAL), Department of Food Technology and Science,
Centre of Rural Sciences, Federal University of Santa Maria, 97105-900 Santa Maria, RS, Brazil
*Department of Animal Science, Federal University of Santa Maria, 97105-900 Santa Maria, RS, Brazil

Correspondence should be addressed to Tatiana Emanuelli; tatiana.emanuelli@ufsm.br

Received 24 October 2018; Accepted 26 January 2019; Published 3 March 2019

Academic Editor: Giuseppe Grosso

Copyright © 2019 Lisiane Conte et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Lycopene-based medications and supplements have been developed to prevent atherosclerosis, primarily because of their ability to
decrease low-density lipoprotein (LDL) oxidation. Bixin and norbixin are carotenoids found in the seeds of annatto (Bixa
orellana) and are colorants widely used by the food industry. Some studies have already demonstrated that these compounds have
antioxidant and antiatherogenic potential in vitro and in animal models, but there is no evidence supporting the effects of their
long-term or short-term consumption by humans. The aim of this study was to evaluate the effects of short-term intake of annatto
carotenoids on biochemical and oxidative stress biomarkers as well as on the susceptibility of LDL oxidation in healthy in-
dividuals, using lycopene as a positive control. The effect of daily supplementation (0.05 mg/kg of body weight (b.w.)) with bixin,
norbixin, lycopene, or placebo for 7 days was evaluated in a randomized, controlled crossover study in 16 healthy volunteers
(8 men and 8 women). The susceptibility of LDL to Cu**-induced oxidation ex vivo, biochemical parameters, and oxidative stress
biomarkers were evaluated. No treatment affected biochemical parameters or most oxidative stress biomarkers. However, bixin
reduced the oxidation rate of the LDL lipid moiety (—275%, p <0.1) and nitric oxide metabolites (NOx) (-460%, p <0.1),
compared to the placebo group. Moreover, we observed that the changes in these parameters were positively associated,
supporting the hypothesis that bixin decreases the susceptibility of LDL to Cu**-induced oxidation by decreasing NOx levels,
probably by downregulating the inducible nitric oxide synthase.

1. Introduction

The oxidation of low-density lipoprotein (LDL) is a key
event in the progression of atherosclerosis, which plays a
major role in the most prevalent types of cardiovascular
diseases [1]. Hypercholesterolemia, hypertension-triggered
shear stress, and endothelial dysfunction favor the entrance
of LDL particles in the tunica intima of blood vessels, where
they are oxidized and taken up by macrophage cells leading
to foam cell formation [1]. The parallel release of proin-
flammatory cytokines, growing factors, and metal-
loproteinases by macrophages promotes cell recruitment,

angiogenesis, apoptosis, and degradation of the extracellular
matrix [2].

Nitric oxide (NO) synthesized by endothelial nitric oxide
synthase (eNOS) plays an important role in vascular ho-
meostasis by promoting vasodilatation and inhibiting in-
flammation, platelet aggregation, oxidative stress, and the
migration and proliferation of vascular smooth muscle cells
(SMC) [3]. In contrast to eNOS, the inducible isoform of
NOS (iNOS) exhibits proatherosclerotic effects [4]. The
overproduction of NO by iNOS inhibits eNOS activity,
impairs the activation of endothelial receptors, reduces SMC
response to NO, and leads to peroxynitrite (ONOO™)
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formation after reaction with the superoxide anion radical
(0,7 [4].

Due to its highly reactive nature, ONOO- triggers lipid
and LDL oxidation [5] beyond promoting oxidative changes
in proteins and nucleic acids [6]. Beyond their role in ox-
idative stress damaging mechanisms, some oxidative bio-
markers, such as advanced oxidation protein products
(AOPP), are markers of protein oxidative damage, which
can be produced after the modification of plasma albumin
and has been shown to be implicated in the pathogenesis of
atherosclerosis [7] by the amplification of proinflammatory
pathways [8]. Endogenous antioxidant enzymes play a key
role to control the production of reactive species as per-
oxides and O,"*, but we have no enzyme to remove ONOO™
[9]. Nonenzymatic defenses comprising endogenous small
molecules, such as uric acid, glutathione, and coenzyme Q,
and dietary antioxidants (vitamins, polyphenols, and ca-
rotenoids) also help to keep the homeostasis between the
synthesis and removal of reactive species (RS) [6].

Dietary antioxidants play an important role in the
prevention of cardiovascular diseases, where carotenoids
have a distinguished place [10-12]. Lycopene, which is found
at high concentrations in tomatoes, has a high antioxidant
capacity and is among the most studied carotenoids. Despite
several studies showing that lycopene consumption presents
positive effects in cardiovascular function, its protective
effect against the oxidation of LDL remains controversial
[13, 14]. Thus, other carotenoids have been studied in more
recent years. Bixin and norbixin are apocarotenoids found in
food colorants extracted from annatto seeds (Bixa orellana),
where they are synthetized from a lycopene molecule [15].
Despite their safety as food colorants [16], the beneficial
biological effects of bixin and norbixin have been studied
just in the last few years. Bixin has been shown to increase
the activity of antioxidant enzymes in diabetic rats [17] and
reduce the inflammatory response and atherosclerotic pla-
ques in hypercholesterolemic rabbits [18]. Despite the
promising data obtained in animal studies, there is only one
human study investigating the effects of annatto carotenoids
in humans [19]. In this study, a single dose of norbixin
reduced the postprandial levels of oxidized LDL (oxLDL),
thiobarbituric acid reactive substances (TBARS), and the
levels of proinflammatory cytokines after the consumption
of a hypercaloric meal by healthy volunteers [19]. However,
the biological effects of multiple doses of bixin and norbixin
have not been investigated in humans.

In the present study, we investigated the effects of short-
term bixin and norbixin supplementation on biochemical
parameters, oxidative stress biomarkers, and LDL suscep-
tibility to oxidation ex vivo in healthy subjects. The effects
were compared to lycopene supplementation as a positive
standard as this carotenoid is considered to have cardio-
vascular benefits.

2. Materials and Methods

2.1. Subjects. Sixteen healthy subjects (eight men and eight
women; 25.4+ 0.8 years of age, 66.5+2.2kg body weight,
1.71 +0.03 m body height, and 22.6 +0.7 kg/m* body mass
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index) completed this randomized, double-blind, placebo-
controlled crossover clinical trial. Undergraduate and
graduate students aged between 18 and 35 years, with blood
pressure, anthropometric measurements (weight and body
mass index), and biochemical parameters (glucose, lipid
profile, transaminases, urea, and creatinine) within normal
values, were recruited from Federal University of Santa
Maria and gave their written consent to participate in the
study (Figure 1). The study was conducted according to
Declaration of Helsinki, and the study protocol was ap-
proved by the local ethics committee (CAAE number:
68801917.0.0000.5346). Volunteers with alcohol/cigarette/
drug addiction, dyslipidemia, diabetes, hypertension, can-
cer, and recent inflammatory and infectious diseases were
excluded from the study. Participants that were using
medications, except oral contraceptives, were also excluded.

2.2. Study Protocol. The health status of the participants was
assessed at entry, by a questionnaire (initial screening),
anthropometric measurements, and blood biochemical
analysis (glucose, lipid profile, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), urea, and creat-
inine). Healthy subjects were included in the study and
instructed to follow their usual diet, avoiding excessive or
unusual consumption of alcoholic beverages, fatty foods,
annatto/carotenoid-containing food, or another unusual
food during the study. The intervention period comprised
one to three weeks of the washout period, followed by one
week of treatment. All subjects received the four treatments
during the study in different periods, resulting in 2 months
of participation. Each treatment was composed of a daily
capsule of placebo or 0.05mg/kg of body weight (b.w.) of
bixin, norbixin, or lycopene. Participants received seven
capsules per treatment, corresponding to one week of
treatment, and were instructed to take one capsule per day,
preferably at breakfast. A Latin square crossover design was
used. Four treatment sequences were chosen to yield a
balanced design that was uniform both within periods and
within sequences, and each treatment preceded every other
treatment only once (Figure 2). Treatments were coded (A,
B, C, and D), and sequences were randomly distributed
among volunteers (Figure 2). Both volunteers and analysts
had no knowledge of drawn sequences.

The dose of carotenoids chosen for this clinical trial
(0.05mg/kg b.w.) is 10 times lower than the acceptable daily
intake (ADI) of lycopene (0.5 mg/kg b.w.), which was the
carotenoid that had the lowest ADI value compared to bixin
and norbixin (ADI: 6 and 0.3mg/kg b.w., respectively)
[20, 21]. This dose is lower than recently used by our group
for a single dose study of annatto carotenoids in humans
(0.06 and 1.2mg/kg b.w. for norbixin and bixin, re-
spectively) [19] since we would be assessing the effect of
multiple doses.

Two 12h fasting blood collections (30 mL) were per-
formed for each treatment: at baseline (Day 0) and one day
after consumption of the last capsule (Day 7). Blood was
collected from the basilic or median cubital vein puncture
using vacuum tubes-containing EDTA for the collection of
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Assessed for eligibility (n = 21)

Excluded (n = 3)
(i) Not meeting inclusion criteria (n = 1)

A 4

(ii) Declined to participate (n = 1)
(iii) Other reasons (n = 1)

Randomized (n = 18)

Allocated to intervention (n = 18)
(i) Received allocated intervention (n = 18)
(ii) Did not receive allocated intervention (n = 0)

Exclusion (n = 2)
(i) Excluded due to infectious disease
development (n = 1)
(ii) Quit for reason not specified (n = 1)

Total number enrolled in treatments (bixin,
norbixin, lycopene, and placebo) = 16

Figure 1: Consort flow diagram of recruitment, allocation, randomization, and retention of volunteers.

Washout
(1 week)

Washout
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Treatment
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(1 week)

Washout
(1 week)

Treatment sequence

Number of volunteers

LYC - BIX - NBIX - placebo
BIX - placebo - LYC - NBIX

NBIX - LYC - placebo - BIX
Placebo - NBIX - BIX - LYC

4
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4

FIGURE 2: Representative figure of treatment sequence followed by volunteers.

plasma and red blood cells (RBC) and without anticoagulant
for serum collection. LDL isolation, oxygen radical absor-
bance capacity (ORAC), AOPP, and malondialdehyde
(MDA) measurements were completed using plasma sam-
ples, whereas antioxidant enzymes activity and the ratio of
reduced glutathione (GSH) to oxidized glutathione (GSSG)
levels were evaluated in RBC samples. Serum samples were
used to evaluate biochemical parameters and nitric oxide
metabolites (NOx) levels. At Days 0 and 7, blood collections
were made between 7 a.m. and 9 a.m., after fasting for 12 h.

2.3. Carotenoid Preparation and Quantification. Christian
Hansen of Brazil (Valinhos, SP, Brazil) provided food grade
annatto powder and bixin alkaline extract, which were used
in this study. Annatto powder had a high content of bixin
(30%) and was used for the bixin treatment. Norbixin
powder was obtained from the bixin alkaline extract,
through acid precipitation [22] and lyophilization, to obtain
a powder formulation containing 42% norbixin. Lycopene
powder (10% of lycopene) was obtained from Galena
Chemistry and Pharmaceutical Ltda (Campinas, SP, Brazil).



The placebo was composed of crude maize starch. Powders
were manually encapsulated using an analytical balance and
capsules, size 1, where the capsule content was varied based
on the weight of the individual (dose =0.05 mg carotenoid/
kg b.w.).

The concentrations of bixin, norbixin, and lycopene
powder were checked by spectrophotometry using the re-
spective  molar extinction coefficients for  bixin
(&470nm =2826), norbixin (&453,m =3473), and lycopene
(€472nm = 3450) [23, 24]. Thereafter, carotenoids of bixin and
norbixin powders were identified by high-performance
liquid chromatography (HPLC) coupled to a photodiode
array detector (PDA). Bixin and norbixin were diluted in the
mobile phase, filtered in 0.22 ym pore membrane, and in-
jected (20uL) in an HPLC-PDA (CBM-20A Prominence,
Shimadzu LC) coupled to a Synergi 4um hydro RP 80A
column (250 x4.6 mm, Phenomenex, Torrance, USA).
Samples were run at 0.9 mL/min using the following gra-
dient: 70% A :30% B for 10 min, 95% A:5% B for 10 min,
and 70% A:30% B for 10 min, where mobile phase A was
acetonitrile containing 2% formic acid and mobile phase B
was water containing 2% formic acid. Compounds were
identified by comparing the PDA spectra and peak retention
time with authentic standards and literature data. Annatto
carotenoids were quantified at 460 nm using standard curves
of bixin and norbixin.

2.4. Anthropometric Parameters. Body weight, body height,
and waist circumference (WC) were determined during the
screening of volunteers. Body weight (kg) was measured
using a portable digital balance. Body height (meters) was
verified in the erect individual, with heels together and head
and gluteus in contact with a portable stadiometer. WC was
determined below the last rib, according to the Anthropo-
metric Standardization Reference Manual [25]. These pa-
rameters were accompanied during study intervention but
did not show any changes (data not shown).

2.5. Biochemical Parameters. Colorimetric Kkits (Labtest,
Lagoa Santa, MG, Brazil) were used to determine serum
levels of glucose, total cholesterol (TC), high-density
lipoprotein-cholesterol (HDL-C), low-density lipoprotein-
cholesterol (LDL-C), very low-density lipoprotein-
cholesterol (VLDL-C), triglycerides (TG), AST, ALT, urea,
and creatinine in a Labmax 100 semiautomatic analyzer, and
hemoglobin levels in a spectrophotometer. Serum VLDL-C
was estimated through TG levels, and the Friedewald for-
mula was used to calculate serum LDL-C. The atherogenic
index was determined by the ratio between non-HDL-C and
HDL-C.

2.6. LDL Isolation and Ex Vivo Oxidation Induced by Copper.
LDL was isolated from the fresh plasma samples by dis-
continuous density gradient ultracentrifugation [26]. EDTA,
sucrose, and KBr were added to avoid LDL aggregation and
to form density gradient. LDL particles (yellow/orange
band) were collected and dialyzed for 16h at 4°C in
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phosphate-buffered saline. The protein content of LDL
particles was determined [27], and oxidation susceptibility
assays of LDL were performed in sequence, using Cu** to
induce oxidation.

Isolated LDL particles (50 ug protein/mL) were in-
cubated with 10 uM of CuSO, in 10 mM phosphate buffer,
pH=7.4, at 37°C by 10 min, and then the oxidation of the
LDL lipid moiety was monitored by assessing the for-
mation of conjugated dienes (CD) at 234 nm during 6.5h
at 37°C, in a microplate reader [28]. Data obtained were
used to calculate the lag phase and CD oxidation rate. Lag
phase was estimated by the intercept between the time axis
and the tangent of the slope of the CD absorbance curve
during the propagation phase. The slope of the CD ab-
sorbance curve was used to calculate the CD oxidation
rate.

The oxidation of the LDL protein moiety was analyzed
by the loss of tryptophan (Trp) fluorescence, which de-
creases due to the oxidation of amino acid residues in
apolipoprotein B-100 (ApoB-100). Isolated LDL particles
(50 ug protein/mL) were incubated with 3.3 uM CuSO, in
10 mM phosphate bufter, pH=7.4, at 37°C by 10 min, and
thereafter, the loss of Trp fluorescence was monitored
(excitation at 282 nm and emission at 331 nm) during 6.5h
at 37°C [29], in a microplate reader. Fluorescence mea-
surements were used to calculate the time necessary to lose
50% of Trp fluorescence (Tyiax/2)-

2.7. Biomarkers of Oxidative Stress. Lipid peroxidation
product, MDA, was evaluated in plasma samples that were
derivatized with thiobarbituric acid and then analyzed by
HPLC-UV/Vis, using a Zorbax ODS C18 5um column
(250 x 4.6 mm, Agilent, Santa Clara, USA) [30]. Plasma,
serum, and RBC end-point/kinetic UV/VIS and fluores-
cence spectrophotometry assays were completed in a
microplate reader. Plasma AOPP levels were measured at
340 nm [31]. A Griess reaction was performed to evaluate
NOx levels, in serum, at 540 nm [32]. Plasma antioxidant
capacity was analyzed by the ORAC assay that uses 2,2'-
azobis(2-amidinopropane)dihydrochloride (AAPH) as
the source of peroxyl radicals and fluorescence spectro-
photometry (excitation at 485nm and emission at
528 nm) [33]. GSH and GSSG were determined in the RBC
fraction through an ortho-phthalaldehyde reaction by
fluorescence spectrophotometry (emission at 350 nm and
excitation at 420nm), using N-ethylmaleimide com-
plexation to prevent GSH from interfering with GSSG
measurements [34]. Data were expressed as the GSH/
GSSG ratio. The activity of antioxidant enzymes was
assessed in RBC samples, and the results were normalized
by the hemoglobin (Hb) content. Superoxide dismutase
(SOD) activity was assessed by the inhibition of epi-
nephrine autoxidation at 480 nm [35], whereas catalase
(CAT) activity was quantified by the decomposition of
hydrogen peroxide at 240 nm [36]. Glutathione peroxi-
dase (GPx) and glutathione reductase (GR) were de-
termined at 340 nm, through NADPH oxidation, using
specific substrates [37, 38].
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2.8. Statistical Analysis. 'The number of participants required
for this study (16 subjects) was calculated using a power
analysis to detect 25% difference among means, considering
a standard deviation of 20% [39-41], alpha error of 0.05, and
power of 0.8 (80%), using an one-way analysis of variance
(ANOVA) hypothesis test.

Data were expressed as delta values between final and
baseline values (Day 7 value-Day 0 value) + standard error.
To verify normality and homogeneity, the data were sub-
mitted to the Shapiro-Wilk and Levene tests. The one-way
ANOVA and Duncan post hoc test were performed to
compare deltas values. The associations between variables
were assessed by Pearson’s correlation analysis. Differences
were considered significant when p<0.1. All statistical
analysis was completed using Statistica® version 9.0 software
system (StatSoft, Inc., 2004).

3. Results

Twenty-one volunteers meet the inclusion criteria for the
study, but three were excluded because of health problems
(exclusion criteria) or other reasons (Figure 1). Eighteen
participants were included in the study, but two participants
abandoned the study due to an infections disease or other
reasons. Thus, 16 participants completed this randomized,
placebo-controlled crossover trial. The volunteers’ baseline
characteristics are shown in Table 1. Serum glucose levels,
lipid profile, markers of renal and hepatic function, an-
thropometric measurements, and blood pressure were
within normal values.

Baseline and final serum biochemical parameters are
summarized in Table 2. Daily supplementation with lyco-
pene or annatto carotenoids for one week did not change
serum glucose or lipid profile nor did it change the markers
of hepatic (AST and ALT) or renal (urea and creatinine)
function. Glucose, TC, HDL-C, LDL-C, VLDL-C, TG, AST,
ALT, creatinine, and urea levels remained within normal
levels after the treatment. Likewise, the atherogenic index of
plasma, which is a strong predictor of the risk of athero-
sclerosis and coronary heart disease, did not show alterations
during the study.

The oxidation of LDL induced by Cu®" ex vivo was
assessed to determine LDL susceptibility to oxidative insults,
which may play a key role in the first steps of atherosclerosis
(Figure 3). The oxidation of the LDL protein moiety was
assessed as the loss of Trp fluorescence and was expressed as
Tnmaxy2- CD formation, which characterized the oxidation of
the lipid moiety of LDL, was evaluated as the initial lag phase
time (Lag phase) and the maximal formation rate of CD
(oxidation rate). Greater susceptibility to oxidation is in-
dicated by lower values of Tyax/, and lag phase time and
higher values of oxidation rate. Dietary supplementation
with carotenoids did not affect Tyiax/» (Figure 3(a)) or lag
phase time (Figure 3(b)) values. However, bixin supple-
mentation reduced the CD oxidation rate compared to
placebo (Figure 3(c), p<0.1), whereas lycopene and nor-
bixin supplementation had no effect.

The oxidative stress status was analyzed by AOPP, MDA,
and NOx levels, in addition to GSH/GSSG ratio and ORAC

TABLE 1: Baseline characteristics of 16 volunteers enrolled in the
randomized, controlled clinical trial.

Population Reference
Parameters
(n=16) values
Age (years) 25.4+0.8 —
Weight (kg) 66.5+2.2 —
Height (m) 1.71+0.03 —
8 males/8
Sex _
females

L Men < 94.0
Waist circumference (cm) 80.9+2.1 Women < 80.0
Systolic blood pressure 1104 0.5 <120
(mmHg)
Diastolic blood pressure 80+ 0.4 <80
(mmHg)
Body mass index (kg/cm?) 226+0.7 18.5-24.9
ALT (U/L) 19.0+2.0 <45.0
AST (U/L) 18.7+1.6 <35.0
TC (mg/dL) 179.6 + 6.9 <190.0
HDL-C (mg/dL) 52.0+4.3 >40.0
LDL-C (mg/dL) 110.1 +4.9 <130.0
TG (mg/dL) 87.4+124 <150.0
Glucose (mg/dL) 92.5+24 60.0-100.0
Creatinine (mg/dL) 1.15+0.06 04-14
Urea (mg/dL) 28.7+1.7 10-50.0

Values are expressed as mean + SEM. ALT, alanine aminotransferase; AST,
aspartate aminotransferase; TC, total cholesterol; HDL, high-density li-
poprotein; LDL, low-density lipoprotein; TG, triglycerides.

values (Figure 4). Plasma protein oxidation, assessed by
AQPP levels (Figure 4(a)), had a slight decrease in all groups,
including placebo during the treatment, but no differences
were detected among treatments. Carotenoid treatments
also did not cause significant changes in plasma lipid oxi-
dation (MDA levels) (Figure 4(b)). Nitric oxide was in-
directly assessed by the levels of their metabolites nitrite and
nitrate (NOx assay) because it has a short half-life. Bixin
supplementation significantly reduced NOx levels compared
to the placebo treatment (Figure 4(c), p = 0.073). MDA and
serum antioxidant capacity assessed by ORAC values
(Figure 4(d)) and the GSH/GSSG ratio (Figure 4(e)) were
not changed by any carotenoid treatment compared to the
placebo group.

The activity of antioxidant enzymes from RBC was
assessed as a marker of enzymatic antioxidant defenses
(Figure 5). RBC SOD activity decreased during the in-
tervention period, but no difference was observed among
treatments. RBC CAT and GPx activities also did not differ
among treatments. Interestingly, lycopene supplementation
reduced RBC GR activity compared to the placebo treat-
ment, whereas bixin and norbixin had no effect.

There was a significant positive relationship between the
changes in NOx levels and the CD oxidation rate of LDL
particles after treatment (r=0.391, p = 0.007; Figure 6).

4, Discussion

In this study, the effect of short-term, 1-week supplemen-
tation with bixin or norbixin was investigated for the first
time, regarding the resistance of LDL-C to Cu**-induced
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values between final and baseline values. Different letters indicate a significant difference among treatments (p <0.1).

oxidative modifications and biochemical and oxidative stress
biomarkers in a young healthy population, using lycopene
supplementation as a positive control. The short-term
supplementation with carotenoids did not modify bio-
chemical biomarkers or most of the oxidative stress markers
evaluated. The highlight of our study was the ability of bixin
to decrease the oxidation rate of LDL lipid moiety induced
by Cu®* ex vivo, which was parallel to the decrease in NOx
levels.

Several studies demonstrated the positive association
between dietary intake of lycopene-rich foods and decreased
risk of cardiovascular diseases [42]. A recent meta-analysis
confirmed that the short-term (1-6 months) intake of to-
mato products (70-400 g/day) can reduce LDL-C levels,
blood pressure, and inflammatory factors [14]. The effect of
annatto carotenoids on lipid metabolism has been studied in
various animal models. Long-term treatment with bixin has
been demonstrated to improve HDL-C levels and decrease
atherogenic index in hypercholesterolemic rabbits [18], in
addition to reducing LDL-C and TG levels in diabetic rats
[17]. In our study, the short-term supplementation with low
doses of lycopene or annatto carotenoids was not able to
change the serum lipid profile or glycemia. These findings
are in accordance with a single-dose study in humans, where

bixin and norbixin intake, with a high calorie meal, did not
change the postprandial serum lipid profile or glycemia [19].
In the same way, lycopene-enriched tomato sauce con-
sumption for 4 weeks by healthy young subjects also did not
improve TC, TG, HDL-C, and glucose levels [43]. In fact, the
lipid-lowering effect of tomato products appears to depend
on the supplementation time, as a minimum of 4 weeks
appears to be required to observe effects in metabolic-
syndrome patients, marathon-runners, overweight, and
healthy subjects. Moreover, various studies found lipid-
lowering effects for lycopene-containing food products
that also contained other bioactive compounds, but not for
lycopene alone [14].

Although we used short-term supplementation with
carotenoids at doses lower than their ADI values, we
monitored potential changes in hepatic and renal function
during supplementation. As expected, carotenoid treatment
did not alter aminotransferases activity or creatinine and
urea levels, confirming the safety of this dose.

Hypercholesterolemia, mainly LDL accumulation, has
an important role in atherosclerosis development [44]. LDL
particles can infiltrate the arterial wall and undergo oxidative
modifications in lipids and ApoB100 (ox-LDL), which en-
ables the uptake of ox-LDL particles by macrophages [45].
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RS generated by enzymes such as NADPH oxidase, xanthine
oxidase, and lipooxygenases can promote LDL oxidation in
the vascular wall [4, 46]. Transition metals, such as copper,
may also be involved in LDL oxidation in vivo, and thus in
vitro methodologies simulate this condition using Cu** to
induce LDL oxidation [47, 48]. Cu**-induced LDL oxidation
comprises an initial phase characterized by antioxidant
consumption and minimal lipid peroxidation, which is
followed by a propagation phase characterized by extensive

peroxidation of polyunsaturated fatty acids and ApoB100
fragmentation [9].

Carotenoids, such as lycopene, astaxanthin, and lutein,
have been shown to decrease ox-LDL formation due to its
antioxidant action [10]. Tomato juice and ketchup con-
sumption have been demonstrated to increase the resistance
of LDL against Cu®*-induced oxidation in healthy subjects
[49]. However, other studies found no effect of lycopene,
demonstrating that lycopene benefits are still unclear [50]. In
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the present study, lycopene or norbixin supplementation did
not improve LDL resistance to Cu’**-induced oxidation.
However, bixin intake reduced the CD oxidation rate of
LDL, although it was not able to attenuate the oxidation of
the protein moiety or increase the lag phase for the oxidation
of the lipid moiety of LDL.

The resistance of LDL to oxidation in ex vivo assays may
be influenced by LDL composition [51]. The lag phase for the
ex vivo oxidation of the lipid moiety is enhanced by LDL-
antioxidant content, while the propagation phase can be
modified by the content of preformed lipid hydroperoxides
(LOOH) [51]. The Cu**-induced oxidation of LDL is de-
pendent on the presence of LOOH, which has an important
role in the propagation phase [52]. Therefore, in vitro LOOH
removal prevents LDL from oxidation induced by Cu®* and
other agents [53]. Thus, we believe that the bixin effect on the
CD oxidation rate may be related to reduction of LOOH
formation in LDL particles during the supplementation
period.

LDL peroxidation and, consequently, LOOH formation,
is promoted by RS generated by macrophages, endothelial,
and smooth muscle cells [54]. Hydrogen peroxide, O, *, the
hydroxyl radical, and ONOO™ are RS involved in this
process [46]. ONOQ™ is a potent oxidant that can be formed
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FIGURE 6: Relationship between serum NOx levels and the oxidation
rate of the lipid moiety of LDL particles ex vivo. NOx: nitric oxide
metabolites (nitrite and nitrate); LDL: low-density lipoprotein.

by the reaction between NO and O, at the physiological
pH, while in the presence of H', peroxynitrous acid
(ONOOH) is generated and can be decomposed yielding
products that also have a role in lipid peroxidation [5].
Different mechanisms are involved in O, ° production [4],
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whereas NO is generated by three NO synthase isoforms that
use L-arginine as a substrate [55]. eNOS and iNOS have a
relationship with cardiovascular pathophysiology, but only
iNOS activity is associated with ONOO™ generation, oxi-
dative damage, and proatherosclerotic effects [55].

In vitro studies have shown that lutein [56], 3-carotene
[57], and astaxanthin [58] inhibit iNOS expression in
macrophage cells via downregulation of the NF«xB pathway.
Reduced expression of iNOS leads to decrease in NO levels
[58]. Previous data from our research group has shown that
bixin inhibits the protein expression of iNOS in macro-
phages exposed to oxLDL (Somacal et al., unpublished data)
and reduces increased protein oxidation and NOx levels in
diabetic rats [17]. In the present study, dietary supple-
mentation with bixin reduced serum NOx levels compared
to placebo, whereas norbixin and lycopene had no effect. We
also observed a positive correlation between NOx levels and
the CD oxidation rate of LDL. Thus, we propose that the
increased resistance of LDL to oxidation triggered by bixin
supplementation is underlined by the reduction of NOx
levels, possibly mediated by the inhibition of iNOS ex-
pression. Lower NOx levels are expected to decrease
ONOO™ and LOOH level in LDL particles.

The control of oxidative stress, either by reduction in RS
generation or by its detoxification, is an important event to
prevent atherosclerosis development. Beyond the LDL
“challenge test” and NOx levels, other oxidative stress
biomarkers such as AOPP, MDA, the GSH/GSSG ratio, and
ORAC levels can also estimate oxidative stress in vivo.
Despite the antioxidant capacity of carotenoids, lutein
supplementation in new born infants did not change AOPP
levels [59], which in addition to being a protein oxidation
biomarker, also plays a proinflammatory action [8]. MDA
levels reveal the extension of oxidative damage to lipids.
Despite evidence that carotenoids can protect lipids from RS,
some clinical trials, especially with lycopene, demonstrated
that lycopene supplementation is not related to the re-
duction of MDA levels [60]. While AOPP and MDA levels
indicate protein and lipid oxidation, the GSH/GSSG ratio
estimates the redox status [61], whose imbalance is asso-
ciated with early atherosclerosis development [62]. Some
carotenoids such as f-carotene, astaxanthin, and lutein have
been shown to improve cell redox status by increasing GSH
levels [63]; however, the effect of lycopene consumption
have conflicting results in antioxidant capacity assessments,
such as the plasma ORAC assay [64]. In the present study,
carotenoid treatment did not affect AOPP, MDA, or ORAC
values nor did it affect the GSH/GSSG ratio. Although a
previous study demonstrated that a single dose of norbixin
reduces the postprandial lipid oxidation triggered by a high
calorie meal in humans [19], whereas bixin and norbixin
have been shown to attenuate lipid and protein oxidation in
animal models [17, 18, 65], this is the first study on the effect
of annatto carotenoids on the GSH/GSSG ratio and plasma
ORAC.

Antioxidant enzymes such as SOD, CAT, GPx, and GR
help endogenous and exogenous nonenzymatic antioxidants
to protect against oxidative damage, by converting RS into
less reactive species and water or by regenerating endogenous

Journal of Nutrition and Metabolism

antioxidants, namely, GSH [6]. Animal and human studies
have shown that lycopene consumption increases the ac-
tivity of antioxidant enzymes [63]. In addition, bixin and
norbixin increased antioxidant enzymes activity in animal
models of diabetes and atherosclerosis [17, 18], while bixin
upregulated gene expression of SOD and CAT in a mouse
model of diabetic cardiomyopathy [66]. However, only
norbixin has increased the postprandial activity of GPx in
humans after the concomitant intake with a high calorie
meal [19]. The short-term dietary supplementation with
lycopene, bixin, or norbixin did not change SOD, CAT, or
GPx activities. The interspecies differences and differences in
the intervention time and dose may explain the absence of
the effect. However, there was a reduction in GR activity
after lycopene supplementation, which may be an adaptive
response to a lower requirement of antioxidant enzymatic
defenses due to the increase in nonenzymatic defenses.

5. Conclusion

Short-term oral supplementation of lycopene or norbixin
did not affect biochemical parameters or oxidative stress
biomarkers in healthy subjects. However, bixin supple-
mentation reduced the oxidation rate of the lipid moiety of
LDL particles in a Cu**-induced ex vivo assay, probably due
to the reduction of NOx levels. Thus, we propose that bixin
supplementation could prevent early oxidative modifica-
tions in LDL, which is a key event in the development of
atherosclerosis.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Disclosure

Part of this study was previously published as abstracts in
scientific meetings [67, 68].

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was financed in part by the Coordenagdo de
Aperfeigoamento de Pessoal de Nivel Superior, Brazil
(CAPES) (grant number 001), and Fundagido de Amparo a
Pesquisa do Estado do Rio Grande do Sul (FAPERGS) (grant
17/2551-0000949-5). The authors are thankful to Dr. Carlos
Fernando de Mello and Dr. Felix Antunes Soares for
allowing the use of microplate readers.

References

[1] A. D. van Dam, M. R. Boon, J. F. P. Berbée, P. C. N. Rensen,
and V. van Harmelen, “Targeting white, brown and peri-
vascular adipose tissue in atherosclerosis development,” Eu-
ropean Journal of Pharmacology, vol. 816, pp. 82-92, 2017.



Journal of Nutrition and Metabolism

(2]

(3]

(7]

(8]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

I. Tabas, G. Garcia-Cardefia, and G. K. Owens, “Recent in-
sights into the cellular biology of atherosclerosis,” Journal of
Cell Biology, vol. 209, no. 1, pp. 13-22, 2015.

K.-H. Park and W. J. Park, “Endothelial dysfunction: clinical
implications in cardiovascular disease and therapeutic ap-
proaches,” Journal of Korean Medical Science, vol. 30, no. 9,
pp. 12131225, 2015.

H. Li, S. Horke, and U. Forstermann, “Vascular oxidative
stress, nitric oxide and atherosclerosis,” Atherosclerosis,
vol. 237, no. 1, pp. 208-219, 2014.

H. Yoshida and R. Kisugi, “Mechanisms of LDL oxidation,”
Clinica Chimica Acta, vol. 411, no. 23-24, pp. 1875-1882, 2010.
A. M. Pisoschi and A. Pop, “The role of antioxidants in the
chemistry of oxidative stress: a review,” European Journal of
Medicinal Chemistry, vol. 97, pp. 55-74, 2015.

W. Cao, F. F. Hou, and J. Nie, “AOPPs and the progression of
kidney disease,” Kidney International Supplements, vol. 4,
no. 1, pp. 102-106, 2014.

J. Z. Klafke, F. G. Porto, R. Batista et al., “Association between
hypertriglyceridemia and protein oxidation and proin-
flammatory markers in normocholesterolemic and hyper-
cholesterolemic individuals,” Clinica Chimica Acta, vol. 448,
pp. 50-57, 2015.

R. Salvayre, A. Negre-Salvayre, and C. Camaré, “Oxidative
theory of atherosclerosis and antioxidants,” Biochimie,
vol. 125, pp. 281-296, 2016.

G. Riccioni, L. Speranza, M. Pesce, S. Cusenza, N. D’Orazio,
and M. J. Glade, “Novel phytonutrient contributors to anti-
oxidant protection against cardiovascular disease,” Nutrition,
vol. 28, no. 6, pp. 605-610, 2012.

E. M. Yahia, J. J. Ornelas-Paz, T. Emanuelli, E. J. Lopes,
L. Q. Zepka, and B. Cervantes-Paz, “Chemistry, stability and
biological actions of carotenoids,” in Fruit and Vegetable
Phytochemicals: Chemistry and Human Health, pp. 285-346,
John Wiley & Sons, Hoboken, NJ, USA, 2017.

T. Emanuelli, P. R. Augusti, and M. Roehrs, “Protective effects
of carotenoids in cardiovascular disease and diabetes,” in Fruit
and Vegetable Phytochemicals: Chemistry and Human Health,
pp. 347-382, John Wiley & Sons, Hoboken, NJ, USA, 2017.
J. Costa-Rodrigues, O. Pinho, and P. R. R. Monteiro, “Can
lycopene be considered an effective protection against car-
diovascular disease?,” Food Chemistry, vol. 245, pp. 1148-
1153, 2018.

H. M. Cheng, G. Koutsidis, J. K. Lodge, A. Ashor, M. Siervo,
and J. Lara, “Tomato and lycopene supplementation and
cardiovascular risk factors: a systematic review and meta-
analysis,” Atherosclerosis, vol. 257, pp. 100-108, 2017.

S. Tao, S. L. Park, M. R. de la Vega, D. D. Zhang, and
G. T. Wondrak, “Systemic administration of the apocar-
otenoid bixin protects skin against solar UV-induced damage
through activation of NRF2,” Free Radical Biology and
Medicine, vol. 89, pp. 690-700, 2015.

N. Martins, C. L. Roriz, P. Morales, L. Barros, and
I. C. E. R. Ferreira, “Food colorants: challenges, opportunities
and current desires of agro-industries to ensure consumer
expectations and regulatory practices,” Trends in Food Science
& Technology, vol. 52, pp. 1-15, 2016.

M. Roehrs, C. G. Figueiredo, M. M. Zanchi et al., “Bixin and
norbixin have opposite effects on glycemia, lipidemia, and
oxidative stress in streptozotocin-induced diabetic rats,” In-
ternational Journal of Endocrinology, vol. 2014, Article ID
839095, 10 pages, 2014.

S. Somacal, C. G. Figueiredo, A. Quatrin et al., “The anti-
atherogenic effect of bixin in hypercholesterolemic rabbits is

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

11

associated to the improvement of lipid profile and to its
antioxidant and anti-inflammatory effects,” Molecular and
Cellular Biochemistry, vol. 403, no. 1-2, pp. 243-253, 2015.
M. Roehrs, L. Conte, D. T. da Silva et al., “Annatto carotenoids
attenuate oxidative stress and inflammatory response after
high-calorie meal in healthy subjects,” Food Research In-
ternational, vol. 100, pp. 771-779, 2017.

ESFA, The Safety of Annatto Extracts (E 160b) as a Food
Additive, ESFA, Coventry, UK, 2016.

ESFA, Statement on the Divergence between the Risk Assess-
ment of Lycopene by EFSA and the Joint FAO/WHO Expert
Committee on Food Additives (JECFA), ESFA, Coventry, UK,
2010.

J. A. B. dos Santos, “Andlise comparativa entre técnicas de
processamentos para extragdo de pigmentos nas sementes de
urucum,” M.S. thesis, Federal University of Campina Grande,
Campina Grande, Brazil, 2007.

A. Z. Tocchni and L. Mercadante, “Extragdo e determinagdo,
por CLAE, de bixina e norbixina em colorificos,” Ciéncia e
Tecnologia de Alimentos, vol. 21, no. 3, pp. 310-313, 2001.

I. L. Nunes and A. Z. Mercadante, “Obtencéo de cristais de
licopeno a partir de descarte de tomate,” Ciéncia e Tecnologia
de Alimentos, vol. 24, no. 3, pp. 440-447, 2004.

T. Lohman, A. Roche, and R. Martorell, Anthropometric
Standardization Reference Manual, Human Kinetics Pub-
lishers, Champaign, IL, USA, 1988.

E. L. da Silva, T. Tsushida, and J. Terao, “Inhibition of
mammalian 15-lipoxygenase-dependent lipid peroxidation in
low-density lipoprotein by quercetin and quercetin mono-
glucosides,” Archives of Biochemistry and Biophysics, vol. 349,
pp. 313-320, 1998.

O. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall,
“Protein measurement with the Folin phenol reagent,” Journal
of Biological Chemistry, vol. 193, no. 1, pp. 265-275, 1951.
S. P. Gieseg and H. Esterbauer, “Low density lipoprotein is
saturable by pro-oxidant copper,” FEBS Letters, vol. 343, no. 3,
pp. 188-194, 2001.

A. Giessauf, E. Steiner, and H. Esterbauer, “Early destruction
of trytophan residues of apoliprotein B is a vitamin E-in-
dependent process during copper-mediated oxidation of
LDL,” Biochimica et Biophysica Acta (BBA)-Lipids and Lipid
Metabolism, vol. 1256, no. 2, pp. 221-232, 1995.

D. Grotto, L. D. Santa Maria, S. Boeira et al., “Rapid quan-
tification of malondialdehyde in plasma by high performance
liquid chromatography-visible detection,” Journal of Phar-
maceutical and Biomedical Analysis, vol. 43, no. 2, pp. 619-
624, 2007.

V. Witko-Sarsat, M. Friedlander, C. Capeillére-Blandin et al.,
“Advanced oxidation protein products as a novel marker of
oxidative stress in uremia,” Kidney International, vol. 49,
no. 5, pp. 1304-1313, 1996.

K. M. Miranda, M. G. Espey, and D. A. Wink, “A rapid, simple
spectrophotometric method for simultaneous detection of
nitrate and nitrite,” Nitric Oxide, vol. 5, no. 1, pp. 62-71, 2001.
A. V. Leite, L. G. Malta, M. F. Riccio, M. N. Eberlin,
G. M. Pastore, and M. R. Marostica Junior, “Antioxidant
potential of rat plasma by administration of freeze-dried ja-
boticaba peel (Myrciaria jaboticaba Vell Berg),” Journal of
Agricultural and Food Chemistry, vol. 59, no. 6, pp. 2277-
2283, 2011.

P. J. Hissin and R. Hilf, “A fluorometric method for de-
termination of oxidized and reduced glutathione in tissues,”
Analytical Biochemistry, vol. 74, no. 1, pp. 214-226, 1976.



12

[35] H. P. Misra and L. Fridovich, “Substances of low molecular
weight: the role of superoxide anion in the autoxidation of
epinephrine and a simple assay for superoxide dismutase,”
Journal of Biological Chemistry, vol. 247, no. 10, pp. 3170-
3175, 1972.

[36] H. Aebi, “[13] catalase in vitro,” Methods in Enzymology,
vol. 105, pp. 121-126, 1984.

[37] D.E. Paglia and W. N. Valentine, “Studies on the quantitative
and qualitative characterization of erythrocyte glutathione
peroxidase,” Journal of Laboratory and Clinical Medicine,
vol. 70, no. 1, pp- 158-169, 1967.

[38] I. Carlberg and B. Mannervik, “Purification glutathione and
characterization of the flavoenzyme reductase from rat liver,”
Journal of Biological Chemistry, vol. 250, no. 14, pp. 5475-
5480, 1975.

[39] D. P. Argari, V. B. Porto, E. R. V. Rodrigues et al., “Effect of
mate tea (Ilex paraguariensis) supplementation on oxidative
stress biomarkers and LDL oxidisability in normo- and
hyperlipidaemic humans,” Journal of Functional Foods, vol. 3,
no. 3, pp. 190-197, 2011.

[40] Y. Wan, J. A. Vinson, T. D. Etherton, J. Proch, S. A. Lazarus,
and P. M. Kris-Etherton, “Effects of cocoa powder and dark
chocolate on LDL oxidative susceptibility and prostaglandin
concentrations in humans,” American Journal of Clinical
Nutrition, vol. 74, no. 5, pp. 596-602, 2014.

[41] R. Jin, J. Welsh, N.-A. Le et al., “Dietary fructose reduction
improves markers of cardiovascular disease risk in Hispanic-
American adolescents with NAFLD,” Nutrients, vol. 6, no. 8,
pp. 3187-3201, 2014.

[42] M. Eggersdorfer and A. Wyss, “Carotenoids in human nu-
trition and health,” Archives of Biochemistry and Biophysics,
vol. 652, pp. 18-26, 2018.

[43] 1. Abete, A. Perez-Cornago, S. Navas-Carretero, I. Bondia-
Pons, M. A. Zulet, and J. A. Martinez, “A regular lycopene
enriched tomato sauce consumption influences antioxidant
status of healthy young-subjects: a crossover study,” Journal of
Functional Foods, vol. 5, no. 1, pp. 28-35, 2013.

[44] O.]. Lara-Guzman, A. Gil-Izquierdo, S. Medina et al., “Ox-
idized LDL triggers changes in oxidative stress and in-
flammatory biomarkers in human macrophages,” Redox
Biology, vol. 15, pp. 1-11, 2018.

[45] D. Steinberg and J. L. Witztum, “Oxidized low-density li-
poprotein and atherosclerosis,” Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 30, no. 12, pp. 2311-2316, 2010.

[46] H. N. Siti, Y. Kamisah, and J. Kamsiah, “The role of oxidative
stress, antioxidants and vascular inflammation in cardio-
vascular disease (a review),” Vascular Pharmacology, vol. 71,
pp. 40-56, 2015.

[47] A.Bayrak, T. Bayrak, E. Bodur, K. Kiling, and E. Demirpenge,
“The effect of HDL-bound and free PON1 on copper-induced
LDL oxidation,” Chemico-Biological Interactions, vol. 257,
pp. 141-146, 2016.

[48] M. R. Straliotto, M. A. Hort, B. Fiuza et al., “Diphenyl dis-
elenide modulates oxLDL-induced cytotoxicity in macro-
phage by improving the redox signaling,” Biochimie, vol. 95,
no. 8, pp. 1544-1551, 2013.

[49] M.-L. Silaste, G. Alfthan, A. Aro, Y. A. Kesidniemi, and
S. Horkko, “Tomato juice decreases LDL cholesterol levels and
increases LDL resistance to oxidation,” British Journal of
Nutrition, vol. 98, no. 6, pp. 1251-1258, 2007.

[50] B.Burton-Freeman, “Postprandial metabolic events and fruit-
derived phenolics: a review of the science,” British Journal of
Nutrition, vol. 104, no. 3, pp. 1-14, 2010.

Journal of Nutrition and Metabolism

[51] B. M. Winklhofer-Roob, G. Faustmann, and J. M. Roob,
“Low-density lipoprotein oxidation biomarkers in human
health and disease and effects of bioactive compounds,” Free
Radical Biology and Medicine, vol. 111, pp. 38-86, 2017.

[52] B. Frei and J. M. Gaziano, “Content of antioxidants, pre-
formed lipid hydroperoxides, and cholesterol as predictors of
the susceptibility of human LDL to metal ion-dependent and
-independent oxidation,” Journal of Lipid Research, vol. 34,
pp. 2135-2145, 1993.

[53] C. E. Thomas and R. L. Jackson, “Lipid hydroperoxide in-
volvement in copper-dependent and independent oxidation
of low density lipoproteins,” Journal of Pharmacology and
Experimental Therapeutics, vol. 256, no. 3, pp. 1182-1188,
1991.

[54] N.R. Madamanchi, A. Vendrov, and M. S. Runge, “Oxidative
stress and vascular disease,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 25, no. 1, pp. 29-38, 2005.

[55] U. Forstermann and W. C. Sessa, “Nitric oxide synthases:
regulation and function,” European Heart Journal, vol. 33,
no. 7, pp. 829-837, 2011.

[56] J.-H. Kim, H.-J. Na, C.-K. Kim et al., “The non-provitamin A
carotenoid, lutein, inhibits NF-kB-dependent gene expression
through redox-based regulation of the phosphatidylinositol 3-
kinase/PTEN/Akt and NF-kB-inducing kinase pathways: role
of H,O, in NF-xB activation,” Free Radical Biology and
Medicine, vol. 45, no. 6, pp. 885-896, 2008.

[57] S.-K. Bai, S.-J. Lee, H.-J. Na et al., “B-Carotene inhibits in-
flammatory gene expression in lipopolysaccharide-stimulated
macrophages by suppressing redox-based NF-«B activation,”
Experimental & Molecular Medicine, vol. 37, no. 4, pp. 323—
334, 2005.

[58] S.-J. Lee, S.-K. Bai, K.-S. Lee et al., “Astaxanthin inhibits nitric
oxide production and inflammatory gene expression by
suppressing IkB kinase-dependent NF-«kB activation,”
Moleculas and Cells, vol. 16, no. 1, pp. 97-105, 2003.

[59] S. Perrone, M. Tei, M. Longini et al,, “Lipid and protein
oxidation in newborn infants after lutein administration,”
Oxidative Medicine and Cellular Longevity, vol. 2014, Article
ID 781454, 7 pages, 2014.

[60] A.Kaulmann and T. Bohn, “Carotenoids, inflammation, and
oxidative stress-implications of cellular signaling pathways
and relation to chronic disease prevention,” Nutrition Re-
search, vol. 34, no. 11, pp. 907-929, 2014.

[61] D. Giustarini, G. Colombo, M. L. Garavaglia et al., “Assess-
ment of glutathione/glutathione disulphide ratio and S-glu-
tathionylated proteins in human blood, solid tissues, and
cultured cells,” Free Radical Biology and Medicine, vol. 112,
pp. 360-375, 2017.

[62] S. Ashfaq, J. L. Abramson, D. P. Jones et al., “The relationship
between plasma levels of oxidized and reduced thiols and early
atherosclerosis in healthy adults,” Journal of the American
College of Cardiology, vol. 47, no. 5, pp. 1005-1011, 2006.

[63] B. Kulczynski, A. Gramza-Michatowska, J. Kobus-Cisowska,
and D. Kmiecik, “The role of carotenoids in the prevention
and treatment of cardiovascular disease-current state of
knowledge,” Journal of Functional Foods, vol. 38, pp. 45-65,
2017.

[64] B. M. Burton-Freeman and H. D. Sesso, “Whole food versus
supplement: comparing the clinical evidence of tomato intake
and lycopene supplementation on cardiovascular risk fac-
tors,” Advances in Nutrition, vol. 5, no. 5, pp. 457-485, 2014.

[65] A. Rohini, N. Agrawal, H. Kumar, V. Nath, and V. Kumar,
“Norbixin, an apocarotenoid derivative activates PPARy in
cardiometabolic syndrome: validation by in silico and in vivo



Journal of Nutrition and Metabolism

[66]

(67]

(68]

experimental assessment,” Life Sciences, vol. 209, pp. 69-77,
2018.

Z. Xu and X.-Q. Kong, “Bixin ameliorates high fat diet-
induced cardiac injury in mice through inflammation and
oxidative stress suppression,” Biomedicine ¢ Pharmacother-
apy, vol. 89, pp. 991-1004, 2017.

A. Beni, R. Fritzsche, M. Roehrs et al., “Avalia¢do oxidativa e
da fragilidade osmética em eritrdcitos de individuos saudaveis
apos consumo semanal de licopeno,” in Proceedings of 2nd
Workshop on Bioactive Compounds & Food Quality, Santa
Maria, RS, Brazil, June 2018, http://wcba.ufsm.br/anais/
images/Anais2018.pdf.

R. F. Rodrigues, M. Roehrs, S. M. Nichelle et al., “Effect of
lycopene intake on the antioxidant defense and osmotic
fragility of erythrocytes,” in Proceedings of II Latin American
Congress of Clinical and Laboratorial Toxicology, Porto Alegre,
Brazil, June 2018, http://toxilatin2018.com/wp-content/
uploads/2018/07/Livro-de-Resumos-TOXI-LATIN-2018.pdf.

13


http://wcba.ufsm.br/anais/images/Anais2018.pdf
http://wcba.ufsm.br/anais/images/Anais2018.pdf
http://toxilatin2018.com/wp-content/uploads/2018/07/Livro-de-Resumos-TOXI-LATIN-2018.pdf
http://toxilatin2018.com/wp-content/uploads/2018/07/Livro-de-Resumos-TOXI-LATIN-2018.pdf

