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Abstract: The growing environmental spreading of food synthetic dyes and bio-colors have the
potential for altering organisms’ redox states. Here, three model species for aquatic pollution trials,
Cucumis sativus seeds, Artemia salina cysts, and Danio rerio embryos, were short-term exposed to a
fixed concentration of the artificial red E124, and two red bio-colors, cochineal E120, and vegan red
(VEGR). In the animal models, we evaluated the total reactive oxygen species (ROS) and the
susceptibility to in vitro oxidative stress, and in C. sativus, H2O: production and antioxidant
capacity. We also measured organismal performance indices (routine oxygen consumption in the
animal models, dark oxygen consumption, and photosynthetic efficiency in C. sativus). In C. sativus,
only E124 increased ROS and affected dark oxygen consumption and photosynthetic efficiency,
while all dyes enhanced the antioxidant defenses. In the A. salina nauplii, all dyes increased ROS,
while E120 and E124 reduced the susceptibility to oxidative stress. In D. rerio, treatments did not
affect ROS content, and reduced oxidative stress susceptibility. Our data show that red food dyes
affect the redox state of the developing organisms, in which ROS plays a significant role. We suggest
a potentially toxic role for red food dyes with environmentally relevant consequences.

Keywords: ROS; antioxidants; oxygen consumption; Artemia salina nauplii; Danio rerio embryos;
Cucumis sativus seedling

1. Introduction

The addition of dyes to food is an established practice introduced to overcome the
loss of original appearance and appeal upon food processing and preservation. Artificial
and animal-based dyes have dominated food color production for the last 100 years.
Currently, human and animal health concerns are attracting the attention of the food
industry on ‘bio-colors’ of vegetal origin such as betacyanins, anthocyanins, carotenoids,
and chlorophylls [1]. Vegetal bio-colors are usually fundamental compounds in plants for
their role as photosynthetic pigments or for preserving plant health [2]. They are
commonly extracted from fruits and vegetables and are considered safer and healthier
than the artificial dyes for their antioxidant and anti-inflammatory properties [3].
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Independently from their origin, the enormous and growing utilization of food dyes
[4] is increasing their release into the environment. The spreading of food dyes in water
bodies and watered soils is particularly worrying [5], as both artificial dyes and animal-
based bio-colors have a proven direct toxicity on aquatic or water-dependent organisms
[6,7]. Recently, it has been reported that also vegetal bio-colors may be dangerous due to
the possible formation of hazardous by-products [8].

A putative major source of damaging effects of food dye on living organisms is the
alteration of their redox state. Sub-lethal concentrations of synthetic and natural dyes may
stimulate the production of reactive oxygen species (ROS) in aquatic organisms, inducing
oxidative stress [6], a condition that can cause a wide spectrum of functional alterations,
from molecular (e.g., damaged proteins, lipids, and DNA) to tissue (e.g., enzyme activity
and substrate availability), and whole-body (e.g., metabolic rate, motility, etc.) levels [6,9—
12]. On the other hand, these pollutants might also interact with the detoxification
processes by modulating the antioxidant defenses [12,13].

In this context, it is relevant to evaluate the putative effects of artificial and natural
food dyes on the redox state of different species. The most suitable approach to assessing
the potential hazards of food dyes spreading in the environment is the simultaneous
analysis of model organisms belonging to different water-related environments, which
may exhibit a diverse sensitivity. We recently reported that a given concentration of
specific food dyes can be detrimental for one species and not others [7]. In the present
study, we aimed to compare two aquatic animals Artemia salina (marine invertebrate) and
Danio rerio (freshwater fish) with a plant species Cucumis sativus reared with dye-treated
water. Young, fast-growing developmental stages were used (nauplii, embryos, and
seedlings, respectively), which can be considered the most sensitive. The nauplii of
Artemia salina are a useful and accurate invertebrate model for applied toxicology,
especially for their resistance to manipulation and fast development [14,15]. Danio rerio,
commonly known as the zebrafish, is a widely used model organism for screening the
eco-toxicological effects induced by environmental pollutants [16-19] including artificial
dyes [7,9,20]. Finally, Cucumis sativus L. is a plant model organism, widely used to
evaluate the toxic effects of different types of pollutants, i.e., dyes, heavy metals, and
polycyclic aromatic hydrocarbons [7,21,22]. Cucumber seedlings are sensitive indicators
of soil pollution, including watering contamination [23].

The aim of this work was to compare three models for ROS levels, antioxidant
capacity, and organismal performance parameters (routine oxygen consumption and, for
C. sativus, also the photosynthetic efficiency) in response to food dyes. We focused the
attention on three red dyes widely used not only for food dyeing but also from other
industrial activities (cosmetics and textile) [24]. In particular, we tested the artificial dye
Ponceau Red (E124, [25]), a commercial bio-color containing pulverized radish, black
currant, and apple (Red Vegan, VEGR), and the natural dye Cochineal Red (E120, [26])
extracted from the insects Dactylopius coccus and Kermes vermilio. There are indications that
the azo dye E124 may induce free radical production, but results are so far contrasting
[27,28]. Compared with the synthetic E124, the two natural dyes may display different
effects due to the complex composition of commercial products. VEGR likely contains
elevated levels of polyphenols [29]. These compounds are usually regarded as
antioxidants, but they may also accelerate free radical formation under specific conditions,
and so may act as pro-oxidant [30]. Commercial E120 may pose an oxidative stress risk
due to the formation of some derivatives of carminic acid [31-33].

2. Materials and Methods
2.1. Preparation of Food Dye Solutions

The three food dyes used in this study are commercially available products used to
prepare domestic foods. Ponceau red E124 (IPAFOOD srl, Italy) and cochineal red E120
(IPAFOOD sr], Italy) are sold in 3 mL vials, containing 20% dye in water. The red bio-
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color VEGR (Rebecchi Fratelli Valtrebbia, Italy), sold in powder, contains extracts of
radish, black currant, and apple; it also contains unknown amounts of maltodextrin and
citric acid.

A single vial of E124 or E120 was diluted in mineral water for human consumption
at a final concentration of 1.2 g L, according to Motta et al. [7]. The red bio-color powder
was dissolved in mineral water at the same final concentration. The dye concentrations
utilized in this study are two-fold higher than those usually found in natural
environments (up to 0.5 g L) [34], because we wanted to obtain a positive control for the
three models and assess their capacity to counteract the oxidative stress imposed by these
substances. The solutions were used as such to water Cucumis sativus seeds and as
breeding solutions for Danio rerio. Water salinity was adjusted according to the specific
requirements of Artemia salina nauplii [35] and Danio rerio embryos [36]. Controls were
exposed to pure mineral water or seawater.

2.2. The Plant Model: Cucumis sativus L. seedlings
2.2.1. Growth and Experimental Design

C. sativus L. seeds were surface-sterilized [7] and arranged randomly in groups of 13,
in 90 mm Petri dishes containing tissue paper wetted with 8 mL of mineral water (CONT)
or water added with the three food dyes (VEGR, E120, and E124). The Petri dishes, set in
triplicate, were incubated in the dark in a climatic chamber at the Department of Biology
of the University of Naples Federico II (General Impianti S.A.S., Naples, Italy), at a fixed
temperature of 25 + 2 °C and relative humidity (RH) of 50 + 5%.

After germination, sprouts were transferred in a growth chamber in vials added with
mineral water (CONT) or different dye solutions (VEGR, E120, or E124) and exposed to a
Photosynthetic Photon Flux Density (PPFD) of 190 + 10 umol photons m=2 s, provided by
white LEDs (light emitting diodes), under a photoperiod of 12 h. The cucumber sprouts
were let to grow until 15 days after germination (DAG).

Seedlings were sprinkled with distilled water during the growth to reintegrate the
water lost by evapotranspiration. The photosynthetic apparatus functionality was
assessed at 15 DAG by measuring in vivo the PSII maximal photochemical efficiency
(Fv/Fm) on seedlings exposed to different dyes.

Two weeks were needed to allow the full expansion of cotyledons to perform the
physiological measurements in vivo. Leaves from different plants were collected to
determine the endogenous hydrogen peroxide (H20:) level, the total photosynthetic
pigment content (chlorophyll 4, chlorophyll b, and carotenoids), the antioxidant capacity,
and total polyphenols. The seedling total biomass and the maximal photochemical
efficiency of photosystem II (Fv/Fm) were also measured as proxies of plant growth and
photosynthetic apparatus functionality, respectively. Finally, these data were compared
with the dark oxygen consumption of 48 h seedlings, as an early stress index, when the
photosynthetic apparatus was not yet developed.

2.2.2. Photosynthetic Pigment Content, Chlorophyll Fluorescence Emission
Measurements, and Dark Oxygen Consumption Determination

The photosynthetic pigment content and the fluorescence emission measurements
were carried out on n = 10 leaves for each treatment at 15 DAG.

The concentrations of chlorophylls and carotenoids were determined according to
Lichtenthaler [37]. Briefly, pigments were extracted in ice-cold 100% acetone and
centrifuged (Labofuge GL, Heraeus Sepatech, Hanau, Germany) at 3000 g for 5 min. The
absorbance was measured by a spectrophotometer (Cary 100 UV-VIS, Agilent
Technologies, Santa Clara, CA, USA) at wavelengths of 470, 645, and 662 nm and pigment
concentration was expressed in pg cm=2

Fluorescence emission analysis of chlorophyll 4, which allows a non-invasive
evaluation of the healthy status of photosystems in plants, was performed with a portable
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pulse amplitude modulated fluorometer equipped with a light sensor (FluorPen FP100,
Photon System Instruments, Brno, Czech Republic). The ground fluorescence Fo was
induced on 30" dark-adapted leaves, by a blue LED internal light of about 1-2 umol
photons m s. The maximal fluorescence level in the dark-adapted state, Fm was induced
by a saturating light pulse of 3.000 umol photons m=2 s?. The maximum PSII
photochemical efficiency, Fv/Fm, was calculated as (Fm — Fo)/Fm. Measurements were
carried out on n = 10 samples and repeated twice [38].

In a dark chamber, the dark oxygen consumption in seedlings was determined at 2
DAG using an Oxygen Monitor System (YSI 5300 A) [39]. Measurements were conducted
from imbibed seeds at 25 °C, over a 4 h period. Cumulative consumption of 15 germinated
seeds was measured for each replicate of control or treated groups and expressed as g Oz
h! seed!. The oxygen uptake rates were calculated from linear regressions of pO:-time-
course data (R? > 0.90). Four replicates for each group were performed.

2.2.3. Endogenous H20: Determination and Plant Antioxidant Response

The occurrence of possible oxidative stress and recovery in C. sativus strategies were
assessed by determining the endogenous H20: content, total antioxidant capacity, and
total polyphenol levels. All the analyses were carried out on n = 10 seedlings for each
treatment and repeated twice.

Endogenous H:0:, a marker of ROS, is a constitutive product within the cells and
variations of this compound can suggest possible stress conditions. The levels of H20:
were determined in leaves and roots of cucumber seedlings according to Sergiev et al.
[40]. Briefly, samples (0.250 g) were homogenized in ice with 0.1% (w:v) TCA. The
homogenate was centrifuged at 12.000 g for 15 min and the supernatant was added to 10
mM potassium phosphate buffer pH 7.0 (1:1, v/v) and 1 M KI (1:2, v/v). The content of
H20: in samples was evaluated by comparing the absorbance values at 390 nm with an
H:0: standard calibration curve and expressed as pmol H20: g-! fresh weight (umol H20:
g1 FW).

The antioxidant capacity was evaluated in leaves and roots of cucumber seedlings by
the ferric reducing/antioxidant power assay (FRAP) according to the method reported in
George et al. [41] and modified by Costanzo et al. [42]. Fresh samples (0.250 g) were
ground in liquid nitrogen, treated with 60:40 (v/v) methanol/water solution, and
centrifuged at 14.000 g for 15 min at 4 °C. The extracts were then mixed with FRAP
reagents (300 mM Acetate Buffer pH 3.6; 10 mM tripyridyltriazine (TPTZ); 40 mM HCI
and 12 mM FeCls added to samples in the following ratio 16.6:1.6:1.6 (v/v)) and incubated
in darkness for 1 h. The sample absorbance was measured at 593 nm by a
spectrophotometer (UV-VIS Cary 100, Agilent Technologies, Palo Alto, CA, USA) and
Trolox (6-hydroxy-2,5,7,8- tetramethylchroman-2-carboxylic acid) was used to obtain a
Trolox standard calibration curve. The total antioxidant capacity was quantified and
expressed as pumol Trolox equivalents g fresh weight (umol Trolox eq g FW).

Total polyphenols were determined as reported in Arena et al. [43]. Samples of root
and leaf (0.02 g) were ground in liquid nitrogen, incubated with methanol at 4 °C for 30’,
and then centrifuged at 11.000 g for 5 min. Supernatant was mixed with 1:1 (v/v) 10%
Folin—-Ciocalteu solution, and after 3 min, the 700 mM Na2CQO:s solution was added to the
resulting mixture in 5:1 (v/v). After an incubation of 2 h in darkness, the absorbance at 765
nm was measured by a spectrophotometer (UV-VIS Cary 100, Agilent Technologies, Palo
Alto, CA, USA). The polyphenol concentration was calculated by a gallic acid standard
curve and expressed as mg Gallic acid equivalents g FW (mg GAE g' FW).

2.3. The Artemia salina Nauplii
2.3.1. Preparation of Nauplii

Artemia salina cysts (0.5 g) were incubated for 48 h at 22 °C, under constant aeration
with a 16 h light photoperiod, in 500 mL of artificial seawater (36%o Instant Ocean, Instant
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Ocean Spectrum Brands, St. Blacksburg, VA, USA) (CONT) or artificial seawater
containing 1.2 g L of the food dye, VEGR, E120 or E124. Hatching occurred within a few
hours from incubation, and nauplii were collected after 48 h incubation. Mortality in
control never exceeded the 10% at 48 h [7,44] and was not affected by treatments. All
determinations on nauplii were carried out on four different batches of cysts for each
treatment group.

2.3.2. Oxygen Consumption, total ROS Determination, and Susceptibility to In Vitro
Oxidative Stress

Samples of nauplii, separated from cysts by exploiting their phototactic response,
were collected with a filter net. Aliquots of nauplii from each treatment group were
resuspended in 1 mL of sea water and used for in vivo routine oxygen consumption
measures.

Oxygen consumption of each aliquot was monitored at 28 °C by an Hansatech
Oxygraph (Hansatech Instruments Ltd., Norfolk, UK).

Oxygen consumption rates were expressed in nmol O/min for individual. The
number of nauplii in each aliquot was determined by counting on a stereomicroscope. A
few drops of 4% formaldehyde were added to 150 pL of a 1:100 diluted nauplii suspension
to fix the animals. The nauplii number was determined in 50 pL of the diluted suspension,
and the mean of three replicate counts was calculated. This procedure was preliminarily
proved to be a reliable evaluation of the number of individuals collected.

Other nauplii were resuspended in ice-cold homogenization medium (HM) (220 mM
mannitol, 70 mM sucrose, 1 mM EDTA, 10 mM Tris, pH 7.4) and homogenized with a
glass Potter-Elvehjem homogeniser set at a standard velocity (500 rpm) for 1 min. The
protein concentration in homogenates was measured by the biuret method [45].

The total level of ROS in the homogenates was measured following the ROS-induced
conversion of 2'7-dichlorodihydrofluorescin diacetate (DCFH-DA, non-fluorescent
compound) in dichlorofluorescein (DCF, fluorescent compound), according to Driver et
al. [46]. In brief, homogenate aliquots, containing 12.5 pg of proteins and diluted in a 0.1
M monobasic phosphate buffer, pH 7.4, were incubated for 15 min with DCFH-DA 10 uM.
Then, FeCl3 100 uM was added and the mixture was incubated for 30 min. The conversion
of DCFH-DA to the fluorescent product DCF was measured using a multi-mode
microplate reader (Synergy™ HTX Multi-Mode Microplate Reader, BioTek, Santa Clara,
CA USA) with excitation at 485 nm and emission at 530 nm. Background fluorescence
(conversion of DCFH to DCF in the absence of homogenate) was corrected with parallel
blanks.

The homogenate susceptibility to in vitro oxidative stress, which furnishes
information on the total antioxidant capacity, was evaluated by the change in the
hydroperoxide levels in nauplii homogenates (0.01 mg of proteins) treated with 100/1000
uM iron/ascorbate (Fe/As), for 10 min at room temperature [47]. The reaction was stopped
by adding 0.2% 2,6-di-t-butyl-p-cresol (BHT) and the hydroperoxide levels were
evaluated according to Heath and Tappel (1976) [48].

2.4. The Danio rerio Embryos
2.4.1. Animal Maintenance and Treatments

Embryos were generated from healthy Danio rerio adults housed in well-oxygenated
tanks, with a photoperiod of 12 h:12 h light/dark, at a temperature of 28.5 °C and a pH of
7.6. Fish had fed twice a day with a commercial diet supplemented with Artemia sp.
Nauplii [36]. Spawning was stimulated by the onset of the first light in the morning. Eggs
were collected with a siphon from the fish tanks and housed in dishes containing E3
medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2-2H20, and 0.33 mM MgSOxs) in a water
bath at 28.5 °C [36]. At the shield stage (6 h post-fertilization, hpf), embryos were selected
for experimental procedures. These were in accordance with the guidelines and policies
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dictated by European regulations on the wellness of animals employed for experimental
purposes (Directive 2010/63/EU) [49]. Embryos at the shield stage were randomly
distributed into six-well plates, ten embryos per well. Each well contained 10 mL of
control water (only mineral water) or treatment dye solutions [7]. Embryos were exposed
to dyes at 28.5 °C for 72 h, and the solutions were renewed daily.

2.4.2. In Vivo Routine Oxygen Consumption, Total ROS Levels, and Susceptibility to In
Vitro Oxidative Stress

After 72 h of treatment, three larvae of each treatment group were collected,
suspended in 1 mL of control water or treatment dye solutions and used for in vivo
oxygen consumption measures. In vivo routine oxygen consumption was monitored at
28° C by a Hansatech respirometer, and oxygen consumption rates were expressed in
nmol O/min for individual. The measures were repeated in triplicate for each batch of
control and treated embryos. Four batches of embryos were used for control and each dye
treatment. Oxygen consumption of control or treatment water was undetectable (5
replicas).

About 80 larvae from each treatment group were homogenized into 1 mL of ice-cold
homogenization medium (HM) (220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 10 mM
Tris, pH 7.4) using a glass Potter-Elvehjem homogenizer set at a standard velocity (500
rpm) for 1 min. Protein concentration in homogenates was measured by the biuret method
[45]. Homogenate aliquots were used to measure ROS levels and in vitro susceptibility to
oxidative stress as described for Artemia salina.

2.5. Statistical Analyses

Statistically significant differences among all treatments were assessed by Graph Pad
Prism 8 (GraphPad Software, La Jolla, CA USA), using the one-way ANOVA. The Tukey’s
test was applied for all pairwise comparison tests with a significance level of p <0.05. All
data were expressed as mean + SEM. Different letters were used to indicate statistically
significant differences among means, assigning the letter a to the highest value in each
Graph or Table.

3. Results

3.1. Growth and Antioxidant Response in C. sativus Seedlings Exposed to Different Red Food
Dyes

At two DAG, before photosynthesis started, the artificial dye E124 significantly
reduced the seeds oxygen consumption (p < 0.05) compared to CONT. Conversely, no
differences were observed among CONT and the two natural dyes VEGR and E120
(Figure 1).
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Figure 1. Individual seed dark oxygen consumption in C. sativus control seedlings (CONT) and
seedlings treated with different food dyes (VEGR, E120, and E124). Values are means + SEM (n =
10). Different letters indicate statistically significant differences among treatments.

At 15 DAG, E124 increased (p < 0.05) the levels of carotenoids compared to the other
treatments (Figure 2B), while the levels of chlorophylls a and b were not affected (Figure
2A). On the other hand, chlorophylls and carotenoid levels were not affected by both
VEGR and E120 (Figure 2A,B).

100 A 20 B
3 Chla (= Chlb a
E. 80 a 2 a 6 i b b
8o~ 1 e " /= A T
" 604 @

S E B E
£ © 50 104
O o 404 oD
= 3 a = =
. a 2 a | =
L 20 ° 54

0 0

CONT VEGR E120 E124 CONT VEGR E120 E124

Figure 2. Concentration of chlorophyll a (Chl a) and b (Chl b) (A) and total carotenoids (B) in C.
sativus control seedlings (CONT) and seedlings treated with different food dyes (VEGR, E120, and
E124). Values are means + SEM (1 = 10). Different letters indicate statistically significant differences
among treatments.

Apart from this relatively small effect on carotenoids by E124, the seedling exposure
to different food dyes did not induce changes in photosystem functionality, as indicated
by the PSII maximal photochemical efficiency (Fv/Fm), which was comparable among all
seedlings (Table 1). It is noteworthy that at 15 DAG, the treatment with VEGR induced a
significant reduction (p < 0.05) of seedlings’ total fresh biomass compared to the other
treatments (Table 1).



Environments 2022, 9, 63

8 of 18

Table 1. Total fresh biomass and maximal PSII photochemical efficiency (Fv/Fm) in C. sativus control
seedlings (CONT) and seedlings treated with different food dyes (VEGR, E120, E124). Values are
means + SEM (n =20). Different letters indicate statistically significant differences among treatments.

CONT VEGR E120 E124

Total biomass
(g FW plant)
Fv/Fm 0.810+0.01a 0.814+0.02a 0.812+0.01a 0.814+0.02a

0410+£0.012 0.352+0.012° 0.451 £0.02 2 0.414+0.01~

FW = fresh weight.

The three tested dyes differently affected the redox state in leaves and roots of 15
DAG seedlings of C. Sativus (Figure 3). Compared to CONT, E124 induced a significant
increase in H2O2 levels (Figure 3A, p <0.001) and antioxidant capacity (Figure 3B, p <0.05)
in roots, while stimulating antioxidant capacity (Figure 3B, p < 0.001) and polyphenols
(Figure 3C, p <0.05) in leaves. E120 induced a significant reduction of leaves’ H2O2 levels
(Figure 3A, p < 0.05), associated with an increase in the leaves’ polyphenols levels
compared to the control (Figure 3C, p < 0.05). Finally, VEGR did not affect H202 levels in
both leaves and roots, but significantly stimulated the antioxidant capacity in roots
(Figure 3B, p < 0.001) and polyphenols (Figure 3C, p < 0.05) in leaves. Root polyphenols
were not affected by any of the dyes (data not shown).
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Figure 3. H20: concentration (A) and antioxidant capacity (B) in leaf and root, and total polyphenols
in leaf (C) in C. sativus control seedlings (CONT) and seedlings treated with different food dyes
(VEGR, E120, and E124). Values are means + SEM (n = 10). Different letters indicate statistically
significant differences among treatments.

3.2. Artemia salina and Danio rerio Responses to Red Food Colors Exposure

In A. salina nauplii, the tested dyes did not affect the in vivo routine oxygen
consumption (Figure 4A), but significantly increased the levels of ROS (Figure 4B). The
hatching of the cysts in the presence of and the successive exposition of the nauplii up to
48 h to VEGR, E120, and E124 almost doubled ROS levels with respect to the CONT group
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(p <0.0001, p = 0.0001, and p = 0.0006, respectively). The effects of the three dyes were not
different. However, differences were observed in the in vitro susceptibility to oxidative
stress, measured as Fe?"-ascorbate-induced changes in the lipid-bound hydroperoxide
(AHP). While AHP in the VEGR treated nauplii was similar to that of CONT, and that of
nauplii treated with the E120 and E124 was strongly reduced (p < 0.0001, Figure 4C). The
basal HP levels were 29.44 + 0.96, 24.22 + 0.96, 5.13 + 0.21, and 6.46 + 0.80 nmol NADPH
min per mg protein, for CONT, VEGR, E120, and E124, respectively, and were
significantly lower in E120 (p < 0.0001) and E124 (p <0.0001) treated animals, compared to
CTRL (One-Way ANOVA with Tukey post-hoc test).
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Figure 4. Effect of food dyes (VEGR, E120, and E124) exposition on: (A) in vivo routine oxygen
consumption of 48 h Artemia salina nauplii; (B) ROS levels (expressed as Relative Fluorescent Units,
RFU, per ug protein) of homogenates of 48 h Artemia salina nauplii; (C) in vitro susceptibility to Fe?*-
ascorbate-induced oxidative stress (measured as the level changes on the lipid-bound
hydroperoxide, AHP, expressed as nmol NADPH min™ per mg protein) of homogenates of 48 h
Artemia salina nauplii. Values are mean + SEM (n = 4). Different letters indicate statistically
significant differences among treatments.
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In Danio rerio, the treatment with the food dyes also did not affect the in vivo routine
oxygen consumption (Figure 5A). Differently from A. salina, there was no change in the
levels of ROS in the homogenates (Figure 5B), while AHP was significantly reduced not
only by E120 (p < 0.0001) and E124 (p < 0.0001), but also by VEGR (p = 0.011) (Figure 5C).
The initial HP levels were 28.78 + 0.94, 13.69 + 1.29, 28.05 + 0.99, and 32.19 + 3.61 nmol
NADPH min per mg protein, for CONT, VEGR, E120, and E124, respectively. The VEGR
value was significantly lower than CONT (p =0.01), E120 (p = 0.0015), and E124 (p = 0.0002)
((one-way ANOVA with Tukey’s post-hoc test).

A

-
(4]
|

-
o
1

e
o
]

individual embrio oxygen
consumption (umol Omin™")

o
o

CONT VEGR E120 E124

RFU/ug protein

CONT VEGR E120 E124

25 C

20— 1

15- b

AHP
_|
o

104 T b

CONT VEGR E120 E124

Figure 5. Effect of food dyes (VEGR, E120, and E124) exposition on: (A) in vivo routine oxygen
consumption of Danio rerio larvae; (B) ROS levels (expressed as Relative Fluorescent Units, RFU, per
ug protein) of homogenates of D. rerio larvae. Data are expressed as mean + SEM (n = 4); and (C) in
vitro susceptibility to Fe?*-ascorbate-induced oxidative stress (measured as the level changes on the
lipid-bound hydroperoxide, AHP, expressed as nmol NADPH min? per mg protein) of
homogenates of D. rerio larvae. Different letters indicate statistically significant differences among
treatments.
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4. Discussion
4.1. The Functional and Antioxidant Responses of the C. sativus Induced by Different Food Dyes

The antioxidant capacity of plants under stress conditions either increases or
decreases depending on species, stress factors [50-54], and exposure time [55]. We
recently showed that after one week of treatment with E120 and E124, leaves” antioxidant
capacity of cucumber sprouts was reduced by consuming the scavengers’ compounds to
counteract the oxidative stress [7]. Here we report that after two weeks of exposure to
E120, cucumber seedlings appear to respond well to the oxidative stress, as shown by the
reduced levels of H202 in leaves. On the contrary, E124 treatment increased root H20O:
levels and the antioxidant capacity of roots and leaves, indicating an elevated oxidative
stress risk. It is worth noting that already at two DAG (i.e., before the development of the
photosynthetic system), the seedlings exposed to E124 showed the lowest value of oxygen
consumption, suggesting the occurrence of an early stress condition elicited by this
specific dye on seed post-metabolism after germination. This result agrees with the known
tendency of plants to decrease their oxygen consumption in response to stress conditions
[56]. The different responses observed in seedlings exposed to E120 and E124 may be
linked to their different origin (animal extract and synthetic, respectively). Interestingly,
the redox state of seedlings exposed to the other natural dye tested, VEGR, was scarcely
affected apart from a significant increase in the roots” antioxidant capacity.

With their antioxidant properties, polyphenols might protect from oxidative stress
by red dyes. Polyphenols are considered the main components involved in cellular
reducing capability and free radical scavenging and are known to enhance the plant—
environment interaction and act as a strong defense against biotic and abiotic stresses [57—
59]. Their level is a predictor of the general response of plant antioxidant capacity [60]. In
the present study, the leaf total polyphenol content considerably increased in seedlings
exposed to all tested red dyes, and this increase proceeds together with the rise of
antioxidant capacity. The rise of polyphenols in leaves treated with VEGR may be ascribed
to the dye composition [29], whereas what was observed in leaves treated with E120 and
E124 possibly reflects a general response to stress conditions [61].

The photosynthetic apparatus, and in particular the photosystem II (PSII) is a
potential target of oxidative stress due to biotic and abiotic stress [62,63]. Only the
treatment with E124 affected the photosynthetic system in the present study. The ratio of
Fv/Fm was comparable to the control in all treatments, indicating the absence of damage
to PSII [64]. Contrary to the effects shown at seven DAG [7], the levels of chlorophylls and
carotenoids in seedlings treated with E120 were comparable to the control. Again, the
prolonged exposure to food dyes may offset the response induced during the first week
of development.

Conversely, E124 caused an increase in carotenoid production, likely enhancing the
action of the antenna complexes implicated in light-harvesting for photosynthesis. The
accumulation of carotenoids is also observed after exposure to metals or dyes from
industrial wastewater [65-67]. These pigments play a key role in the photoprotection of
the photosynthetic apparatus against the formation of reactive oxygen species [68]. They
dissipate excess energy in the PSII antenna complexes as heat, thus avoiding the
photooxidation of photosynthetic membranes [69].

Overall, when compared with one-week sprouts [7], two-week seedlings were more
effective in facing oxidative stress, especially from E120, by increasing antioxidant
capacity and carotenoids as a defense strategy.

4.2. The Responses to Red Food Dyes Exposure in Artemia salina and Danio rerio

The marine invertebrate A. salina nauplii appears to be more sensitive to the oxidative
stress induced by the tested red food dyes than the freshwater vertebrate Danio rerio
larvae. All treatments stimulated ROS levels in the 48 h nauplii of Artemia salina hatched
in their presence, but not in the 72 h Danio rerio larvae. The difference may imply a higher
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efficacy of the innate antioxidant system of the developing zebrafish [70], as confirmed by
the lower susceptibility to Fe?*-ascorbate-induced oxidative stress. The susceptibility to
Fe?*-ascorbate-induced oxidative stress depends on the balance between hydroperoxides
content and the capacity to scavenge radicals. t is supposed to be directly related to
oxidative damage and inversely related to antioxidant capacity [71]. Interestingly, this
parameter was reduced in the E120 and E124-treated A. salina nauplii, notwithstanding
the increased ROS content. In this species, the initial levels of hydroperoxides were lower
in E120 and E124 than in CONT and VEGR nauplii suggesting stimulation of the
antioxidant capacity, possibly due to ROS-dependent, Nrf2-mediated antioxidant
enzymes induction [72,73]. Therefore, the reduction in the in vitro susceptibility to Fe?-
ascorbate-induced oxidative stress in E120 and E124 nauplii depends on an increased
capacity to scavenge ROS. Notably, this effect is not elicited by VEGR.

It is worth noting that, despite the concordance of effects, there are reasons to believe
that ROS stimulation in A. salina may involve different mechanisms with different dyes.
E124 may directly induce ROS, as reported for many azo dyes [74,75]. The ROS
stimulation by VEGR can involve polyphenols [29], which may in animals either protect
against oxidative stress [76,77] or exert prooxidant or both anti- and prooxidant effects
[30]. Finally, the prooxidant effect of E120 can depend on 4-aminocarminic acid (ACA), a
primary amine produced in low amounts during the E120 productive process [33,78].
ACA might degrade to aromatic amines [31], inducing ROS via redox cycling [32].

The effects of treatments on the redox state did not affect the routine oxygen
consumption in both species. This result agrees with previous results reporting the lack
of effect of red dyes on parameters directly related with the mitochondria-dependent
oxygen consumption, i.e., the mobility in A. salina nauplii (E2120 and E124) and the heart
rate in the D. rerio embryos(E120) [7]. Consequently, the lack of effects of treatments on
the total oxygen consumption also suggest that there is no change in the non-
mitochondrial respiration, known to occur at high levels during early embryogenesis and
acting as a protection from oxidative stress [79].

4.3. Effects of Red Food Dyes: Global Comparison and Conclusion

Besides the specific parameters required to test responses in plant and animal
models, the effect of food dyes can be qualitatively grouped as pro-oxidant effects (H20:
levels, in C. sativus, leaves, root or both, or total ROS levels, in A. salina and D. rerio), anti-
oxidant effects (total antioxidant activity and/or polyphenols, in C. sativus -leaves, root or
both- or oxidative stress susceptibility in A. salina and D. rerio), and indices of organismal
performance (oxygen consumption, in all three species, or photosynthetic system
functionality, in C. sativus, leaves, root or both). Table 2 shows this qualitative resume of
our results. Effects were defined in term of stimulation (+), reduction (=), or no effect (0).

Table 2. Qualitative synthesis of the effects of E124, E120, and VEGR on the functional performance
(oxygen consumption, in all three species, or photosynthetic system, in C. sativus, leaves, root or
both), pro-oxidant levels (H20: levels, in C. sativus, leaves, root or both, or Total ROS levels, in A.
salina and D. rerio), and antioxidant activity (total antioxidant activity and/or polyphenols, in C.
sativus -leaves, root or both- or oxidative stress susceptibility in A. salina and D. rerio). Note that an
increased oxidative stress susceptibility implies a reduced antioxidant activity and vice versa [71].
The effects were classified as stimulatory (+), inhibitory (=), or no effect (0).

VEGR E120 E124
Effect Cucumis Artemia Danio Cucumis Artemia Danio Cucumis Artemia Danio
sativus salina  rerio sativus salina  rerio sativus salina  rerio
Functional 0 0 0 0 0 0 _ 0 0
performance
Pro-oxidant 0 + 0 - + 0 + + 0

Antioxidant + 0 + + + + + + +
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Only E124 stimulated both the ROS levels and the antioxidant capacity, suggesting a
higher oxidative stress risk posed by this food dye on living organisms. Compared to
E124, E120 and VEGR are less effective in stimulating ROS production. An exception is
the effect of VEGR on A. salina, with a significant prooxidant response, without the
stimulation of antioxidant defenses. Apparently, the nauplii of this species are particularly
sensitive to VEGR. All species seem to be able to protect themselves from the potential
harmful pro-oxidant effects induced by the short exposure to red food dyes, by
modulating the antioxidant defenses in one way or the other.

Although the results here reported seem to suggest that food dyes induce an adaptive
reinforcement of the antioxidant system, it should be emphasized that ROS participate in
cell signaling processes. It has been reported that ROS play a pivotal role in the network
that influences pathways defining the final fate of developing cells, and the perturbations
of ROS content require constant adjustments for proper development [80]. Thus, an
imbalance between ROS production and the antioxidant system can affect organismal
development and the morphological alterations previously reported can be the result of
such an imbalance [7].

In conclusion, the reported results provide novel insights into the toxicity of red food
dyes and may be relevant in the context of human and environmental health. The tested
model species respond to the exposure to red food dyes with a remodulation of the redox
state, which might be functional in maintaining organismal performance. Compared to
the artificial red dye E124, the two alternative natural dyes, VEGR and E120, have a lower
capacity to stimulate ROS production. The three tested dyes are similar in stimulating the
antioxidant capacity, the only exception being VEGR on Artemia salina. The overall
results show that the different food dyes used in this study induce a stress response
involving the modulation of redox homeostasis. Though the tested model species appear
capable of facing the oxidative stress induced by red food dyes under the experimental
exposure conditions utilized, the observed remodulation of the redox state, a costly
process, could represent a potential health hazard in nature. This conclusion stimulates
further investigation, in particular on the dose-response relation and the activity of
specific components of redox homeostasis (e.g., SOD, CAT, GSH-Px and GSH-R, or
MDH), outlining the mechanisms of the organismal response.
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