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Abstract: Citrus fruits are a diverse and economically important group of fruit
crops known for their distinctive flavors and high nutritional value. Their cul-
tivation and consumption contribute significantly to the global agricultural
economy and offer a wide range of health benefits. Among the genetic diver-
sity of citrus species, Citrus x limon (L.) Osbeck is particularly relevant due
to its chemical composition and potential health benefits. Two cultivars from
the Sicily region (southern Italy) were compared for their phenolic content
and preliminary antioxidant activity to select the distinctive extract with poten-
tial biological activity. A detailed characterization revealed the occurrence of
phenolics, coumarins, and flavonoids. The quantification of metabolites con-
tained in the selected extract was performed by an ultrahigh-performance liquid
chromatographic method coupled with an ultraviolet detector. Different concen-
trations were tested in vivo through the fish embryo acute toxicity test, and the
50% lethal dose of 107,833 µgmL−1 was calculated. Finally, the effect of the extract
on hatching was evaluated, and a dose-dependent relationship with the acceler-
ated hatching rate was reported, suggesting a Femminello Zagara Bianca green
peel upregulating effect on the hatching enzymes.
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Practical Application: Citrus fruits and their products continue to be one of
the natural food sources with the highest waste output. In this study, we demon-
strate how food industry waste, particularly lemon peel, is rich in bioactive
compounds with anti-inflammatory and antioxidant properties that may be used
in the nutraceuticals industry.

1 INTRODUCTION

The Citrus genus has an economic impact on the food
chain and botanical productionwith an annual production
of approximately 143.48million tons (Nieto et al., 2021).Cit-
rus x limon (L.) Osbeck, grown in the Mediterranean Area
in specific areas of southern Italy (e.g., Sicily). In partic-
ular, the “Femminello Siracusano” (FS) and “Femminello
Zagara Bianca” (FZB) are protected by the label “protected
geographical indication” and represent the main cultivars
produced in the Siracusa area. Although both varieties
are considered different on a genetic basis (Guardo et al.,
2021), the Femminello group, which includes both vari-
eties, shows some common morphophysiological traits,
including an ever-blooming, ever-bearing habit thatmakes
these two varieties very responsive to the forced summer
production of Sicilian lemon culture. However, although
FS is the widely planted lemon variety in Italy during
the past decade, showing outstanding performances in
terms of productivity, yield precocity, and fruit quality,
“Femminello Zagara Bianca” must be preferred in areas
of high mal secco pressure (Barry et al., 2020). After
processing, citrus byproducts still contain high-value com-
pounds, such as dietary fiber, terpenes, phenolic acid,
and polyphenol (Gómez-Mejía et al., 2019; Imeneo et al.,
2022), which are largely used in nutraceuticals and cos-
metic industries (Berk, 2016). Polyphenols play many
biological roles, such as decreasing the expression of

some inflammatory mediators in vitro and in vivo (Cirmi
et al., 2021; de Souza et al., 2022) and reducing oxidative
stress (Bussmann et al., 2022; Montalbano et al., 2021-a).
Thus, they prevent pathological processes such as aging
and age-related diseases (Burton et al., 2016; Yousefzadeh
et al., 2018), cancer (Tuli et al., 2023), obesity (Montal-
bano et al., 2019, 2021-b), and cardiovascular diseases (Liu
et al., 2022-a). Furthermore, they have attracted great
interest in contrasting neurodegenerative disorders due
to their anti-apoptotic mechanisms and enhancing neu-
ronal plasticity (Mhalhel et al., 2023). Zebrafish (Danio
rerio), a small fish belonging to the Cyprinidae family,
has recently emerged as a powerful vertebrate model in
the fields of environmental toxicology assessment (Stege-
man et al., 2010) and drug discovery (Cassar et al., 2019;
Chakraborty et al., 2009) due to its affordability, sensitiv-
ity, and adaptability. The zebrafish embryo’s transparency
makes it possible to observe embryonic development and
allows for noninvasive examination of organ development
and toxic endpoints. These characteristics allow for the
testing of very large chemical libraries with hundreds of
thousands of compounds for drug discovery, leading to
new therapeutics and the development of new research
reagent tools using high-throughput screening (HTS) tech-
niques (Letamendia et al., 2012). In line with highly
bioactive properties reported for Citrus, this study aimed
to compare the phenolic profiles of FS and FZB culti-
vars harvested in Sicily. Different fruit parts (i.e., peel,
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pulp, seeds, and albedo) at two different ripening stages
(i.e., green and yellow lemons) were considered to select
the best part of the fruit and ripening stage, providing
the higher recovery of the phenolic fraction with bio-
logical activities. The screening of all the hydroalcoholic
extracts, aimed at selecting the extract with a higher phe-
nolic content and a promising biological activity, was
performed by the determination of total polyphenol con-
tent (TPC) and related capacity to quenchDPPHandABTS
radicals evaluated by spectrophotometric assays. Once
the detailed characterization by ultrahigh-performance
liquid chromatography–ultraviolet/high-resolution mass
spectrometry/MS (UHPLC-UV/HRMS/MS) analysis and
the evaluation of the preliminary antioxidant assays were
evaluated, a metabolomic approach by multivariate data
analysiswas carried outwith principal component analysis
(PCA) and supervised partial least squares (PLS) projec-
tion techniques to have a general overview of all the
complex datasets and select the peels in the early ripen-
ing stage (green lemon) of FZB as representative for its
higher phenol content, complex chemical profile, and pre-
liminary antioxidant capacity. The selected extract was
considered for further quantitative and in vivo investiga-
tions. In particular, the semiquantitative analysis of the
most representative secondary metabolites occurring in
the selected extract was evaluated by UHPLC-UV, and
the extract was submitted to an in vivo toxicity assay
on zebrafish embryo using the fish embryo acute toxic-
ity test (FET; OECD TG 236) (Organisation for Economic
Co-operation and Development [OECD], 2013).

2 MATERIALS ANDMETHODS

2.1 Chemical and reagents

MS-grade acetonitrile (ACN) and water were supplied
by Romil (Cambridge). Ultrapure water (18 MΩ) was
prepared by a Milli-Q purification system (Millipore).
Analytical-grade methanol (MeOH) and ethanol (EtOH),
MS-grade formic acid (HCOOH) were supplied by Sigma-
Aldrich. Standards of hesperetin (≥98% HPLC), lute-
olin (≥98% HPLC), eriocitrin (≥98% HPLC), rutin (≥98%
HPLC), apigenin (≥98%HPLC), naringenin (≥98%HPLC),
and coumarin (≥98% HPLC) were obtained from Sigma-
Aldrich.

2.2 Sample collection

The two different Sicilian cultivars of Citrus limon FS and
FZB, were provided by “Vasile Sebastiano farm” (Sira-
cusa). Samples were collected at two different stages of
ripeness in the October and November periods (i.e., green

and yellow stages). All lemons were grown under equal
agronomic and environmental conditions. After the col-
lection of the samples, they were stored at +4◦C for one
night.

2.3 Extraction and sample preparation

Hydroalcoholic extraction of all parts (peel, pulp, seeds,
and albedo) of the lemon of both FS and FZB cultivars was
performed as reported in our paper with slight modifica-
tion (Cannavacciuolo et al., 2023). Thematrices were dried
in an oven at a controlled temperature of 40◦C; throughout
the drying process, a digital balance (Sartorius Weighing
Technology, GmbH) was used to record the weight change
until all samples reached an unchanged weight evolution
to the respective part (2–4 days) and then were reduced to
powder by mechanical grinding. For each powder, 250 mg
was weighed, and 5 mL of a solution of EtOH-H2O (50%
v/v) was added. The ultrasonic bath was set at room tem-
perature, and three cycles of sonication were performed
for a time of 10 min. The supernatants were recovered by
centrifugation at 6000 rpm for 5 min. The supernatants
obtained from the three cycles (15 mL) were transferred
to a glass flask, and the organic solvent was removed via
Rotavapor. The aqueous samples were stored at −80◦C
overnight and then subjected to freeze-drying until the dry
extract was obtained.

2.4 Determination of total phenol
content

Determination of the total phenolic content (TPC) of
the individual parts of each cultivar at the two differ-
ent stages of ripening was carried out according to the
Folin–Ciocalteu method using gallic acid as the calibra-
tion standard (D’Urso et al., 2020). Briefly, 20 µL of diluted
extract (0.3 mg mL−1) and 5 µL of Folin–Ciocalteu reagent
were diluted with 145 µL of reagent water and mixed with
30 µL of Na2CO3 (20% v/v) in a 96-well microplate. After
45 min at 25◦C, absorbance was read at 765 nm with a
Multiskan GO spectrophotometer (Thermo Fisher Scien-
tific). Resultswere expressed asmg of gallic acid equivalent
(GAE) contained in 1 g of dry matrix (mg GAE g−1 DW)
obtained by themean of three independent measurements
considering the standard deviation (SD) (Figure 1A).

2.5 Measurement of antioxidant
capacity (ABTS and DPPH assays)

The radical scavenging activity of extracts was determined
using the 1,1-diphenyl-2-picrylhydrazyl radical (DPPH•)
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3732 METABOLOMIC ANALYSIS OF C. X LIMON

F IGURE 1 Comparison of phenolic compounds and antioxidant activity measured through Folin–Ciocalteu (a), ABTS (b), and DPPH
(c) assays among the analyzed samples. Values are expressed as mean ± standard deviation (SD) of three independent experiments. Letters
indicate significant differences between experiments (p < 0.05).
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and 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonate rad-
ical cation) (ABTS•+) by the slightly modified methods
previously described (Cannavacciuolo et al., 2023). Briefly,
an aliquot (50 µL) of the extract (1 mg mL−1) or stan-
dard solution (2.5–10 µg mL−1) was added to 950 µL
of prepared DPPH• radical solution (0.14 mM). After
darkness incubation for 30min at room temperature, sam-
ples were read by spectrophotometer at a wavelength of
515 nm. For the ABTS•+ scavenging activity, the reac-
tion was initiated by the addition of 50 µL of extract in
950 µL of diluted ABTS (14 mM) of each sample solu-
tion. The spectrophotometer was set with a wavelength
of 734 nm. Determinations were repeated three times.
The absorbance was calculated for each concentration rel-
ative to a blank absorbance (methanol) and plotted as
a function of the concentration of compound or stan-
dard, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox). The antioxidant activity was expressed as
Trolox equivalents (TE) value representing the µmol of a
standard Trolox solution in 1 g of dry matrix (DW) and
reported in Figure 1B,C.

2.6 UHPLC–QTOF–HRMS/MS profile of
citrus extracts

UHPLC–QTOF–HRMS/MS analyses were performed
using an electrospray ionization (ESI) source coupled
with liquid chromatography and HRMS system, a Waters
ACQUITY UPLC system coupled with a Waters Xevo G2-
XS QTof mass spectrometer (Waters Corp.), operating in
negative and positive ionization modes. Chromatographic
separation was performed using a Biphenyl column
(100 mm × 2.1 mm, 2.6 µm; Phenomenex) and the mobile
phase consisting of 0.1% (v/v) formic acid in water (A)
and 0.1% (v/v) formic acid in acetonitrile (B) at a flow rate
of 0.4 mL min−1. A linear gradient from 5% to 10% B was
held for 2 min; up to 80% B from 2.0 to 17.0 min; and up
to 95% B for 1 min. A column wash at 95% B was held for
5 min and a column equilibration for 3 min (5% B) before
the next injection subsequent analysis. The autosampler
was set to inject 5 µL of each sample at a concentra-
tion of 0.5 mg mL−1. For the ESI source, the following
experimental conditions were adopted: electrospray
capillary voltage of 2.5 kV, source temperature of 150◦C,
and desolvation temperature of 500◦C. MS spectra were
acquired by full-range acquisition, covering a mass range
of 50–1200 m/z. HRMS/MS analysis was performed by
data-dependent scanning experiments, selecting the first
and second most intense ions from the HRMS scan event
and subjecting them to collision-induced dissociation by
applying the following conditions: the minimum signal
threshold at 250, isolation width at 2.0, and normalized

collision energy at 30%. In both full scan and MS/MS
modes, a resolving power of 30,000 was used. Chemical
deconvolution was attributed using UNIFI software,
matching MS/MS spectra with Chemspider database
along with a self-made library of phenolic compounds and
confirmation with literature reports.

2.7 Semiquantitative analysis by
UHPLC-UV

For quantitative analysis, stock solutions (1 mg mL−1) of
the compounds used as external standards were prepared
by dissolving each compound in a methanol/water solu-
tion (50% v/v). Increasing solution concentrations (0.1,
0.5, 1, 5, 10, and 50 µg mL−1) were prepared for cali-
bration curve construction by UHPLC-UV analysis, with
wavelength set at 280 nm. Specifically, 5 µL of each stan-
dard solution of each concentration was injected into a
technical triplicate. Calibration curves were obtained by
linear regression using Excel 2016 software, considering
the area of the external standards versus the known con-
centration of each compound. The obtained calibration
curves showed good linearity with correlation coefficients
(R2) ranging from 0.9969 to 0.9999. Quantitative data are
expressed as mg g−1 dry extract (EXT). MassLynx soft-
ware (version 4.2) was used for instrument control, data
acquisition, and processing.

2.8 Multivariate statistical analysis

A complex dataset containing UHPLC–HRMS data of
all investigated compounds was organized, containing 27
variables (metabolites tentatively identified) and 16 obser-
vations as follows: x2 ripening stages (green and yellow), x4
parts (peels, pulp, albedo, and seeds), x2 cultivar (FS and
FZB). To observe the comprehensive distribution of the
metabolites in all four samples, the integrations (AUC) of
UHPLC–HRMS signals were selected in the matrices and
normalized by average function. The obtained dataset was
processed by SIMCA R©18 (Sartorius) for statistical analy-
sis and modeling of score and loading plots. PCA and PLS
models were described by twomain principal components,
scaled by Pareto mode and Autofit functions. For repro-
ducibility of the analysis, three extraction replicates and
three replicate injections per sample extract were provided
in a randomway. Periodical injections of extraction solvent
(blank) and a sample mix containing all the samples (QC)
were analyzed for each five-acquisition batch. The results
of QC were centered on ensuring the reproducibility, the
stability of theMS signals during the full acquisition batch,
and the robustness of the chemometric results.
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2.9 Statistical analysis

UHPLC–HRMS experiments were performed in technical
triplicate and biological duplicate. DPPH and ABTS radi-
cal scavenging tests were performed in triplicate, and the
results were expressed as mean ± SD. The values were
compared using the Tukey test following a one-way anal-
ysis of variance calculation using JMP statistical discovery
software (version 17). A p-value <0.05 was considered to
be statistically significant. The PCA and PLS were consid-
ered imaging techniques, operating the linear regressions
on the mean-scaled dataset to select the two main princi-
pal components in a multivariate data analysis approach
(RIF). The choice of principal components was established
based on the fitting (R2X, 0.719) and predictive (Q2X,
0.484) values. For PCA models, the chosen first principal
component (PC1) and second principal component (PC2)
explained 56.4% and 15.5% of the variance, respectively,
for a total explained variance of 71.9%. The PLS analysis
showed a distinct separation (R2X, 0.717; R2Y, 0.872) and
good predictability (Q2, 0.741). No outliers were detected
at a confidence level of 95% based on Hotelling’s T2 and Q
residual statistical tests.

2.10 Zebrafish maintenance

Zebrafish ABO (D. rerio) were bred at the European
Zebrafish Resource Center-EZRC (Karlsruhe Institute of
Technology, Karlsruhe, Germany) in a flow-through sys-
tem (Aqua Schwarz andMüller+ Pfleger). Adult zebrafish
were raised in 15-L tanks containing amaximumof 24 indi-
viduals and under a 14-h:10-h light–dark cycle. The water
had a temperature of 28.5◦C and a conductivity of 200 µS
and was continuously renewed. The fish were fed three
times a day, with dry food and Artemia salina larvae. The
afternoon before spawning, several groups of females and
males (1:1) were introduced into 1 L breeding tanks (Tec-
niplast S.p.A.). Immediately after spawning, fertilized eggs
were collected with a sieve. Eggs were transferred to Petri
disheswith EmbryosMedium (E3), and non-fertilized eggs
or embryos with injuries were discarded.

2.11 Fish embryo toxicity test
assessment of acute toxicity and LC50

Fish embryo acute toxicity tests (fish embryo toxicity [FET]
tests), a robust method to assess the acute toxicity, were
performed according to OECD n. 236 (OECD, 2013). “Fem-
minello Zagara Bianca” green peel was dissolved in E3
medium, reaching the final concentration of 12.5, 25, 50,
100, 200, 400, and 800 µg mL−1.

Selected embryos were placed individually with 2 mL
of solution in each well of 24-well plates. For each exper-
imental plate, 4 wells with E3 medium were employed as
internal plate control, and 20 embryos per concentration
were exposed to the natural extract; the working solutions
were renewed every 24 h. Moreover, one negative control
plate (E3 medium) and one positive control plate (4% 3,4-
dichloroaniline) were also tested. Embryos were incubated
for 96 hpf at 28.5◦C. Embryos were daily observed up to
96 h with the stereomicroscope (Nikon SMZ645), record-
ing the following four apical observations as indicators of
lethality: coagulation of fertilized eggs, lack of somite for-
mation, lack of detachment of the tail-bud from the yolk
sac, and absence of heartbeat. During the exposure period,
the percentage of the hatching rate was also recorded from
48 hpf, every 24 h. Experiments were repeated three times
in different weeks.

2.12 Data analysis fish embryo toxicity
(FET) test

The concentration–response curves from the FET data
were analyzed using the PROAST web-tool for BMD
analysis, based on the PROAST software version 70.1 devel-
oped by the Dutch Institute for Public Health and the
Environment (RIVM, The Netherlands) (Slob, 2002), in
which the benchmark concentration (BMC) at a prede-
fined benchmark response (BMR) was calculated using
a fitted dose–response curve. The LC50 was determined
from the concentration–response curves obtained in the
FET using the same PROAST web-tool for BMD analysis.
To this purpose, the BMR was set to 50%, representing the
concentration causing either 50% cumulative mortality or
lethality (LC50).
Figures of concentration–response curves for the effect

of test compounds in the FET were made using GraphPad
Prism 8.0.

3 RESULTS AND DISCUSSION

3.1 Preliminary antioxidant evaluations

In order to select the extract with higher radical-
scavenging activity correlated with the content of bioac-
tive compounds, preliminary spectrophotometric assays
were performed. All the obtained extracts were tested by
Folin–Ciocalteu, ABTS, and DPPH assays, followed by
UHPLC–HRMS analysis for a deep chemical characteriza-
tion. The comparison of the TPC, DPPH, and ABTS data
reported in Figure 1 suggested that the peels showedhigher
antioxidant capacity than pulp, albedo, and seeds, which
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did not show considerable variability. Based on previous
results, the differences between green or yellow ripening
stages of both FS and FZB were considered. In particu-
lar, green peels showed TPC, with values of 18.27 ± 1.35
and 25.03 ± 1.50 µg GAE g−1 DW for FS and FZB, respec-
tively, compared to yellow peels values of 20.47 ± 1.37 and
16.11 ± 2.03 µg GAE g−1 DW for FS and FZB, respectively,
with statistical differences only between FS and FZB cul-
tivars and not between ripening stages (Figure 1A). The
general overview of preliminary antioxidant assays reveals
that the peels of FZB at the green stage provided the most
representative content of phenols; 25.03 ± 1.50 µg GAE/g
DW is also characterized by the highest preliminary activ-
ity in quenchingABTS andDPPH radicals, 89.42± 2.53 and
44.40 ± 1.88 µMTrolox g−1 DW, respectively (Figure 1B,C).
These results are in agreement with the study on Citrus
x limon peels conducted by Mcharek, who reported 23.07
and 82.01 µM Trolox g−1 DW values for DPPH and ABTS,
respectively (Mcharek & Hanchi, 2017). In addition, com-
paring these two cultivars with other species of the Citrus
genus, it can be seen that their antioxidant potency is sim-
ilar to that found in wild mandarin peel, with antioxidant
activity ranging between 65.62–108.06 and 25.14–50.46 µM
Trolox g−1 DM in the ABTS and DPPH assays, respectively
(Zhang et al., 2014), but higher than the antioxidant capac-
ity of kaffir lime peel (12.02 ± 1.02 µM Trolox g-1 DW in
DPPH assay) (Lubinska-Szczygeł et al., 2023).

3.2 Chemical characterization by using
UHPLC–HRMS/MS analysis

The obtained citrus extracts were analyzed by UHPLC–
DAD–(−/+)–HRMS/MS to investigate their qualitative
profiles. Figure S1 shows a representative UHPLC chro-
matogram at 280 nm of FZB in green stage extract. A total
of 36 peaks were tentatively identified. Metabolite assign-
ments were made by comparing retention time, UV/Vis
spectra, and MS data (accurate mass and MS fragment of
the compounds detectedwith standard compounds, when-
ever available, and compounds reported in the literature
and databases). The identities, retention times, and MS
data of each compound are listed in Table 2.

3.2.1 Identification of flavonoids

Flavonoids are a heterogeneous group of polyphenols char-
acterized by high antioxidant activity, widely distributed
in Citrus. Their different occurrences among the differ-
ent species and varieties affect the appearance, taste, and
nutritional value of the fruit. Generally, flavonoids in

plants could be in both aglycone or glycosylated form
with sugar moieties of hexoses, deoxyhexoses, or pen-
toses. Depending on the linkage of sugar moieties to the
flavonoid aglycone, C- and O-glycosides are easily distin-
guishable by unambiguous MS/MS spectra, depending on
the nature of the sugar unit. In particular, compounds 6–8,
11, 18, 21, and 22 (Table 1) belong to C-glycosides generat-
ing MS/MS neutral losses of 30, 90, and 120 Da in the case
of hexose sugars, 74 and 104 Da in the case of deoxyhexose
sugars, and 60 Da for pentose sugars (Table 1). Compounds
13–16, 20, 23, 25, 26, and 30 (Table 1) are characterized
by an O-glycosylation pattern in MS/MS spectra due to
the neutral loss of 162 Da (hexose sugar), 146 Da (deoxy-
hexose sugar), and 132 Da (pentose sugar). Compounds
17, 28, 31, 33–36 are aglycone scaffold flavonoids occur-
ring in the final part of UHPLC–HRMS chromatogram
(Table 1). Compounds 6 and 13 showed a similar [M–H]−
parent ion at m/z 609.1463 and m/z 609.1458, respectively,
with a molecular formula C27H30O16. The retention times
and MS/MS spectra reveal their different chemical behav-
iors. In fact, the detailed analysis of HRMS/MS spectra
assigned compound 6 to lucenin 2 and compound 13 to
rutin due to the characteristic fragmentation patterns. In
particular, the MS/MS spectra of compound 6 show m/z
at 519.1145 and m/z at 489.1039, related to the loss of
the first C-glycoside residue along with the presence of
m/z at 399.0719 and 369.0612, attributed to the loss of
the second C-glycoside residue. The match with MS/MS
spectrum is related to lucenin 2 (Cannavacciuolo et al.,
2023). The product ion 300.1458 [M-(C12H22O11)-H]− in
the MS/MS spectrum of compound 13 corresponds to the
neutral loss of a rutinoside unit formed by a deoxyhex-
ose sugar (146 Da) and hexose moiety (162 Da) linked
via O-glycosylation to the scaffold. The resulting agly-
cone withm/z 300.0267 was identified as quercetin due to
the formation of a characteristic fragment of m/z 271.0241
(Śliwka-Kaszyńska et al., 2022). Flavonoids are powerful
antioxidants that scavenge free radicals due to the presence
of the hydroxyl group in their structure and their abil-
ity to donate hydrogen and chelate metal ions (Parcheta
et al., 2021; Tripoli et al., 2007). In addition, studies have
shown that flavonoids can suppress enzymes involved in
ROS production. They are also known for their ability
to prevent lipid peroxidation caused by oxidative stress
(Galleano et al., 2010; Procházková et al., 2011). Finally, cer-
tain flavonoids, such as hesperidin, apigenin, and luteolin,
can influence the function of enzyme systems involved in
inflammatory processes, for example, by inhibiting nitric
oxide isoform synthase, cyclooxygenase, and lipoxygenase,
enzymes involved in the production of inflammatorymedi-
ators, thus having potential anti-inflammatory activity
(Kumar & Pandey, 2013).
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3.2.2 Identification of HMG-flavonoids

Compounds 27, 29, and 32 (Table 1) showed typical
HRMS/MS signals of 3-hydroxy-3-methylglutaryl (HMG)
moiety linked to phenolic residues as the loss of 144 Da
(C6H8O4) (Table 1). The MS/MS spectrum of compound
29 (m/z 681.1729) showed an ion [M-144-H]− at m/z
537.1250 along with the fragment [M-162- 144-H]− at
m/z 375.0719, suggesting the presence of HMG moi-
ety and the glycosyl group attached to the aglycone as
the identities of limocitrol-HMG-O-hexoside (El-Sayed
et al., 2017).

3.2.3 Identification of coumarins

The extracts showed the occurrence of coumarins inves-
tigated with a good MS response in positive mode
(Table 1). Generally, coumarins exhibited a distinct frag-
ment ion, [M−CO2+H]+ from the pyran-2-one scaffold.
The described fragmentation pattern could be diagnos-
tic for the characterization of coumarins in the fruit, as
in the case of the peaks 9, 12, 19, and 24 (Table 1). In
particular, compound 19 showed a molecular formula of
C10H8O4 calculated for [M+H]+ ion at m/z 193.0492. The
[M−CO2+H]+ ion at m/z 150.0306 allowed the identifica-
tion of scopoletin (Yang et al., 2010; Zhang et al., 2022).
Coumarins are known for their health benefits, such as
lowering the risk of chronic diseases, such as cancer (Garg
et al., 2020), cardiovascular diseases (Najmanová et al.,
2015), and neurodegenerative disorders, managing inflam-
matory conditions such as arthritis (Miao et al., 2021), and
preventing neurodegenerative diseases like Alzheimer’s
(Liu et al., 2022-b), and Parkinson’s disease (Wang et al.,
2024).

3.3 Principal component analysis

The different ripening stages (green and yellow, respec-
tively), along with the parts of the lemon fruit (peels,
pulp, albedo, and seeds) of both FS and FZB cultivars,
were considered main variables in the modeled sample
discrimination. The distribution of the samples was per-
formed by PCA, the score plot of which shows that the
PC1 divided the peels of FS and FZB in both green and yel-
low growth stages, on the right part of the PCA score plot
(PC1 > 0) highlighted in red cluster (Figure 2A). The inci-
dence of the metabolites on the following clusterization
is related to their distance from the origin in the loading
plot (Figure 1B). In particular, compounds 1, 4 (quinic acid
and p-coumaroyl aldaric acid isomers, respectively), along
with the C-glycoside flavonoids (compounds 6 and 7) and

HMG-flavonoids (compounds 29 and 32), and the aglycone
(compound 34), positively affected the cluster discrimina-
tion with higher incidence (Figure 2B). The blue cluster on
the upper left quadrant of the score plot (PC1> 0; PC2< 0)
contained albedo samples of bothFS andFZB in both green
and yellow stages (Figure 2A). This cluster is discriminated
for the occurrence of compounds 3, 14, and 23, mainly
affecting the distance from the origin of the loading plot
(Figure 2B). The samples of seeds and pulp were plotted
without significant separation in the bottom left quadrant
with PC1< 0 and PC2< 0 as shown by the green cluster in
PCA score plot (Figure 2A).

3.4 Partial least squares analysis

The correlation between the large set of samples and pre-
liminary antioxidant activity was provided by PLS analysis
with the aim of selecting the extract with more interest-
ing activity for further in vivo investigation (D’Urso et al.,
2018; Garcia et al., 2023; Pagliari et al., 2022). In particular,
PLSwas performed for the attribution ofmetabolites to the
hydroalcoholic extracts based on the different capacities to
quenchDPPHandABTS radicals among the samples (RIF)
of peel, pulp, and albedo in both green and yellow growing
stages. The PC1 of PLS score plot (Figure 3A) separates the
peel (PC1 > 0) on the right part of the plot against pulp,
seeds, and albedo on the left part of the plot (PC1 < 0),
whereas the PC2 separates the FZB cultivar (PC2< 0) from
FS cultivar (PC2 > 0) (Figure 3A). The loading plot shows
metabolites that significantly affected the discrimination
of samples observed in the score scatter plot (Figure 3B).
The incidence of compounds 1, 4, 6, 7, 29, and 34 (Table 1)
determined the distribution of the peels, which was char-
acterized by the higher activity in both DPPH and ABTS
assays. Among the peels of investigated lemon fruits, the
FZB in the early stage of growth (green) was themost posi-
tively affected by the PLS discrimination, far away from the
origin of the score plot (Figure 3A).

3.5 Semiquantitative analysis

The descriptivemetabolomic workflow drove the selection
of the extract with higher activity related to compounds
that occurred for further in vivo investigations. For in
vivo evaluation of dose-dependent toxicity, a semiquantita-
tive analysis of major phenolic compounds and coumarins
occurring in the selected extract was performed. The quan-
tification was carried out by UHPLC-UV analyses at a
wavelength of 280 nm using calibration curves of avail-
able standards in a range of 0.1–50 µg mL−1 (Table 2).
Compounds for which reference standards were not
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F IGURE 2 Principal component analysis (PCA) score plot (a) and loading plot (b) performed on the peels (red cluster), albedo (blue
cluster), pulp, and seeds (green cluster).

F IGURE 3 Partial least squares (PLS) score plot (a) and loading plot (b) performed on the peels (red cluster), albedo, pulp, and seeds
(blue cluster).

available were quantified into standard equivalents using
themost chemically related standard available. The higher
phenolic compounds occurring in the peel extract were the
C-glycoside orientin (compound 8) at 1104.39± 46.76 µg g−1
EXT, followed by theO-glycoside eriocitrin (compound 15)
at 1041.17 ± 29.64 µg g−1 EXT. Lemon and citrus fruits
containing eriocitrin and orientin as major polyphenolic
components are recognized for their anti-inflammatory,
nephroprotective, neuroprotective, cardioprotective, and
other pharmacological benefits (Jing et al., 2020; Lamet al.,
2016; Wan et al., 2020; Yao et al., 2022). Among coumarins,
compound 24 (coumarin) showed the higher amount at
339.69 ± 16.22 µg g−1 EXT.

3.6 The LC50 value of FZB green peel on
zebrafish embryos

FET test acceptance criteria were achieved by following
OECD n. 236 as the mortality of negative control at 96
hpf was 0% and the mortality in the positive control group
was 35% (Figures 4 and 5). In the positive control group,
embryos treated with 4% of 3,4-dichloroaniline developed
severe yolk sac and cardiac edema (Figure 5). This inflam-
matory phenotype is caused by the significant increase

F IGURE 4 Fish embryo toxicity (FET) test. Effect of seven
concentrations (12.5, 25, 50, 100, 200, 400, and 800 µg mL−1) of
Femminello Zagara Bianca (FZB) green peel on zebrafish embryo
mortality. The LC50 value was 107,833 µg mL−1. Values are
expressed as a mean ± standard deviation (SD) of three independent
experiments.

in ROS production resulting from DCA treatment (Has-
soun et al., 2005). Moreover, DCA treatment had effects
on mobility, as evidenced by an altered escape response
to touch. The FZB green peel treatment mortality rate of
the zebrafish at 96 hpf was 100% for all concentrations
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TABLE 2 Quantitative analysis of main compounds in lemon extracts.

N Compounds std µg g−1 EXT
6 Lucenin 2 Luteolin 1012.07 ± 58.25
7 Apigenin 6,8-di-C-hexoside Apigenin 608.96 ± 22.16
8 Orientin Luteolin 1104.39 ± 46.76
9 Isoscopoletin Cumarin 294.82 ± 35.36
12 3-Hydroxycoumarin Cumarin 333.44 ± 31.50
13 Rutin Rutin 547.65 ± 12.87
14 Apigenin-7-O-glucoside Apigenin 495.73 ± 32.01
15 Eriocitrin Eriocitrin 1041.17 ± 29.64
16 Naringenin-7-glucoside Naringenin 303.04 ± 22.28
19 Scopoletin Coumarin 286.61 ± 17.67
23 Naringenin-7-O-rutinoside Naringenin 329.44 ± 21.25
24 Coumarin Coumarin 339.69 ± 16.22
26 Hesperidin Hesperitin 493.01 ± 20.05
28 Eriocytrol Eriocitrin 700.20 ± 48.91
31 Luteolin Luteolin 971.16 ± 55.31
35 Hesperitin Hesperitin 517.80 ± 33.08

F IGURE 5 Toxicity of Femminello Zagara Bianca (FZB) green peel in zebrafish embryo 96 hpf testing: (a) normal phenotype of the
negative control (E3 medium), (b) abnormal phenotype of the 3,4-dichloroaniline (4 µg mL−1) positive control embryo, (c) normal phenotype
of the Citrus limon [12.5–100 µg mL−1] treated embryo, (d–f) representative phenotypes of dead embryo treated with 200, 400, and
800 µg mL−1 of FZB green peel.

ranging from 200 up to 800 µg mL−1. Figure 5 shows the
different treatment-induced larval phenotypes. At 48 hpf,
100% mortality was observed at the highest concentration
of 800 µg mL−1 and 50% mortality at 400 µg mL−1, show-
ing stronger acute toxicity than at lower concentrations.
The FZB green peel treatment was observed to demon-
strate 5% of mortality rate at 96 hpf at the intermediate
concentrations of 100 and 50 µgmL−1, whereas at the lower
concentrations of 25 and 12.5 µg mL−1, the FZB green peel
showedno lethal effects. The resulting LC50 value at 96 hpf
was 107,833 µg mL−1, whereas BMD confidence intervals
were 102–195 µg mL−1.

3.7 The Effects of FZB green peel on the
embryo hatching rate

Hatching of zebrafish embryos, under standard housing
conditions, occurs between 48 and 72 h post-fertilization,
whereas data recorded during FET observations indicate
different hatching rate trends in the extract-treated groups,
as shown in Figure 6. At 48 hpf, 55% and 60% of the
embryos were hatched, respectively, at the lower concen-
trations of 12.5 and 25 µg mL−1; overall, 95% hatching rate
was observed at the higher concentrations (50, 100, and
200 µg mL−1), whereas only 37.5% of the embryos were
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F IGURE 6 Effect of different
concentrations of Femminello Zagara Bianca
(FZB) green peel on hatching rate. Values are
expressed as the mean ± standard deviation
(SD) of three independent experiments.
Asterisks indicate significant differences
between treatment and control groups
(Student t-test, p < 0.05).

hatched in the control group (E3 medium). No hatch-
ing was observed at the higher concentrations of 800 and
400 µg mL−1 as a result of embryo mortality. At 72 hpf,
all the groups treated with FZB green peel were out of the
chorion, except at the lowest concentration (12.5 µg mL−1)
that reached 98% of hatching, which was higher when
compared with the control group (E3 medium) that in the
same interval reached 91.7%.At the end of the FET trial, the
above two groups also achieved 100% hatching. Compared
to the control group, the hatching rate of zebrafish embryos
exposed to various doses of FZB green peel exhibited a
statistically significant acceleration in a treatment- and
dose-dependent manner (p < 0.05). The increased hatch-
ing rate timings in the treated groups with Citrus maxima
peel extract are also reported in the literature (Dananjaya
et al., 2020).

4 CONCLUSION

This study demonstrated thatCitrus x limon peels obtained
as agri-food industrial waste are a potential source of raw
materials for the extraction of natural products with poten-
tial health benefits. In particular, the industrial byproducts
(peel, pulp, albedo, and seeds) of two specific culti-
vars, commonly called “Femminello Siracusano” (FS) and
“Femminello Zagara Bianca” (FZB), grown in southern
Italy (Sicily region), were analyzed and compared for their
chemical compounds. The development of a UHPLC–ESI–
HRMS/MS method, in positive and negative ionization
mode, allowed the detection and characterization of 36
secondary metabolites belonging to the flavonoid, HMG-
flavonoid, and coumarin groups, confirming lemon as an
excellent source of phenolic substances. The antioxidant
power of each sample was tested using spectrophotometric
assays (DPPHandABTS), and the peel sampleswere found
to be the byproduct with the highest antioxidant power. In
addition, multivariate PCA and PLS analyses were used to

compare the metabolic profile with the antioxidant activ-
ity tested in vitro. The results identified metabolites 1, 4,
6, 7, 29, and 34 as the most influential in the selection
of peels, particularly that of the green FZB stage, which
was confirmed to be the richest in bioactive polyphe-
nols. These findings highlight the possible use of lemon
peel extract to reduce oxidative stress, lower the risk of
chronic diseases such as cancer, cardiovascular diseases,
and neurodegenerative disorders, and manage inflamma-
tory conditions. Finally, flavonoids and coumarins were
identified and quantified in the extract for the evalua-
tion of in vivo toxicity through the FET, a necessary step
to determine the safe dose to be used in the subsequent
experimentation stages. The FZB green peel extract sig-
nificantly accelerated the hatching rate, suggesting that it
could mimic the luteinizing hormone-releasing hormone,
allowing better control of breeding cycles. In summary, the
use of zebrafish embryo toxicity testing holds promise as an
initial screening approach and potentially as a substitute
for mammalian toxicity testing. As countries strive to min-
imize mammalian animal testing, the zebrafish embryo is
gaining recognition as a feasible alternative for prioritiz-
ing compounds in developmental toxicity testing among
higher vertebrates. Furthermore, the results of this study
provide a better understanding of Citrus x limon primary
chemical bioactives and in vivo safety, particularly for the
cultivar “Femminello Zagara Bianca” at the early ripening
stage. In line with reported data, the peel of the “Fem-
minello Zagara Bianca” cultivar in the early ripening stage
can be potentially revaluated as a functional ingredient
in botanicals and nutraceutical formulations supporting
health care for its occurrence of phenolic and in vivo safety.
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