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Abstract: Bio-based products are nowadays useful tools able to affect the
productivity and quality of conventionally cultivated crops. Several bio-based
products are currently on the market; one of the newest and most promis-
ing is the wood distillate (WD) derived from the pyrolysis process of waste
biomass after timber. Its foliar application has been widely investigated and
shown to promote the antioxidant profile of cultivated crops. WD was used
here as additive for the cultivation of tomato (Solanum lycopersicum L.) plants.
The application improved quality (chemical) parameters, minerals, polyphe-
nols, and lycopene contents of tomato fruits. The extracts of WD-treated and
untreated tomatoes have been chemically and biologically characterized. The 1H-
NMR and ESI-mass spectrometry analyses of the extracts revealed the presence
of different fatty acids, amino acids and sugars. In particular, the WD-treated
tomatoes showed the presence of pyroglutamic acid and phloridzin deriva-
tives, but also dihydrokaempferol, naringenin glucoside, cinnamic acid, and
kaempferol-3-O-glucoside. When tested in cells, the extracts showed a promis-
ing anti-inflammatory profile in lipopolysaccharide (LPS)-stimulated RAW264.7
macrophages. Furthermore, the extracts displayed a slight vasorelaxant activ-
ity on rat aorta rings (either endothelium-denuded or endothelium-intact)
pre-contracted with phenylephrine or potassium chloride.
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2 ENRICHED TOMATOES AS FUNCTIONAL FOOD

Practical Application: Wood distillate has been used for tomato plant growth.
Tomatoes showed improved nutritional parameters, and their extracts displayed
antioxidant and anti-inflammatory activities.

1 INTRODUCTION

In May 2020, the European Commission developed the
Farm to Fork strategy, a 10-year plan to guide the agricul-
tural transition toward a fair, healthy, and environmentally
friendly food system (European Commission, 2023). The
achievement of these goals is critical due to the exponen-
tial increase in world population and the subsequent need
to supply sufficient food globally.
Nowadays, it is urgent to develop alternative agricultural

practices to the traditional ones, mainly based on synthetic
products, for more efficient and sustainable agriculture
(Muhie, 2022).
Recent EU regulations promote the adoption of bio-

based solutions for modern agriculture. Bio-based prod-
ucts can improve nutrient use and acquisition efficiency.
They include bio-stimulants, biopesticides, organic fer-
tilizers, and natural soil conditioners. Several bio-based
stimulants for crop nutrition are currently on the mar-
ket. Among them, microbial bio-stimulants are available
and include mycorrhizal and non-mycorrhizal fungi, bac-
terial endosymbionts (like Rhizobium), and plant growth–
promoting rhizobacteria and also substances, such as
humic and fulvic acids, protein hydrolysates, and chitosan
(du Jardin, 2015).
Worldwide, the concept of circular economy fosters the

use of alternative sources, a concept that also applies to
agriculture. In this context, one of the most promising bio-
stimulant is the wood distillate (WD) that is derived from
the pyrolysis process of timber (Grewal et al., 2018). The
woody material is burned at very high temperatures (625–
775 K) in the absence or poor presence of oxygen. Through
this process, two by-products are produced: a solid fraction,
the biochar, and a liquid fraction derived from vapor con-
densation, the WD (Grewal et al., 2018). Both by-products
have different applications in agriculture such as remedies
to heal soils suffering from various environmental stresses
(Fedeli, Alexandrov, et al., 2022), as bio-stimulants (Zhu
et al., 2021), and as herbicidal agents for higher plants and
cryptogams.
WD has a pungent smell and a color ranging from yel-

low to reddish-brown with a chemical composition that
varies upon the operations and parameters that are set
up during the pyrolysis process (Theapparat et al., 2014).
More than 200 biologically organic active water-soluble
compounds have been detected in WD, including phenols,

organic acids, alcohols, and esters (Mu et al., 2006). Due
to the presence of these molecules, WD is used in agricul-
ture mainly as a bio-stimulant, though recent studies have
shown that it can be used also to increase both biomass and
fruit productivity and quality (Fedeli, Vannini, et al., 2022;
Fedeli, Vannini, Grattacaso, et al., 2023; Zulkarami et al.,
2011). In addition, its environmental safety has been estab-
lished based on the absence of toxic effects (Fačkovcová
et al., 2020a,b; Fanfarillo et al., 2022).
Tomato (Solanum lycopersicum L.) is one of the main

cultivated crop species in the worldmainly due to its nutri-
tive values and the ability of the plant to produce high
yields for unit area (Collins et al., 2022). The production
of tomatoes worldwide is about 178 M tons per year and
ca. 30% is produced in China, whereas Italy accounts for
ca. 4% on par with Iran and Egypt. This vegetable is a
major food of the Mediterranean diet and contains health-
beneficial phytochemicals (e.g., polyphenols, lycopene,
and vitamins, mainly of B group).
Several biological properties have been highlighted for

tomato, including anti-inflammatory activities and the
prevention of chronic diseases (Chaudhary et al., 2018).
Seminal studies revealed that the tomato powder is able
to significantly increase the diversity and richness of the
gut microbiome, avoiding a buildup of Gram-negative
bacteria, which can secrete hepatotoxic compounds able
to promote liver inflammatory disease and cancer (Xia
et al., 2018). Furthermore, on an inflammatory perspective,
tomato proved to alter the composition of the gut micro-
biome by increasing Flavobacterium and Lactobacillus and
decreasing Oscillospira populations, thus reducing the gut
inflammatory damage in mice (Collins et al., 2022).
Among all the phytochemicals, one of themost essential

is lycopene, the supplementation of which with tomatoes
has been shown to reduce blood lipids (such as LDL-
cholesterol) and systolic blood pressure (Chen et al., 2013).
Furthermore, lycopene can alleviate oxidative stress often
responsible for cardiovascular diseases (Li et al., 2021).
This research proposes the use of WD for foliar applica-

tion on tomato plants, aiming at investigating if WD can
interfere with tomato yields and with the fruits’ quality
parameters together with the presence of bioactive com-
pounds. The study is performed by comparing the data
obtained from not treated and treated tomatoes (TOM_C
and TOM_WD, respectively). To the best of our knowl-
edge, this is the first study reporting the cultivation of
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ENRICHED TOMATOES AS FUNCTIONAL FOOD 3

F IGURE 1 Experimental design.

tomatoes with foliar application of WD and the corre-
spondent analysis for their functional properties. Tomato
extracts (TOM_Ce and TOM_WDe), obtained by the mean
of solid–liquid extraction, were first analyzed for their
chemical composition via ESI-mass spectrometry (MS)
and 1H NMR analyses, then, in vitro tested to evaluate
the anti-inflammatory effects in lipopolysaccharide (LPS)-
stimulated RAW264.7macrophages and their influence on
vasoactivity in thoracic rat aorta rings (Figure 1).

2 MATERIALS ANDMETHODS

2.1 Chemicals

The materials used inlcude Dulbecco’s modified Eagle’s
medium (DMEM), FBS, l-glutamine, penicillin, strep-
tomycin, phenylephrine, acetylcholine, nifedipine, and
phenylephrine (Sigma Chimica); sodium nitroprusside
(Riedel-De Haen AG). Phenylephrine was solubilized in
0.1MHCl. Nifedipinewas dissolved directly in ethanol and
the extracts in DMSO.

2.2 Experimental design

The planting material, that is, tomato seeds (S. lycoper-
sicum L. var. impact), was sown in April 2021 according to
a randomized complete block design with 10 blocks (repli-
cations) and 2 treatments. Within each block, two 1 × 1 m2

plots were placed 3 m apart. One treatment consisted of
water alone (control) and the other of 0.2% WD of chest-
nut (Castanea sativa) (BioDea R©). At planting, the soil was
fertigatedwithwater (control) or 0.2%WD. Fertigationwas
repeated two more times when the tomato plants reached

a height of 15–20 cm and had five to six leaves. The plants
were sprayed every 10 days with water (control) or 0.2%
WDuntil the fruits were harvested. In June, the fruits were
randomly harvested in the center of the experimental plots
and prepared for analysis. Then theywere freeze-dried and
stored at room temperature prior to analyses.

2.3 Soluble sugars

Determination of soluble sugar content (i.e., glucose and
fructose) was performed according to literature (Fedeli,
Vannini, et al., 2022) Approximately 1.5 g of samples
were homogenized in 2 mL of deionized water and then
centrifuged at 15,000 rpm for 5 min. An aliquot of the
supernatant was filtered at 0.45 µm with a syringe fil-
ter. Then the filtered extract was analyzed directly using
an HPLC (Waters 600 system) equipped with a Waters
2410 refractive index detector. Separation of sugars was
achieved using deionized water as the mobile phase,
eluted at 0.5 mL/min, and a Waters Sugar-Pak I ion-
exchange column (6.5 mm × 300 mm) maintained at 90◦C
using an external temperature controller (Waters Column
Heater Module). Standard curves of pure analytical sugars
(>98.0%, Sigma-Aldrich), ranging from 0.1 to 20 mg/mL,
were used for determining the concentration of the sugars
in the samples.

2.4 Antioxidant compounds
(polyphenols and flavonoids)

Determination of total polyphenol content was performed
according to the method described by Henríquez et al.
(2010) with minor modifications. Approximately 1 g of the
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4 ENRICHED TOMATOES AS FUNCTIONAL FOOD

sample was homogenized in 4 mL of an acetone/water
solution (70:30 v/v) and then centrifuged at 4000 rpm
for 5 min. An aliquot of the supernatant (500 µL) was
added to 3mL deionized water, 125 µL Folin–Denis reagent
(Sigma-Aldrich), 750 µL saturated Na2CO3, and 950 µL
deionized water. The samples were placed in an oven
at 37◦C for 30 min, then centrifuged at 4000 rpm for
5 min. Absorbance was read at 765 nm with a UV–Vis
spectrophotometer (8453, Agilent). A standard curve of
pure gallic acid (>98%, Sigma-Aldrich), ranging from 5 to
20 µg/mL, was used for determining the concentration of
polyphenols in the samples. Determination of flavonoid
content was performed according to the literature (Loppi
et al., 2021). About 1 g of samples were homogenized
in 2 mL ethanol/water (80:10 v/v) and then centrifuged
at 15,000 rpm for 5 min. An aliquot of the supernatant
(500 µL) was added to 45 µL of a 5% NaNO2 solution and
300 µL of deionized water. Then 45 µL of a 10% AlCl3
solution, 300 µL of a 1 M NaOH solution and 300 µL
of deionized water were added. After that, the samples
were read at 510 nm with a UV–Vis spectrophotometer. A
standard curve of pure quercetin (>95%, Sigma-Aldrich),
ranging from 5 to 200 µg/mL, was used for determining the
concentration of flavonoids in the samples.

2.5 Lycopene

Determination of lycopene content was performed accord-
ing to the literature (Olives Barba et al., 2006), with minor
modifications. Approximately 1.5 g of tomato fruit was
homogenized in 10 mL of a solution composed of hex-
ane/acetone/ethanol (50:25:25 v/v/v). Subsequently, 1.5mL
of deionized water was added and vortexed. An aliquot of
the supernatant (1 mL) was taken and dried under vac-
uum (20◦C), and the dry extractwas resuspended in 0.4mL
of methanol/acetonitrile/tetrahydrofuran (55:30:15 v/v/v).
Themobile phase for HPLC analysis (Perkin Elmer Nelson
3200 Series) consisted of methanol/acetonitrile (90:10 v/v)
and 9 mM triethanolamine at a flow rate of 0.9 mL/min,
using an RP-C18 column (SUPELCO Kromasil 100A-5u-
C18 4.6 mm × 250 mm); absorbance was set at 475 nm,
and the running time of the analysis was about 20 min. A
standard curve of pure lycopene (>85.0%, Sigma-Aldrich),
ranging from 6.25 to 100 µg/mL, was used for determining
the concentration of lycopene in the samples.

2.6 Mineral element

Approximately 200 mg of lyophilized sample was mineral-
ized with a mixture of 3 mL of 70% (v/v) HNO3 and 0.5 mL

of 30% (v/v) H2O2, using a microwave digestion system
(Milestone Ethos900, Metrohm) at 280◦C and 55 bar. The
content of Fe, Ca, Mg, Na, K, Cu, Zn, and P was quantified
by inductively coupled MS (ICP-MS, Perkin Elmer Nex-
ION 350). Analytical quality was measured using NCS DC
73350 certified standard reference material Poplar leaves;
recoveries were in the range 98%–106%. The precision of
analysis was estimated from the coefficient of variation of
seven replicates and was always >98%.

2.7 Extraction of phytochemicals

Six grams ofminced tomatoes (TOM_CorTOM_WD)were
extracted for 3 h at 65◦C with 160 mL of acetone:water
(4:1 v/v). The mixture was filtered, and the filtrate was
evaporated to dryness under vacuum (Minoggio et al.,
2003).

2.8 Spectroscopic analyses

NMR analyses were conducted on a Varian 300 MHz
spectrometer by solubilizing 10 mg of each sample in
600 µL of CDCl3 (Carullo, Governa, et al., 2020). To fully
appreciate the different metabolites in the extracts, a fur-
ther extraction was performed: each sample (TOM_Ce or
TOM_WDe) of 20 mg was solubilized in 1 mL of CDCl3,
and then this solution was extracted with a hydroalcoholic
mixture constituted of 900 µL D2O and 100 µLMeOD. The
two phases were then analyzed in order to better evaluate
the chemical composition of the extracts. The assignment
of the resonances was performed by analyzing 1H-NMR
characteristics and the comparison of tests in the literature
(Le Gall et al., 2003; Sobolev et al., 2003). MS analysis was
performed applying the following operating conditions:
spray voltage (+/−): 4.5 kV; capillary temperature: 200◦C;
sheath gas (nitrogen) flow rate: ca. 0.75 L/min. MSn prod-
uct ion experiments were carried out inside the ion trap
by isolating the precursor ion and then by applying a sup-
plementary potential for collision-induced dissociations;
collision gas: He; collision energy: 24%–30% arbitrary units
(a.u.). Them/zwindow for precursor ion isolation was 1 or
2 u. Samples were introduced via flow injection in the ESI
source at a flow rate of 5 µL/min. The Orbitrap Q Exactive
Plus (Thermo Fisher) with an electrospray source, operat-
ing in positive and negative ion mode, in flow injection,
was used for high resolution (30,000 and 140,000FWHM@
m/z 200) mass spectra and higher energy collisional disso-
ciation MS/MS spectra by using nitrogen as collision gas;
collision energy: 18%–30% a.u.
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ENRICHED TOMATOES AS FUNCTIONAL FOOD 5

2.9 Cell cultures

RAW 264.7 murine macrophages, obtained from Amer-
ican Type Culture Collection, were cultured in DMEM
(Sigma-Aldrich) supplemented with 2 mM l-glutamine,
10% fetal bovine serum, and 1% penicillin/streptomycin (all
from Sigma-Aldrich) at 37◦C in a humidified atmosphere
containing 5% CO2 (Carullo, Sciubba, et al., 2020).

2.10 Nitric oxide production assessment

RAW 264.7 macrophages were seeded in 24-well plates
at a density of 2 × 105 cells/well and cultured overnight
in DMEM. Then, cells were simultaneously exposed
for 24 h to 1 µg/mL LPS and to serial dilutions of
TOM_Ce or TOM_WDe (concentrations ranging from 12.5
to 200 µg/mL). DMSO-treated cells were used as control.
The presence of nitrites, a stable oxidized product of nitric
oxide (NO), was assessed in cell culturemedia by using the
Griess reagent, as previously reported (Tundis et al., 2018).
More in detail, 100 µL of Griess reagent (Sigma-Aldrich)
and the same volume of cell culture medium from each
sample were combined, and absorbance at 550 nm was
measured by using a BioTek Synergy H1 microplate reader
(Agilent Technologies). Cell viability of treated RAW 264.7
cells was assessed by MTT (Sigma-Aldrich) assay and
compared to that of untreated cells.

2.11 qPCR analysis

RAW 264.7 cells were cultured as described above and
exposed for 6 h to DMSO or to 1 µg/mL LPS alone or
in the presence of 100 µg/mL TOM_Ce or TOM_WDe.
Pro-inflammatory cytokine determination was executed as
described in Mazzotta et al. (2019). Total cellular RNA
was extracted using TRI-Reagent (Sigma-Aldrich), follow-
ing manufacturer’s recommendations. RNA purity and
integrity were assayed spectroscopically and by gel elec-
trophoresis. Reverse transcription of RNA to cDNA was
achieved by reverse transcription, by using OneScript
Plus cDNA Synthesis Kit (Applied Biological Materials
Inc.), following manufacturer’s procedure. Gene expres-
sion analyses of tumor necrosis factor alpha (TNF-α)
interleukin 1 beta and interleukin 6 (IL-6) were performed
using the platform Quant Studio3 Real-Time PCR Sys-
tem (Life Technologies) using PowerUp™ SYBR™ Green
Master Mix (Life Technologies), according to manufac-
turer’s recommendations. The results were normalized
using glyceraldehyde 3-phosphate dehydrogenase mRNA
levels. Relative mRNA levels were calculated using the

∆∆Ctmethod comparing to control group. All the primers
used for amplifications are listed in Table S1.

2.12 Animal care statement

The Animal Care and Ethics Committee of the Uni-
versity of Siena and the Italian Department of Health
(7DF19.N.TBT) approved all the procedures, in strict accor-
dance with the European Union Guidelines for the Care
and the Use of Laboratory Animals (European Union
Directive 2010/63/EU). An isoflurane (4%) and O2 gas mix-
ture was used to anaesthetize male Wistar rats (260–370 g;
Charles River Italia) with Fluovac (Harvard Apparatus),
before heparinization, decapitation, and exsanguination.
The thoracic aorta was immersed in a modified Krebs–
Henseleit solution (KHS) and processed as detailed below
(Campiani et al., 2021; Carullo et al., 2022).

2.13 Aorta ring preparation

Rings (3–4 mm wide) were cut from the thoracic aorta
and mounted, under a passive tension of 1 g, in organ
baths filled with KHS (composition in mM: 118 NaCl,
4.75 KCl, 1.19 KH2PO4, 1.19 MgSO4, 25 NaHCO3, 11.5
glucose, 2.5 CaCl2, gassed with carboxygen; pH 7.4) for
isometric tension recordings, using a digital PowerLab
data acquisition system (PowerLab 8/30; ADInstruments).
Rings responding to 0.3–0.6 µMphenylephrine and 60mM
KCl were considered viable (Carullo et al., 2019, 2023;
Carullo, Ahmed, Fusi, et al., 2020). When necessary, the
endothelium was removed by gently rubbing the lumen
of the ring with a forceps tip. This procedure was val-
idated by adding 10 µM acetylcholine at the plateau of
phenylephrine-induced contraction: a relaxation greater
than 70% or less than 10% denoted the presence or absence
of functional endothelium, respectively (Fusi et al., 2000).

2.14 Phenylephrine- and KCl-induced
contractions

Each extract was added cumulatively to aorta rings stimu-
lated by 0.3–0.6 µM phenylephrine, 25–35 mM or 60 mM
KCl. Nifedipine (10 µM) and/or sodium nitroprusside
(100 µM) were added at the end of each experiment to
test smooth muscle viability. The response was calculated
as a percentage of the initial tension evoked by phenyle-
phrine or KCl (Cuong et al., 2014). Analysis of data was
accomplished using LabChart 7.3.7 Pro (PowerLab; ADIn-
struments) (Carullo, Ahmed, Trezza, et al., 2020; Carullo
et al., 2021).
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6 ENRICHED TOMATOES AS FUNCTIONAL FOOD

TABLE 1 Mineral content in TOM_C and TOM_WD expressed
as mg kg−1.

TOM_C TOM_WD
Fe 100.77 ± 9.46a 87.29 ± 7.93a

Ca 1477.78 ± 87.31a 1759.16 ± 183.95a

Mg 1932.12 ± 102.68a 1975.21 ± 101.53a

Na 1111.71 ± 67.02a 1246.63 ± 86.00a

K 44,047.69 ± 1503.36a 41,297.46 ± 2193.98a

Cu 12.56 ± 1.02a 10.67 ± 0.27a

Zn 29.34 ± 2.16a 27.15 ± 3.16a

P 4688.31 ± 297.93a 3558.07 ± 98.67b

Note: Data are presented as mean ± standard deviation. Different letters
indicate statistically significant (p < 0.05) differences between treatments.
Abbreviations: Ca, calcium; Cu, copper; Fe, iron; K, potassium; Mg, magne-
sium; Na, sodium; P, phosphorus; Zn, zinc.

2.15 Statistical analysis

The normality of data was verified through the Shapiro–
Wilk test. All results are presented with mean ± standard
error. Statistical differences between control and WD-
treated samples were evaluated by the Student t-test with
a significance level of p< 0.05. Statistical analysis was per-

formed using either R software (R Core Team, 2022) or
GraphPad Prism 5.04 (GraphPad Software Inc.).

3 RESULTS AND DISCUSSION

3.1 Quality parameters

Tomatoes derived from plants treated withWD, TOM_WD
showed statistically significant increases in fresh weight
(+16.0%), soluble sugar content (i.e., glucose (+32.9%),
fructose (+24.4%), and total antioxidant compound
content (+27.8%) (i.e., polyphenols (+17.9%), flavonoids
(+58.1%)), and lycopene content (+51.9%), compared
to control, TOM_C (Figure 2). The results revealed a
significant increase in both yield and nutritional quality
of tomato fruits following the application of 0.2% WD on
plants. This behavior is in line with other crops, which
showed a positive trend in yield and nutritional quality
after WD treatment. This increment in terms of individual
product weight could be due to the stimulating action of
WD on the root system and to the raising of the photo-
synthetic action of plants, thus stimulating flowering and

F IGURE 2 Quality parameters for tomato fruits derived from plants irrigated with water (TOM_C) and tomato fruits derived from
plants treated with wood distillate (WD) (TOM_WD): (a) fresh weight; (b) soluble sugar content; (c) antioxidant compound content; (d)
lycopene content. Data are presented as mean ± standard deviation. Distinct letters indicate statistically significant differences (p < 0.05)
among treatments.
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ENRICHED TOMATOES AS FUNCTIONAL FOOD 7

plant growth (Rose et al., 2016). Furthermore, this effect
could be influenced by several compounds present in WD,
such as alcohols, polyphenols, and acids (Wei et al., 2010).
Limited data are available about the impact of WD on
the sugar content of crop species; for tomato, it has been
shown an enhancement in soluble sugar concentration
after a 0.5% WD application (CheonSoon et al., 2006).
These studies are consistent with the results reported
here; in fact, all three values for glucose, fructose, and
total sugars were significantly higher than those of the
respective control groups (Jones and Scott, 1983). These
data demonstrate that the WD treatment can promote
higher sugar content in the product, resulting in a tastier
outcome without the need for any genetic editing. More-
over, a higher concentration of polyphenols was observed,
as previously reported for chickpea seeds (Fedeli, Vannini,
Celletti, et al., 2023), tomato (Rose et al., 2016), and straw-
berry fruits (Kårlund et al., 2014), following an application
of 0.2%–0.5% WD. It is well known that lycopene is one of
the most relevant and characteristic molecules of tomato,
as it is found in much higher levels than other fruits (i.e.,
watermelon, pink grapefruit, and apricot). It was also
observed that there was an increase in total carotenoid
content in tomatoes following an application of 0.5%–1%
WD (Ofoe et al., 2022). The raising of antioxidant com-
pound content analyzed could be due to the stimulating
effect of WD, called eustress. This practice is very common
in the horticultural field. Several methods are used to
bring the plant to a mild state of stress that stimulates
the generation of antioxidant compounds as a defense
mechanism (Baenas et al., 2014). The increase of these
compounds, without the use of chemical pesticides or
genetic modification, is interesting and useful, as they are
essential to prevent oxidative stress and various diseases.
No significant difference in the mineral components was
observed between TOM_C and TOM_WD, except for the
phosphorus (P), which showed a significant reduction in
WD-treated tomatoes by 24.1% (Table 1), as already shown
in citrus rootstocks treated with 0.4% WD. This reduction
may be related to the low pH of WD (Mirsoleimani et al.,
2022).

3.2 Extraction and chemical
characterization of the extracts

Starting from 6.02 g of TOM_C or TOM_WD we obtained
0.25 g of TOM_Ce (4.15% w/w of extract deriving from
TOM_C) and 0.63 g of TOM_WDe (10.4% w/w of extract
deriving from TOM_WD). The two extracts were stored
at−20◦C until further analyses. Extracts were diluted in
CDCl3 and analyzed through 1H NMR, revealing a similar
pattern in the corresponding spectra (Figure 3a, Figure S1,

F IGURE 3 Details of 1H-NMR spectra of TOM extracts. (a) full
spectrum in CDCl3. (b) amino acids regions highlighted in D2O
extract. (c) sugars region.

Table 2). In particular, the 1H NMR spectra of total
extracts TOM_WDe and TOM_Ce revealed the typical pat-
tern of fatty acids, such as oleic, linoleic, and linolenic
acids. In particular, the visible signals (Figure 3a) showed
to be essentially those of olefinic protons (5.33 ppm)
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8 ENRICHED TOMATOES AS FUNCTIONAL FOOD

TABLE 2 Resonance assignments with chemical shifts of identified metabolites.

Molecule 1H shift Multiplicity Assignment TOM_Ce TOM_WDe
Oleic, linoleic, linolenic
acids

0.98 s CH3 + +

Acetate 1.91 s CH3 + +

Lycopene 1.95 s −CH3 + +

Glutamate 2.03 m β-CH2 + +

Valine 2.23 m β-CH + +

γ-Aminobutyrate 2.29 t α-CH2 + +

GABA 2.32 m CH2 − +

Glutamate 2.34 m γ-CH2 + +

Malate 2.37 dd β-CH2 + +

Citrate 2.66 m CH2 + +

Aspartate 2.78 m β-CH2 + +

Phenylalanine 3.10 m β-CH2 + +

Tyrosine 3.13 m β-CH2 + +

α-d-Glucose 3.52 dd H2 + +

Threonine 3.58 m α-CH + +

Tyrosine 3.90 α-CH + +

α-Tocopherol 4.18 COH − +

β-d-Glucose 4.65 d H1 + +

Fatty acids 5.32, 5.34 d CH2 + +

Dihydrokaempferol 6.20 m ArH − +

Naringenin glucoside 6.22 m ArH − +

Cinnamic acid 7.46 m CH=CH − +

Kaempferol-3-O-glucoside 8.07 m ArH − +

Trigonelline 8.85 m ArH − +

Note: “+” identified in the extract; “−” not identified in the extract.

(Masetti et al., 2017). In these conditions, it was not possi-
ble to identify other compounds, so we decided to perform
a liquid/liquid extraction on the samples. First, the extracts
were solubilized in CDCl3, and then they were partitioned
between CDCl3 and D2O/MeOD, to obtain two separated
phases and therefore four different samples that were ana-
lyzed through 1H NMR (Figures S2 and S3) (Tomassini
et al., 2016). As expected, hydroalcoholic extracts revealed
high amounts of acetate, malate, α-tocopherol, sugars
like α-D-glucose, β-D-glucose, and different amino acids
like valine, threonine, GABA, phenylalanine, tyrosine,
glutamate, and aspartate (Figure 3b,c, Table 2) (Sobolev
et al., 2003). Other substances identified were lycopene
and polyphenols like dihydrokaempferol, naringenin glu-
coside, and kaempferol-3-O-glucoside, but also cinnamic
acid, although limited amounts of these compounds can
be inferred by the low intensity of diagnostic peaks for
assignments (Table 2) (Le Gall et al., 2003). To fully com-
plete the chemical characterization, the extracts have also
been subjected to LC–MS analysis operating in ESI mode

(Figure 4, Table 3). In particular, the extracts contain simi-
lar identifiablemetabolites, including derivatives of caffeic
acid, chlorogenic acid derivative, caffeic acid hexoside,
diacyl phosphoglyceride, diacyl phosphatidyl-myoinositol,
hydroxy-phloretin 3′,5′-di-C-hexoside, monoacylglycerol-
phosphoserine, caffeoyl monoacyl phosphoglyceride, and
diacyl phosphoglyceride. On the other hand, TOM_WDe
presented some ions attributable to different metabolites
like hydroxyoctanedioic acid, pyroglutamic acid, chloro-
genic acid, phloretin 3′,5′-di-C-hexoside. The ESI (+)
analysis is not useful to identify secondary metabolites
present in tomatoes (Otify et al., 2023).

3.3 Anti-inflammatory effects of
TOM_WDe and TOM_Ce in LPS-stimulated
macrophages

In order to evaluate the anti-inflammatory potential of the
obtained extracts as well as to highlight any significant
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ENRICHED TOMATOES AS FUNCTIONAL FOOD 9

F IGURE 4 ESI (−) fingerprints of TOM_WDe (a) and TOM_Ce (b) extracts.

differences between TOM_WDe and TOM_Ce, their abil-
ity to inhibit NO production in LPS-stimulated RAW 264.7
macrophages was evaluated. Indeed, NO is an important
gaseous signaling molecule that regulates various phys-
iological and pathophysiological processes, such as the
phlogistic response. Its production, during the inflam-
matory process, is mediated by the inducible nitroxide
synthase, the expression of which is modulated by NF-kB
transcription factor, a key element in the cellular response
to harmful stimuli (Brindisi et al., 2020; Frattaruolo et al.,
2019). As shown in Figure 5a, in LPS-stimulatedRAW264.7
cells, both extracts were able to reduce NO production in
a concentration-dependentmanner, although significantly
higher effects were found on cells after TOM_WDe treat-
ment. Indeed, TOM_WDe exhibited inhibitory activity
at lower concentrations compared to TOM_Ce, reaching

an IC50 value equal to 21.47 µg/mL (Figure 5a). Fur-
thermore, MTT assay (Figure 5b) revealed no cytotoxic
effect on macrophages, which allows us to exclude any
correlation between the observed biological effects and
alterations of cell viability, thus confirming the safety of
the tested extracts. In order to corroborate the promis-
ing anti-inflammatory potential of the extracts, as well
as the effectiveness of the WD treatment, the transcrip-
tion levels of genes encoding different pro-inflammatory
cytokines were assessed in LPS-stimulated macrophages
after treatment with TOM_WDe and TOM_Ce. The results
obtained (Figure 5c) indicated the ability of both extracts
to decrease transcript levels of TNF-α, IL-6, and inter-
leukin 1ß, which are important biological mediators in the
activation and propagation of the inflammatory response.
The comparison between the two different treatments
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10 ENRICHED TOMATOES AS FUNCTIONAL FOOD

TABLE 3 ESI (−) data with putative identification of most significant ions in TOM_Ce and TOM_WDe.

Molecule m/z Formula MS/MS TOM_Ce TOM_WDe
Pyroglutamic acid 128.03 C5H6NO3

− 128 + −

Hydroxy-octanedioic acid 189.07 C8H13O5
− 129 − +

Derivative of caffeic acid 487.12, C24H23O11
−, 133 + +

505.13, C24H25O12
−,

519.14, C25H27O12,
491.26, C27H39O8,
473.25 C27H37O7

−

Chlorogenic acid derivative 353.08, C16H17O9
−, 191 + +

529.15, C23H29O14
−,

691.18, C32H35O17
−,

337.09, C16H17O8
−,

515.11, C25H23O12
−,

677.15 C34H29O15
−

Octadecadienoic acid derivative 515.29 C26H43O10
− 279 + +

Lipids 723.37, C33H57O14
−, 279 + +

595.28, C27H48O12P−,
638.32,

C29H53NO12P−,
520.25, C24H43NO9P−,
476.27, C23H43NO7P−,
564.32, C27H51NO9P−,
579.28, C27H47O11S−,
507.26, C24H44O9P−,
595.25, C30H44O10P−,
529.28, C27H45O10

−,
515.3, C27H47O9

−,
433.23, C21H38O7P−,
477.25, C21H36O7P−,
447.24, C22H40O7P−,
461.26, C23H42O7P−,
693.45, C39H66O8P−,
833.51, C43H78O13P−,
695.46 C39H68O8P−

Caffeic acid hexoside derivative 621.19, C33H33O12
−, 281 + +

561.14 C23H13O17
−

Lipids 581.27, C27H49O11S−, 281 + +

597.3, C27H50O12P−,
478.28, C23H45NO7P−,
566.34, C27H53NO9P−,
509.28 C24H46O9P−

Pyroglutamic acid derivative 632.15 C36H26NO10
− 290 − +

Chlorogenic acid 529.15, C23H29O14
−, 353 − +

691.18, C32H35O17
−,

677.17, C31H33O17
−,

515.11, C25H23O12
−,

677.15 C34H29O15
−,

(Continues)
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ENRICHED TOMATOES AS FUNCTIONAL FOOD 11

TABLE 3 (Continued)

Molecule m/z Formula MS/MS TOM_Ce TOM_WDe
Diacyl phosphoglyceride 669.44 C37H66O8P− 391 + +

Diacyl phosphatidyl-myoinositol 833.51 C43H78O13P− 391 + +

Hydroxy-phloretin
3′,5′-di-C-hexoside

613.17 C27H33O16
− 433 + +

Monoacyl-glycerol-phosphoserine 520.25 C24H43NO9P− 433 + +

Caffeoyl monoacyl phosphoglyceride 595.25 C30H44O10P− 433 + +

Phloretin 3′,5′-di-C-hexoside
O-hexoside

759.23 C33H43O20
− 639 − +

Diacyl phosphoglyceride 695.46 C39H68O8P− 695 + +

Note: “+” identified in the extract; “−” not identified in the extract.

F IGURE 5 Anti-inflammatory potential of TOM_Ce and TOM_WDe in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells. (a) Nitrite
production assessment in LPS stimulated macrophages after treatment with different concentrations of extracts. IC50 values were obtained by
nonlinear regression analysis of three independent experiments. (b) Cell viability rating of LPS-stimulated RAW 264.7 cells treated with
TOM_Ce and TOM_WDe. (c) qPCR analysis of the transcription levels of genes encoding pro-inflammatory cytokines. ****p value <0.0001
(samples vs. controlLPS); ns: not significant, ##p value <0.01, ####p value <0.0001 (TOM_WDe vs. TOM_Ce).

highlighted a significant activity of TOM_WDe with
respect to TOM_Ce in reducing the expression of TNF-α
and IL-1ß, further emphasizing that WD treatment is able
to increase the biological properties of tomatoes. These
results could be explained by the different chemical com-
position of the two phytocomplexes. Indeed, TOM_WDe
is characterized by the presence of different compounds
like dihydrokaempferol, naringenin glucoside, cinnamic
acid, kaempferol-3-O-glucoside, and trigonelline, which
were proven, by several previous reports (Chen et al., 2023;
Khalili et al., 2018; Zeng et al., 2018) to be endowed with

anti-inflammatory action; consequently, they could con-
tribute to the anti-inflammatory activity of the TOM_WDe.

3.4 Effect of TOM_WDe and TOM_Ce
on phenylephrine- or KCl-induced
contractions

To investigate the effects of the two extracts on pharmaco-
mechanical coupling and define a role for the endothelium
in their vasorelaxant activity, they were assessed in rings,
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12 ENRICHED TOMATOES AS FUNCTIONAL FOOD

F IGURE 6 Effects of tomato extracts on phenylephrine- and KCl-induced contraction of rat aorta rings. (a) Concentration–response
curves for TOM_WDe and TOM_Ce in endothelium-intact (+endo) or denuded (−endo) rings pre-contracted by 0.3 µM phenylephrine. The
steady-state contraction was evoked by phenylephrine and then each extract or an equal volume of vehicle (DMSO) was added cumulatively.
In the ordinate scale, relaxation is reported as a percentage of the initial tension induced by phenylephrine. (b) Concentration–response
curves for TOM_WDe and TOM_Ce in endothelium-denuded rings pre-contracted by either 60 mM KCl (K60) or 25–30 mM KCl (K25/30).
The steady-state contraction was evoked by KCl and then each extract or an equal volume of vehicle (DMSO) was added cumulatively. In the
ordinate scale, relaxation is reported as a percentage of the initial tension induced by KCl. Data points represent the mean ± standard
deviation (n = 3–5 rings isolated from at least three animals).

either endothelium-denuded or endothelium-intact, pre-
contracted by 0.3–0.6 µM phenylephrine or 25–35 mM or
60 mM KCl. As shown in Figure 6a, neither TOM_WDe
nor TOM_Ce affected the vessel tone induced by the α1
agonist, independently of the presence of a functional
endothelium. In order to assess the effect of TOM_WDe
and TOM_Ce on electromechanical coupling, which is
essentially due to the opening of CaV1.2 channels, aorta
rings were depolarized by either 25–35 mM or 60 mMKCl.
When muscle tone reached a plateau, cumulative concen-
trations of each extract or vehicle were added (Figure 6b).
Neither TOM_WDe nor TOM_Ce affected 60 mM KCl-
induced contraction. However, both extracts relaxed by
about 25%, and the preparations depolarized by 25 mM
KCl. This effect was observed only at low concentrations
of TOM_WDe, whereas it persisted in the range of concen-
trations 3–100 µg/mL of TOM_Ce. The pharmacological
analysis demonstrated that the two extracts possessed a
modest vasodilatory activity, likely ascribable to a K+
channel opening effect, as it was observed only in rings
depolarized with moderate but not high concentrations of
K+ (Gurney, 1994). CaV1.2 channels, endothelium-derived
vasorelaxant factors or α1 adrenergic receptors seemed not
to be affected by the extracts.

4 CONCLUSION

Overall, the data herein described demonstrated the effi-
cacy of foliar treatment with 0.2% WD in improving the

nutritional parameters of tomatoes. This treatment is able
to increase total flavonoids and polyphenols in the fruits
(TOM_C and TOM_WD). The corresponding extracts
(TOM_Ce and TOM_WDe) did not show significant sig-
nals in the classical pattern of amino acids and carotenoids.
Some substances like glutamic acid, phloridzin derivatives,
and naringenin have been identified in TOM_WDe but
not in TOM_Ce. TOM_WDe displayed significant nitrite
production inhibitory activity without affecting cell via-
bility; this effect is most likely due to the presence of
dihydrokaempferol, naringenin glucoside, cinnamic acid,
kaempferol-3-O-glucoside, and trigonelline, only in this
extract. When tested in rat aorta rings, TOM_WDe did
not reveal any significant vasorelaxant activity. To sum up,
this study shows new efforts for the use of WD in agri-
culture. In particular, the data herein presented evidence
that the use of WD improves the nutritional parameters of
the treated tomatoes, fostering anti-inflammatory proper-
ties of the extracts. These results deserve further studies for
understanding themechanism by whichWD improves the
quality parameters of the S. lycopersicum L.
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