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Abstract: In this in vivo study, we investigated cytoprotective and antigenotoxic effects of commercial
tomato puree obtained from conventional vs. organic farming systems (pesticides vs. pesticide-free
agriculture, respectively). This is relevant as pesticides are widely used in agriculture to prevent
pests, weeds, and the spread of plant pathogens. By exposing zebrafish to tomato puree alone and in
combination with HyO, (a well-known genotoxic agent), we analyzed the percentage of fish survival,
cell viability, intracellular concentration of reactive oxygen species (ROS), DNA fragmentation index
(DFI%), and genomic template stability (GTS%). Fish exposed to organic puree showed higher fish
survival and cellular viability, lower DFI% and ROS, and improved GTS%. Our results suggest a
higher cytoprotective and antigenotoxic effect of organic pesticide-free tomatoes, probably because
the activity of natural phytochemicals is not affected by the presence of toxic residues, which are
otherwise produced by pesticides used in conventional farming systems. Our study points out the
importance of considering alternative strategies in agriculture to minimize the genotoxic impact of
chemical pesticides.

Keywords: antioxidants; tomato; organic products; DNA damage; reactive oxygen species

1. Introduction

In recent years, organic farming has significantly increased as a result of the growing
consumer demand for organic products, price premiums, and improving market opportuni-
ties [1]. Despite conflicting data regarding the lower yields and nutritional values of organic
foods, their choice is primarily driven by the consumers’ concern for risks associated with
the presence of pesticide residues in foods and pollution from their run-off in the environ-
ment [1,2]. Pesticides are genotoxic compounds, capable of inducing modifications within
the nucleotide sequence or the double helix DNA structure, whose effects can occur even
long after the end of exposure. These mutagenic substances are able to act both directly,
by damaging the genetic material through the formation of DNA adducts, and indirectly,
by depleting the intracellular antioxidant defenses, resulting in oxidative stress (OS) [3].
OS is a condition of disequilibrium between the accumulation of reactive oxygen (ROS)
or nitrogen (RNS) species, and the body’s ability to counteract their action through the
antioxidant defense system [4]. The damage induced by reactive species affects all cellular
components (lipids, proteins, and DNA), and has also been confirmed as a contributing fac-
tor to the pathophysiology of many chronic conditions. These include neurodegenerative
(Parkinson’s, Alzheimer’s, and Huntington’s diseases and amyotrophic lateral sclerosis)
and inflammatory diseases, infertility, and ophthalmic disorders [5-8]. Furthermore, the
metabolic activity of pesticides leads to the formation of highly toxic secondary compounds
involved in the cancer onset mechanism [3].
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The endogenous antioxidant system includes enzymatic (superoxide dismutase—
SOD, catalase—CAT, and glutathione peroxidase—GPX), and non-enzymatic systems (i.e.,
ascorbate, glutathione, tocopherol, proteins, coenzyme Q10, melatonin, and polyamines,
amongst others) [9]. Despite its remarkable efficiency, this complex antioxidant apparatus
may be not sufficient to counterbalance the free radicals, and exogenous antioxidants
are to be introduced through the diet. Tomato (Solanum lycopersicum L.) and its products
(i.e., tomato paste, sauce, juice, and puree) are important sources of antioxidants in the
Mediterranean diet [10], as they contain high concentrations of several natural antioxidant
chemicals, such as carotenoids ([3-carotenoids and lycopene), ascorbic acid (vitamin C), to-
copherol (vitamin E) and bioactive phenolic compounds (quercetin, kaempferol, naringenin
and lutein, as well as caffeic, ferulic and chlorogenic acids) [11]. Due to their antioxidant
and antigenotoxic action, these compounds show a protective role against cellular and DNA
damage. Epidemiological studies indicated that a diet rich in carotenoids is associated with
a lower cancer incidence and cardiovascular disease, better cognitive performance, modula-
tion of immune response, as well as delayed development and progression of osteoporosis,
age-related macular degeneration and cataracts [12-15]. Among carotenoids, lycopene is
known to be the most powerful compound capable of scavenging ROS and preventing cell
damage [16], inducing the overexpression of antioxidant enzymes and downregulating
inflammatory cytokines, such as IL-13 and TNF-« [17]. It is also reportedly associated with
reduced caspase-3 and caspase-9 activity, and the expression of the apoptotic Bax [18].

Lycopene constitutes about 85% of all the carotenoid content in tomatoes [14]; how-
ever, the industrial transformation of this fruit into tomato products, with the consequent
addition of unregulated additives, involves various treatments, such as blanching, cooking,
drying, pasteurization, sterilization, and canning, that potentially affect the final profile
of antioxidants and other metabolites [19-21]. This can directly affect the health benefits
of processed products. Moreover, a major factor to take into consideration is that pesti-
cides are used at various stages of conventional tomato crop growth. A negative impact
on human health has been widely described in cases of occupational exposure to pesti-
cides [22-26]; however, the general population are mostly exposed to pesticide residues
through the diet [27-29]. The application of both systemic and contact pesticides can gener-
ate residues [30-32] that remain in the fruit at levels above those considered safe [33,34].
Rodrigues et al. showed that a percentage ranging between 10-30% of the contact pesticides
(azoxystrobin, chlorothalonil and difenoconazole) used in the tomato crop can penetrate
the fruit [35]. Multiple residues were also identified in all tomato samples analyzed by
a recent study conducted in Nepal [36], with 44% of the samples showing levels of the
pesticide chlorpyrifos exceeding the maximum residue levels defined by the European
Union [37]. The presence of powerful mutagenic substances such as pesticide residues can
result in increased OS and limit the antigenotoxic action of natural antioxidants present in
the tomatoes. Therefore, organic tomatoes may preserve the quality of the food and the
antigenotoxic potential more than those undergoing traditional farming. However, this has
not been investigated yet, and it remains merely a theory so far.

In this in vivo study, we aim to investigate the cytoprotective and genoprotective
effects of organic (Pgee group) and conventional (P; and P, groups) commercial tomato
purees in a zebrafish (Darnio rerio) model, as well as co-exposure with hydrogen peroxide
(H20,), by analyzing the percentage of zebrafish survival, cell viability, percentage of
intracellular ROS levels, and genome integrity. The co-exposure with H;O, aimed to
establish the antigenotoxic power of organic tomato products compared to conventional
ones against a known mutagenic agent.

2. Materials and Methods
2.1. Study Design
Zebrafish were obtained from a local source (CARMAR sas, San Giorgio a Cremano,

Italy) and were raised in a large tank containing about 80 L of water (temperature > 25 °C,
pH of 7.6). Photoperiod of 10 h (h) of dark and 14 h of light was respected, while fish were
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fed every two days with commercial food (Tetramin Tropical Flakes, Spectrum Brands,
Blacksburg, VA, USA), and raised in a room with no ambient noise.

Experiments were carried out on a total of 240 adult zebrafish of about 3.5 cm in
length, without distinction between male and female. Fish were placed in 16 tanks of 10 L
of water volume containing 15 fishes each. These replicates allowed limiting the effects
of the environment on stress levels in fish kept in captivity. To test the cytoprotective and
antigenotoxic effects of two different brands (P; and P5) of conventional, and one organic
pesticide-free (Pg,.) tomato products, they were dissolved alone as well as with HyOj,
according to the study design in Figure 1. Tomato products, previously dried at 80 °C
for 24 h and grounded to a fine powder, were added to each tank at a concentration of
0.5 mg/mL. Commercial tomato products P; and P, were purchased at a local market
while organic tomatoes were grown as follows. The tomato seedlings were transplanted
on 30 April 2020 at the three-true-leaf stage in a local farm. Plants grew under natural
conditions and were cultivated in compliance with the organic farming method. Fruits
were harvested 70-80 days after the transplant in July 2020 and processed in puree.

P, group

Commercial tomato
puree 1 (0.5 mg\mL)

P, group

Positive control

Commercial tomato

puree 2 (0.5 mg\mL) H2022000M)

Outcomes
Zebrafish survival rate
Cell viability test

Organic tomato Intracellular ROS concentration Uncontaminated
ESIeel(0Smeinl) Genomic stability water

DNA fragmentation

Pfree BrOUp Negative control

P, group + H,0, Pires 8TOUP + H,0,

Commercial tomato Organic tomato
puree 1 (0.5 mg\mL) puree (0.5 mg\mL) +
+H,0, (200uM) H,0, (200uM)

P, group + H,0,

Commercial tomato
puree 2 (0.5 mg\mL)
+ H,0, (200uM)

Time points: 5, 7, and 14 days

Figure 1. Study design showing the 8 groups exposed to tomato puree and the oxidant agent H,O,,
the outcomes investigated, and the time points of zebrafish sampling.

A volume of 2.24 mL H;O; per tank was added (concentration of 200 uM). This was
chosen according to the published literature; such concentration of H,O, did reportedly
induce autophagy, apoptosis, and cell death, while it reduced the activity of endogenous
antioxidants. Therefore, it is chosen as positive control in toxicology studies to mimic
oxidative stress [38—41]. HyO; naturally degrades into water and oxygen, and the rate
of decomposition can range from a few minutes to more than a week, depending on the
different chemical, biological and physical factors. The rapid rates of degradation are
mainly the result of microbial action; in fact, the half-life of HyO; in the aquarium can be
several days or more in water free of microorganisms [42]. In order to preserve the quality
of the water and the stability of the dissolved substances as well as limit the bacterial
growth, a special aerator was inserted into the tanks, water was changed every 7 days
with a bottom siphon and the feeding was suspended during the exposure of fish to fresh
tomato puree. This is the first study investigating the fish exposure to tomato puree, hence
concentration to test (0.5 mg/mL) was chosen after a preliminary study in which lower
concentrations did not show any statistically significant dose-response (data unpublished).
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The density of the water in the tanks was measured with a special densimeter during the
experiments. The value was stable for 5, 7 and 14 days at about 1 g/cm?. Fish stocking
density during treatments was in the average of the values recommended by “The Zebrafish
Book” and by most producers of zebrafish systems ranging from 0.66 fish /L to 5 fish /L [43].

Fish were analyzed at three exposure times: 5, 7 and 14 days. At any investigated time
point, 10 fish were anesthetized with Tricaine methylsulfonate (Sigma-Aldrich, St. Louis,
MI, USA) and 25 uL of blood was collected by sampling under the gills with 1 mL hep-
arinised syringes, to avoid the formation of blood clots. We followed the recommendations
of ARRIVE guidelines and carried out all experiments in accordance with the recommenda-
tions reported in the Directive 2010/63/EU of the European Parliament and of the Council
of 22 September 2010 on the protection of animals used for scientific purposes.

2.2. Cell Viability Test

Cell viability was assessed by Trypan blue (Thermo Fisher Scientific, Waltham, MA,
USA) dye [44]. An aliquot of blood sample was suspended in 1 mL of PBS 1x (Thermo
Fisher Scientific, Waltham, MA, USA) and centrifuged for 5 min at 1000 rpm. The pellet was
resuspended in 1 mL of PBS 1. Then, the cell suspension was incubated with 0.4% trypan
blue for 5 min at room temperature (1:1 cell dilution). Ten pL of cell suspection was loaded
into Burker counting chamber (VWR International Srl, Milano, Italy) and observed under
the microscope (OPTIKA IM-5, Ponteranica, Italy) at 20 x magnification. A total number of
100 cells was counted in 4 selected squares. The number of cells was calculated according
to the specifications of the counting slide: Total cells/mL = (Total cells counted x dilution
factor x 10,000 cells/mL)/Number of squares counted. We counted blue-colored cells as
dead, while cells showing bright centers and dark edges were considered alive.

2.3. ROS Assay

The blood samples were mixed with PBS 1x and subsequently centrifuged at 2000 rpm
for 10 min [45]. The assay based on the 2’-7’dichlorofluorescin diacetate (DCFH,-DA,
Sigma-Aldrich, St. Louis, MI, USA) was performed in triplicate to evaluate the intra-
cellular ROS concentration as previously described [46]. Briefly, the blood sample was
centrifuged at 2000 rpm for 10 min at room temperature. The supernatant was removed,
and the pellet washed with PBS 1x for two times. Pellet was resuspended in 13 uM
DCFH;-DA solution and incubated in the dark at 37 °C for 30 min. Then, samples were
centrifuged at 2000 rpm for 10 min, and washed with PBS 1 x three times. Finally, nuclei
were counterstained with 4’,6-diamidino-2'- phenylindole dihydrochloride (DAPI, Sigma-
Aldrich). Samples were transferred to glass slides, mounted using the anti-fade reagent
1,4-diazabicyclo[2.2.2]octane (DABCO, Sigma-Aldrich) and glycerol, and observed by using
fluorescence microscope (Nikon Eclipse E600) with BP 330-380 nm and LP 420 nm filters.
Figures were acquired by using the software GENIKON version 3.7 (Nikon Instruments,
Campi Bisenzio, Firenze). Intracellular ROS were calculated as percentage of cells showing
as green out of the total.

2.4. DNA Extraction from Muscle Tissue

DNA was extracted from muscle of zebrafish according to the manufacturer’s sugges-
tions of a commercial kit (High Pure PCR Template Preparation Kit, ROCHE Diagnostics,
Basel, Switzerland). DNA purity and concentration were evaluated using a Nanodrop 2000
(Thermo Fisher Scientific, Waltham, MA, USA).

2.5. RAPD-PCR Protocol

The random amplified polymorphic DNA—-polymerase chain reaction (RAPD-PCR)
was performed as previously described [47]. Briefly, the amplification reaction (total volume
of 25 uL) included PuREtaq Ready-to go-PCR (Sigma-Aldrich), which contains nucleotides
(dNTPs) and Taq DNA recombinant polymerase (2.5 units), DNA (40 ng), the primer 6
(5-d[CCCGTCAGCA]-3) (5 pmol uL~1) and H,O Milli-Q (DNAse and RNAse free). After
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an initial step (5 min—94 °C), 45 cycles of amplification were performed (1 min-95 °C,
1 min-36 °C and 2 min-72 °C). A total of 15 pL of amplified mixture was then analyzed
electrophoretically on 2% agarose gel with 1 x ethidium bromide. Results were expressed
as genomic template stability percentage (GTS%) for each experimental group as follows:

GTS=(1 —a/n) x 100

where 7 is the total number of bands in the controls group and a indicates the number of
bands which appear and/or disappear in comparison with the control. Control was set
equal to 100% and it was used as reference.

2.6. TUNEL Assay

TUNEL assay was performed to detect DNA fragmentation by using the In Situ
Cell Death Detection Kit, Fluorescein (ROCHE Diagnostics, Basel, Switzerland). First,
the volume of blood sample was washed for two times with an equal volume of PBS
1x, followed by centrifugation (2000 rpm for 10 min). A total of 10 uL of samples was
smeared on glass slides and fixed in 4% paraformaldehyde (Sigma-Aldrich) for 1 h at
room temperature. After washing with PBS 1x, slides were incubated in a permeabilizing
solution (0.1% sodium citrate, (CARLO ERBA Reagents, Cornaredo, Milano), 0.1% Triton
X-100 (Sigma-Aldrich) for 30 min. The slides were washed again for two times in PBS 1,
and then incubated with 50 puL of TUNEL reaction mixture. Slides were incubated in a
humid chamber for 1 h at 37 °C in the dark, and then washed for three times with PBS 1x,
before staining with DAPI for 5 min in the dark. Finally, the slides were observed under
fluorescent microscope: about 350 cells per slide in triplicate were analyzed, determining
the percentage of nuclei with fragmented DNA (green-colored) out of the total number of
cells with intact nuclei.

2.7. Statistical Analysis

ANOVA test was performed using the GraphPad Prism 6 to analyze the differences
between the groups, which were considered significant when p-value (p) < 0.05. Data is
reported as mean =+ standard deviation (SD).

3. Results
3.1. Zebrafish Survival

The survival of zebrafish exposed to HyO, was significantly reduced after 5 exposure
days, further decreasing to 50% after 14 days of treatment (p < 0.05). Conversely, the expo-
sure to conventional (P and P, groups) and organic (Pf.. group) tomato purees showed
similar percentage of survival to unexposed zebrafish for all exposure times (p > 0.05)
(Figure 2). After co-exposure to H,O, and tomato puree, percentage of survival from the
three groups was comparable to the unexposed controls except for the conventional puree,
which showed reduced zebrafish survival after HyO, co-exposure at 14 days (p < 0.05)
(Figure 2).

3.2. Cell Viability Test

Cell viability was significantly reduced in a time-dependent manner when zebrafish
were exposed to HyO; after 5, 7, and 14 days (p < 0.05). After 5 and 7 days, cell viability
values for P; and P, groups were comparable with the unexposed samples, while after
14 days, cell viability was significantly reduced after exposure to conventional tomato
purees (p < 0.05), individually as well as in combination with H>O,. On the contrary,
cell viability was not affected by individual exposure to organic puree (Pgee group) or
co-exposure to HyO, (Figure 3).
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No exposure
Group P1

Group P2

Group Pfree
H,0,

Group P1 + H,0,
Group P2 + H,0,

Group Pfree + H,0,

Percentage (%)
e Day 5 === Day7 === Day14

Figure 2. Percentage of surviving zebrafish exposed to conventional (P; and P, groups) and organic
(Pfree group) tomato purees (0.5 mg/mL) individually or after co-exposure to HyO, (200 uM) for 5, 7,
and 14 days. * p < 0.05 in comparison with unexposed controls.

No exposure
Group P1

Group P2

Group Pfree
H20,

Group P1 + Hy0,
Group P2 + H,0,

Group Pfree + H,0,

Percentage (%)

wew=  Day§ === Day7 === Day 14

Figure 3. Percentage of viable zebrafish cells exposed to conventional (groups P; and P,) and organic
(group Pgee) tomato purees (0.5 mg/mL) individually or after co-exposure to HO, (200 uM) for 5, 7,
and 14 days. Data is expressed as percentage. * p < 0.05 in comparison with unexposed controls.

3.3. ROS Assay

Exposure to HyO; resulted in a significant increase in the percentage of intracellular
ROS at all times of exposure (p < 0.05) (Figure 4). Groups P and P, showed increased levels
of ROS along the time, in the case of exposure to individual treatments (14 exposure days:
p < 0.05) to conventional purees or after co-exposure to HyO; (7 and 14 exposure days:
p <0.05). Intracellular ROS levels did not vary after individual exposure to the organic
puree (Pgee group) or co-exposure to HyO,.
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No exposure

Group P1

Group P2

Group Pfree
H,0,

Group P1 + H,O,
Group P2 + H,0,

Group Pfree + H,0,

N KN ® o K
Percentage (%)

s Day5 === Day7 === Day14

Figure 4. Percentage of intracellular ROS levels in zebrafish cells exposed to conventional (P; and Py
groups) and organic (P group) tomato purees (0.5 mg/mL) individually or after co-exposure to
H,0; (200 uM) for 5, 7, and 14 days. * p < 0.05 in comparison with unexposed controls.

3.4. RAPD-PCR Assay and GTS%

The amplification products obtained by RAPD-PCR showed a characteristic pattern of
polymorphic bands (200, 310, 500, 550, 700, 750, 820, 1500 base pairs—bp) in all unexposed
controls, which did not vary over time. Exposure to HyO, resulted in the appearance and
disappearance of different bands (Table 1) after 5, 7, and 14 days, with a GTS% reduction of
about 50%.

Table 1. RAPD-PCR of DNA isolated from zebrafish erythrocytes exposed for 5, 7, 14 days to
0.5 mg/mL of conventional (P; and P, groups) or organic tomato purees (Pg.. group), individually
or after co-exposure to HyO, (200 uM). * +: appearance of bands; —: disappearance of bands; /: no
bands variation; control bands: 200 bp, 310 bp, 500 bp, 550 bp, 700 bp, 750 bp, 820 bp, 1500 bp.

Exposure Day 5 * Day 7 * Day 14 *
Group P4 / +600 +600
Group P, / +600 +600
Group Pgee / / /
+600, 620 +850
Group P; + H;O, —200 200, 310 +350, 650, 850
+600, 620 +850
Group P, + H,O, —200 200,310 +350, 650, 850
Group Pgee + H,O; / +650 +850
H,O +250, 350, 600 +250, 350, 600 +350, 650
22 -310 -310 —250, 600

In P; and P; groups, a new band of 600 bp appeared after 7 and 14 days of exposure,
while exposure of Py, group did not show polymorphic variations at any investigated
time (Table 1). Co-exposure of P; and P, groups to H,O, resulted in the appearance and
disappearance of several bands already after 5 days (Table 1), with a reduction in GTS% of
about 35%. A single band appeared when Py, group was exposed to H,O; after 7 (650 bp)
and 14 (850 bp) days (Table 1), with a slight GTS% reduction of 13% (Figure 5).
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No exposure

Group P1

Group P2

Group Pfree
H,0,

Group P1 + H,0,
Group P2 + H,0;,

Group Pfree + H,0,

Percentage (%)
e Day 5 s Day7 === Day14

Figure 5. Percentage of genomic template stability in zebrafish DNA exposed for 5, 7, 14 days to
0.5 mg/mL of conventional (P; and P, groups) or organic tomato purees (P group), individually
or after co-exposure to HyO, (200 uM). * p < 0.05 in comparison with unexposed controls.

3.5. TUNEL Assay

Exposure to HyO, resulted in a significant increase in DNA Fragmentation Index
(DFI%) for all times of exposure (p < 0.05) (Figure 6). Zebrafish exposed to conventional
tomato puree (P1, P, groups) showed no significant differences in DFI% in comparison with
unexposed groups for 5 and 7 exposure days. On the contrary, exposure to conventional
tomato puree for 14 days resulted in a significant increase in DFI% (p < 0.05). After co-
exposure of P; and P groups to HyO,, we observed increased DFI% for all exposure
times. Conversely, the P group showed no difference in DFI% when compared with the
negative control, after individual and co-exposure to HyO,.

No exposure
Group P1

Group P2

Group Pfree
H,0,

Group P1 + H,0;
Group P2 + H,0,

Group Pfree + H,0,

Percentage (%)

e Day § === Day7 s Day14

Figure 6. Percentage of DNA fragmentation index (DFI%) in zebrafish blood cells. Zebrafish were
exposed to conventional (P; and P, groups) and organic (group Pg..) tomato purees (0.5 mg/mL)
individually or after co-exposure to H,O, (200 uM) for 5, 7, and 14 days. * p < 0.05 in comparison
with unexposed controls.
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4. Discussion

Our study showed that tomato puree obtained by organic pesticide-free cultivation
has a greater cytoprotective and antioxidant potential than tomato puree obtained by
conventional farming (in which the use of pesticides is allowed), when used either alone or
after co-exposure with H,O,. In fact, fish exposed to organic tomato puree showed greater
survival and cell viability, with higher genomic stability, and reduced intracellular ROS
generation and DNA damage.

Zebrafish is the most used model for toxicity tests for its similarities in genetics,
anatomy, and physiology with humans, making it an ideal model for the study of several
human diseases. Additionally, this model represents a valid strategy for the rapid and cost-
effective screening of natural products which may be potentially safe or toxic for human
health. In this regard, numerous studies have been based on zebrafish to evaluate the
ability of substances to induce harmful conditions such as oxidative stress, inflammation,
genotoxicity, developmental toxicity, and neurotoxicity [48].

Intake of tomato and tomato-based products has been consistently associated with
a beneficial impact on human health, due to the high content of nutrients and natural
antioxidants [for a review on the topic, see [49]]. In fact, tomatoes have a high content of
minerals, vitamins, proteins, essential amino acids (leucine, threonine, valine, histidine,
lysine, and arginine), monounsaturated fatty acids (linoleic and linolenic), and phytosterols
(B-sitosterol, campesterol, and stigmasterol). Moreover, tomato fruits are considered one
of the main sources of food antioxidants such as carotenoids (x-carotene, 3-carotene,
lycopene, lutein, and cryptoxanthin) [14]. Among the carotenoids, lycopene is particularly
important for human health [50]. In fact, it is widely described as one of the most powerful
antioxidants among carotenoids, second only to astaxanthin [51], as its efficacy in singlet
oxygen removal is double that of -carotene and 10-fold higher than a-tocopherol [52].
Besides directly scavenging ROS, it also activates the expression of antioxidant genes, such
as NAD(P)H:ubiquinone oxidoreductase, haemoxygenase 1, glutathione reductase, and
glutathione S-transferase [53], and modulates the activity of enzymes that contribute to
ROS formation, such as NADP(H)oxidase, cyclooxygenase-2, 5-lipoxygenase, and induced
nitric oxide synthase [54].

Due to the impact of such components on human health, cultivation practices that
better preserve the nutritional, biological, and protective characteristics of the tomatoes
and their cytoprotective and antioxidant potential should be preferred.

Our results show a higher cytoprotective and antigenotoxic potential of organic toma-
toes in comparison to those obtained by conventional cultivation. This is in agreement with
a previous study analyzing the data collected over 10 years, where the average levels of
flavonoids (quercetin and kaempferol) in organic tomatoes were, respectively, 79% and 97%
higher than those of conventional tomatoes [55]. Higher content of phytochemicals (i.e.,
flavonoids and carotenoids) was also observed in tomato fruits purchased from the same
cultivar for two consecutive years, with the same degree of maturity and size, when the
organic approach was followed [56]. Similarly, a meta-analysis published in 2014 analyzing
343 publications observed a significantly higher concentration in antioxidants and nutrients
in organic crops, including phenolic acids, flavanones, stilbenes, and flavones, amongst
others [57].

Besides the enrichment of phytonutrients content in organic tomatoes, Sharpe et al.
also reported a differential expression of genes involved in nitrogen transport and assim-
ilation when the same genotype of tomatoes was grown under organic or conventional
conditions [58]. Therefore, the transcriptome analysis suggested that using organic fertil-
izer may alter the expression of genes, resulting in greater phytonutrients accumulation in
tomato fruits.

Our results also showed a slight reduction in genomic stability and integrity after
long treatment with the two conventional tomato purees. This highlights a potential, albeit
minimal, genotoxic activity induced by the conventional food products even when they are
not in co-exposure with a pro-oxidant, unlike the pesticide-free product. Similarly, analysis
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of DNA fragmentation showed the greatest index after co-exposure of the two conventional
tomato products with HyO,, thus suggesting a greater genotoxic effect in the case of
simultaneous intake, compared to the treatment with the pesticide-free organic tomato
puree alone and in combination with HyO,. The latter is a very well-known genotoxic
agent, as this metabolite can diffuse across the cellular membrane and become a source
of oxygen-derived free radicals [59]. In our model, H,O, induced statistically significant
damages both in terms of cytotoxicity (reducing cell viability and increasing oxidative
stress), and genotoxicity (with increased DNA fragmentation and genomic instability).
In this study, the co-exposure of tomato products to HyO, was functional to establish
the antigenotoxic potential of the three tomato purees, and more precisely the ability of
their antioxidant molecules to defend cells and genetic material from mutagenic damage.
The results showed that the co-exposure of the pesticide-free tomato puree with HyO,
resulted in lower DNA fragmentation and induced mutations. This suggests that the
phytochemicals with antioxidant activity present in conventional tomato products may be
affected, unlike the pesticide-free products, which retain their antioxidant and antigenotoxic
activity. The accumulation of pesticides used in crops may explain the impairment of the
natural antioxidants in tomato fruits. Baraniski et al. reported that the amount of pesticide
residues in conventional crops was 4-fold higher than organic ones [57]. The screening of
tomatoes revealed higher concentration of pesticide residues in conventional cultivation
worldwide, including Chile, China, Turkey, and Kazakhstan, amongst others, compared to
organic farming [60-63].

Although our study seems to point out a higher cytoprotective and antioxidant effect
of organic tomatoes on zebrafish health, the limitations in our study are to be highlighted.
First of all, this study did not analyze the content of pesticide residues in the tomatoes
tested, although in all the commercial products used, the levels of pesticides are below the
maximum residue levels authorized by national authorities in EU countries. Hence, any
association between the presence of such residues and the reduced cytoprotective potential
of commercial tomatoes is speculative, although still plausible and supported by previously
cited literature. Similarly, concentration of natural nutrients and antioxidants was not
investigated. In addition, we cannot evaluate the impact of a possible contamination of
water and soil with pollutants such as heavy metals, which may affect the cytoprotective
and antioxidant potential of tomatoes in both types of cultivations [64,65]. Finally, this
study investigated the zebrafish exposure to a concentration of tomato puree equal to
0.5 mg/mL. Due to the lack of previous studies as reference, this was selected, after a
preliminary study in which lower concentrations did not show any statistically significant
dose-response (data unpublished). However, future research should focus on testing
higher concentrations of both conventional and organic tomato purees, to verify their
cytoprotective potential. Moreover, longer times of exposure should be investigated,
due to the long-term impact of pesticides on health [66-68], as well as the effect of the
combined consumption of tomatoes and other antioxidant molecules, due to the synergistic
mode of action of antioxidants [9]. The performance of -OMICS-related experiments (i.e.,
genomics, transcriptomics, proteomics, and metabolomics) may further clarify the influence
of conventional or organic tomato cultivations on human health.

5. Conclusions

In conclusion, our study showed for the first time a higher antioxidant, cytoprotective
and genoprotective impact of organic tomato puree compared to ones obtained by conven-
tional farming in an animal model of zebrafish exposed to H,O, as oxidizing agent. These
results highlight the need to implement sustainable agriculture strategies to reduce the use
of chemical pesticides and the impact on the health, while keeping intact the nutritional,
biological and protective characteristics of food products.
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