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ABSTRACT
The increasing global demand for diverse and health-promoting foods has led to the expansion of tropical fruit cultivation beyond
their native regions, notably into the Mediterranean area. This shift necessitates a deeper understanding of their phytochemical
profiles, as environmental factors in new cultivation contexts can significantly influence the biosynthesis of their bioactive
compounds. In this study, we explored the phytochemical and antioxidant properties of pitaya fruit, focusing on chemical
fractionation and the link between its bioactive components and functional benefits. Using HPLC-DAD-MS/MS, key compounds
contributing to the fruit’s antioxidant effects were identified. The total polyphenol content (TPC) in the original pitaya extract
was 670.57 ± 15.98 mg 100 g−1 of FW. Both in vitro (ABTS, DPPH, and FRAP) and the cellular antioxidant activity (CAA) assay
demonstrated a dose-dependent prevention of oxidative damage, with 50% inhibition (IC50) observed at 2.365 ± 0.072 µg/mL
for ABTS, 20.797 ± 0.950 µg/mL for DPPH, and 7.28 ± 0.050 µg/mL for the CAA assay. Additionally, the DNA protection assay
revealed that pitaya extract significantly reduced oxidative damage caused by H2O2 and UV exposure, with a significant reduction
in damage at the lowest tested concentration (100 µg/mL). Following chromatographic fractionation via flash chromatography, the
fraction enriched in betacyanin (F2), and betaxanthine (F3) exhibited the strongest antioxidant effects on in solution-based assays.
Interestingly, the flavonoid-rich fractions (F5 and F7), despite showing lower activity in these solution assays, provided nearly
complete protection in cell-based biological models, raising the possibility that additional, and/or complementary antioxidant
mechanisms could be involved. These findings underscore the potential of pitaya fruit as a valuable natural source of antioxidants
for nutraceutical and therapeutic applications aimed at counteracting oxidative stress and related pathologies.

Practical Applications
1. Betalains, in the F2 fraction, play a key role in the antioxidant potential of pitaya fruit.
2. DPPH and ABTS assays rank pitaya among the fruits with high antioxidant potential.
3. Pitaya fruit extract preserves up to 90% of DNA integrity against oxidative insults.
4. 80% of detected bioactive compounds were betalains and 20% were flavonoids.
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1 Introduction

Pitaya (Hylocereus hybridum, Cactaceae family) is a fruit crop
largely grown in tropical and subtropical regions. Originating
from Central and South America, pitaya has gained international
renown because of its unique appearance and health potential
(Suárez-Cáceres et al. 2024). In recent years, interest in pitaya
cultivation has also spread to tropical and subtropical regions,
coming intoMediterranean areas, where conditions have become
more favorable to its growth (Trindade et al. 2023). Despite
this, the tropical fruit remains little known in Europe (Trindade
et al. 2023; Suárez-Cáceres et al. 2024). The ones for the pulp’s
colorful shades are some bioactive compounds, namely betalains,
which not only contribute to the fruit’s appealing color, but
also have remarkable functional properties (Corimayhua-Silva
et al. 2024; Belmonte-Herrera et al. 2022). Concerning this aspect,
current research on pitaya is a rapidly expanding field, driven
by its increasing global popularity as a nutritious and exotic
fruit. A primary focus lies in comprehensively elucidating its
rich phytochemical composition, with particular attention to
betalains, phenolics, flavonoids, and vitamins, which are recog-
nized for their potent antioxidant properties (Paśko et al. 2021).
Beyond simple scavenging, studies are increasingly investigating
pitaya’s diverse bioactivities, including anti-inflammatory, anti-
diabetic, and potential anti-cancer effects, aiming to understand
the specific compounds responsible for these health-promoting
attributes (Huang et al. 2021). For instance, a recent study showed
that consuming pitaya may have potential applications in the
prevention of protein glycation associated with diabetes, which
plays a significant role in the aging process and age-related
diseases (Ravichandran et al. 2021), cardiovascular risk (Cheok
et al. 2022), neuronal damage (Thwe et al. 2023), and chronic
inflammation (Nishikito et al. 2023). These beneficial effects are
related to the regulation of oxidative stress and the modulation
of inflammatory and metabolic cellular processes (Ravichandran
et al. 2021). In addition, recent studies have suggested that the
bioactive components of pitaya can also modulate the genetic
expression of enzymes involved in cellular detoxification mecha-
nisms, such as glutathione peroxidases and catalases, improving
the cells’ ability to counteract oxidative stress (Nishikito et al.
2023). These mechanisms open up new prospects for the use of
pitaya not only as a functional food or foodstuff (Shah et al. 2023),
but also as a potential preventive intervention in diseases related
to aging and metabolic imbalance.

The objective of this study is to characterize the chemical
and functional profile of a variety of pitaya cultivated in the
Sicilian territory (var. Costa Rica sunset), with a specific focus
on the identification of its main secondary metabolites and the
evaluation of its biological properties. The choice of Hylocereus
hybridum var. Costa Rica sunset cultivated in Sicily is motivated
by the increasing spread of this variety in theMediterranean area,
where it has shown good adaptability to local agro-climatic con-
ditions, characterized by hot summers, low rainfall, and volcanic
soils (Trindade et al. 2023). These environmental characteristics
directly influence plant physiology and fruit composition,making
the study particularly relevant to the European context (Sgroi
et al. 2023). In addition, the variety represents an interesting
opportunity for the development of innovative and sustainable
fruit supply chains in non-tropical contexts, which are currently
still poorly investigated in the literature. The in-depth study of

the characteristics of this cultivar in an emerging growing area
can therefore help to define targeted agronomic strategies and
enhance local production (Sgroi et al. 2023). In particular, through
the use of high-performance liquid chromatography (HPLC)
and mass spectrometry (MS/MS) techniques, we identified and
quantified the main bioactive compounds present in the pulp. In
addition, by chemical fractionation with flash chromatography,
the pulp extract and its constituents were divided into different
fractions. At the functional level, we used solution assays to deter-
mine the antioxidant mechanism of the compounds identified
for each fraction, through which these compounds exert their
antioxidant action. In addition to the redox-active properties, we
evaluated the functional properties of Pitaya in biological models
to verify the prevention of DNA damage and whole-cell oxidation
(CAA assay).

2 Materials andMethods

2.1 Plant Materials and Extract Preparation

Pitaya (H. hybridus) fruits were collected at Vivai Torre (Milazzo,
Sicily, Italy; 38◦19′ N, 15◦24′ E; 20 m a.s.l.) and identified
taxonomically by Giancarlo Torre (botanist). The fruits were
frozen at -80◦C until the extracts were prepared. For the extract
preparation, the fruits were thawed, chopped, and homogenized
using a mechanical blender (Waring Commercial Blender, CB-
608D, USA). After estimating the moisture content, 70% (v/v)
ethanol was added to reach a 1:10 (w/v) ratio. Samples were
vortexed for 5 min and sonicated at 4◦C for 15 min. After
centrifugation (10 min at 8000 g, 4◦C), the supernatants were
filtered and stored at −20◦C. The whole procedure was repeated
five times to obtain separate technical replicates.

2.2 Phytochemical Characterization via UV/Vis
Assays

2.2.1 Total Polyphenol Content (TPC)

TPC was measured by monitoring the color development at
725 nm caused by the reduction of the mixture of tungsten
and molybdenum oxides (Folin-Ciocalteu reagent), as previously
described (Mannino et al. 2022). Quantification was performed
using gallic acid (GA) as a standard. The results were expressed
as mmol of GA equivalents (GAE) per 100 g of fresh weight (FW).

2.2.2 Total Flavonoid Content (TFC)

TFC was measured based on the nitration of aromatic rings
with an unsubstituted or sterically encumbered catechol group,
as previously described (Shraim et al. 2021). The results were
expressed as mmol of rutin equivalent (RE) per 100 g of FW.

2.2.3 Total Proanthocyanidin Content (TPAC)

TPAC was measured by monitoring the formation of the green
chromophore resulting from the reaction of proanthocyanidins
(PAC) with 4-dimethylaminocinnamaldehyde (DMAC) reagent
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(Mannino et al. 2021). Quantification was performed using A2-
type PAC (PAC-A2) as a standard, and the results are expressed as
PAC equivalent (PACE) per 100 g of FW.

2.2.4 Total Anthocyanin Content (TAC)

TAC was measured by monitoring the color variation of antho-
cyanins as a function of pH, as previously described (Mannino
et al. 2019; Campobenedetto et al. 2021). The results were
expressed as mg cyanidin-3-glucoside equivalent per gram using
the extinction coefficient factor (ε = 49,700 L⋅mol−1cm−1) and
molecular weight (MW = 449.7 g⋅mol−1) of cyanidin glucoside.
The dilution ratio (Df), the light path length (l), the extraction
volume (Ev), and the amount used for the extract preparation (g)
were also considered to calculate TAC following Equation 1:

TAC =
(Abs520 − Abs720)pH1.0 − (Abs520 − Abs720)pH4.5

𝜀𝑙𝑔
𝐷f MW

𝐸v1000 (1)

2.2.5 Total Betalain (TBC) and Vulgaxanthin (TVC)
Content

TBC and TVC were calculated spectrophotometrically, diluting
the sample in a 1:10 ratio with 0.05 M phosphate buffer at pH 6.5
(Campobenedetto et al. 2021). Absorbance at 538 nm and 476 nm
were recorded to respectively quantify betanin (Equation 2) and
vulgaxanthin (Equation 3). In addition, absorbance at 720 nmwas
monitored to correct for false positives generated by background
noise.

TBC =
(Abs540nm − Abs720nm)

𝜀bet𝑙𝑔
𝐷f MWbet𝐸v1000 (2)

TVC =
(Abs480nm − Abs720nm)

𝜀vulg𝑙𝑔
𝐷f MWvulg𝐸v1000 (3)

where Abs represent the absorbance at specific wavelengths
(480, 540, or 720 nm), MW represents the molecular weight of
betacyanin (550.47 g mol−1) or vulgaxanthin (339.10 g mol−1),
while ε stands for the molar extinction coefficient of betacyanin
(60,000 L⋅mol−1⋅cm−1), or vulgaxanthin (48,000 L⋅mol−1⋅cm−1).
The dilution ratio (Df), the light path length (l = 1 cm), the
extraction volume (Ev), and the amount used for the extract
preparation (g) were also considered.

2.3 Identification and Quantification of
Bioactive Compounds via HPLC-DAD-MS/MS

Chromatographic analysis was performed using an HPLC instru-
ment from Agilent Technologies (model 1200) coupled with a
DAD and a tandemmass spectrometry (MS/MS) system featuring
an Agilent 6330 Series Ion Trap LC-MS. The chromatographic
separation utilized a reverse-phase C18 Luna column (3.00 µm
particle size, 150 mm × 3.0 mm internal diameter, Phenomenex)
operated at a constant flow rate of 0.2 mL min−1 and maintained

at a temperature of 25◦C within an Agilent 1100 HPLC G1316A
Column Compartment. For flavonoid identification and quantifi-
cation, tandem mass spectrometry analyses were conducted in
negative ionization mode, while for betalains, positive ionization
mode was employed. Chromatographic conditions and mass
spectrometer parameters were optimized for the accurate deter-
mination of these compounds, as previously reported (Bajpai et al.
2016).

2.4 Evaluation of Antioxidant Properties

2.4.1 Radical-Scavenging Activity

Radical-scavenging activity was measured via DPPH (2, 2-
diphenyl-1-picrylhydrazyl) (Brand-Williams et al. 1995) andABTS
(2, 2’-azino-bis acid) (Re et al. 1999) assays. Briefly, the decay of 10
mM radical DPPH and 7.5 mM radical ABTS was monitored after
the addition of different sample dilutions, with measurements
taken at 517 or 734 nm, respectively. For both assays, the inhibition
percentage of the color decay (CD%) was assessed using Equation
4, and the obtained curves were plotted as a function of con-
centration to determine the sample amount required to achieve
50% color inhibition (IC50) by linear regression. Results were
expressed as mmol of Trolox equivalents (TE) by comparing the
sample data with that obtained from dose-response curves using
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)
as a standard.

CD% =
(Absblank − Abssample)

Absblank
100 (4)

2.4.2 Metal-Reducing Antioxidant Power

The reducing antioxidant powerwas evaluated via ferric-reducing
antioxidant power (FRAP) assay (Benzie and Strain 1996), mon-
itoring the ability of the compounds present to reduce ferric
ions (Fe3+) to ferrous ions (Fe2+), forming a complex detectable
spectrophotometrically at 593 nm. Results were expressed as
mmol of Trolox equivalents (TE) per 100 g of FW, using an
external calibration curve.

2.4.3 DNA Protection Assay

A DNA protection assay was performed evaluating the ability of
samples to protect plasmid DNA (pUC19) breakage by hydroxyl
radicals under UV exposure, as previously described (Tsai et al.,
2019). Briefly, after transforming Escherichia coli via the heat
shock method with plasmid pUC19, it was cultured in capsules
containing 50 mL of 1% (w/v) agarose gel supplemented with
1% (v/v) kanamycin for 24 h at 37◦C in dark conditions. After
incubation, a single colonywas selected and transferred into tubes
containing liquid growth medium supplemented with 1% (v/v)
kanamycin. After 24 h incubation at 37◦C, bacterial cells were col-
lected, and pure plasmid DNA was extracted using the PureLink
Microbiome DNA Purification Kit (Thermofisher, Milan, Italy)
according to the manufacturer’s instructions. Purified pUC19
plasmid was incubated with 50 mM H2O2 and various dilutions
of sample extracts, then exposed to direct UV-light for 15 min.
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After incubation, 6X DNA loading buffer (Thermofisher, Milan,
Italy) was added to each microtube, and the samples were loaded
into 1% (w/v) agarose gel pre-stainedwithGel Red (Thermofisher,
Milan, Italy). Electrophoresis was conducted at 90 V for 30 min,
and DNA bands were visualized using a Benchmark SmartBlue
Mini Transilluminator (VWR International, Milan, Italy).

2.4.4 Cellular Antioxidant Activity (CAA)

The CAA assay was performed using the HepG2 cell line
(American Type Culture Collection ATCC, Rockville, MD, USA)
cultured in RPMI medium supplemented with 5% (w/v) FBS, 2
mM L-glutamine, penicillin (50 IU/mL) and streptomycin (50
µg/mL). During growth conditions in 75 cm2 flasks, cells were
maintained in a humidified atmosphere at 5% CO2 at 37◦C. In
order to perform the CAA assay, the cells were trypsinized and
seeded at a density of 6.0 × 104 cells/well in 96-well plates,
as previously described (Campobenedetto et al. 2020). After 24
h, 25 µM of 2, 7-dichlorofluorescin diacetate (DCFH-DA) and
various concentrations of extracts were added. After 2 h, they
were washed and incubated with 600 µM of 2, 2-azobis (2-
amidinopopane) dihydrochloride (ABAP) in Hank’s Balanced
Salt Solution (HBSS). The antioxidant activity was evaluated
by the fluorescence emission resulting from fluorescent 2’, 7’-
dichlorofluorescein (DCF) every 5 min for 1 hr. CAA value
was calculated by integrating the area under the curve of
fluorescence obtained for samples and normalized for blanks
(∫SA) and the integrated area under the curve of fluorescence
obtained for controls and normalized for blank (∫CA) using
Equation 5. Finally, the concentration necessary to inhibit 50% of
2’, 7’-dichlorofluorescin (DCF) formation (CAA50) for each fruit
extract was calculated from concentration/response curves using
linear regression analysis. Data were expressed as CAA50 (mg of
FW per mL cell medium). The experiments were repeated three
times.

CAA = 100 − ∫ SA

∫ CA
100 (5)

2.5 Chemical Fractionation via Flash
Chromatography

The same extracts used for the phytochemical characterization
and the evaluation of functional properties were concentrated
at a controlled temperature using a CentriVap system to ensure
the complete removal of the organic solvent while preventing
degradation of thermolabile compounds. Subsequently, residual
water was removed by freeze-drying, resulting in a powdered
sample. The resulting powder was then resuspended in 90%
(v/v) methanol, and the mixture was sonicated on ice for several
minutes to promote complete dissolution. A 50 mL aliquot of
this solution was loaded onto the top of a Biotage Sfär C18 D
(300 g, 150 mm height, 50 mm i.d., 30–50 µm particle size)
mounted on a Flash Chromatography System (Biotage Selekt
System). Chromatographic separation was performed using 0.5%
(v/v) formic acid (Solvent A) and acetonitrile acidified with 0.5%
(v/v) formic acid (Solvent B). The flow rate was set at 40 mL/min,
and the gradient was optimized to maintain Solvent B at 5%
(v/v) for the initial 5 min and then raised from 5% (v/v) to
90% (v/v) in a 35-minute period. During separation, 50 fractions

were collected with a time interval of 0.5 min for each fraction,
ensuring accurate fractionation of the compounds in the extract.
Chromatographic spectra were monitored in the UV/Vis range
of 200 to 720 nm, allowing detection of absorbing compounds
in that wavelength range. Each fraction was then analyzed for
total phenolic content using the Folin–Ciocalteu method, and
UV/Vis absorbance profiles were evaluated to assess similarities
in spectral features (e.g., λmax and absorbance shape). Fractions
showing comparable retention times, similar UV/Vis spectra,
and overlapping antioxidant activity were grouped, resulting
in eight pooled fractions (F1–F8). Grouping was also guided
by elution polarity, estimated based on the solvent composi-
tion during fraction collection and expressed as polarity index
values. The polarity index ranged from approximately 9.8 for
the earliest fraction (F1), indicating highly polar conditions,
gradually decreasing through intermediate fractions (F2: 9.2; F3:
8.6; F4: 8.0; F5: 7.4) to less polar conditions in the later fractions
(F6: 6.8; F7: 6.3; F8: 6.2). Accordingly, earlier fractions (F1–F3)
contained more polar compounds, while later fractions (F6–
F8) were enriched in less polar, likely lipophilic constituents.
A representative chromatogram and the grouping rationale are
included in Figure 3 Panel A.

2.6 Statistical Analysis

All data are presented as the mean ± standard deviation (SD),
calculated from five independent replicates. The Student t-test or
one-way ANOVA, followed by Tuckey’s post hoc test, were per-
formed to assess significance among the different experimental
conditions. A value of p< 0.05 was predetermined as the criterion
of significance.All statistical analyseswere carried out using SPSS
Statistics 24 (SPSS, Chicago, IL, USA).

3 Results and Discussion

3.1 Phytochemical Characterization of Pitaya
Fruit Extract via UV/Vis Assay

This study investigated the phytochemical profile of pitaya fruits
using both UV/Vis and HPLC-DAD-MS/MS analysis. The results
of spectrophotometric determinations are shown in Figure 1
along with the evaluation of antioxidant potential, while identi-
fication and quantification of bioactive compounds are reported
in Figure 2. Interestingly, the TPC value measured in pitaya pulp
extracts (Figure 1A) exceeded that reported for most of the fruits
included in the Phenol-ExplorerDatabase, ranking among the top
30 fruits with themost valuable content (670.57± 15.98mg 100 g−1
of FW) (Pérez-Jiménez et al. 2020). However, it is well established
in the literature that the TPC value is not exclusively linked to
the presence of polyphenolic compounds, but rather provides a
broader indication of the overall antioxidant capacity of a fruit
extract. Indeed, the reaction onwhich theTPC ismeasured via the
Folin-Ciolteau assay involves the detection of Tg and Mb in their
reduced state. Therefore, the TPC value can be affected not only
by polyphenols, but also by any other compound having a non-
polyphenol scaffold with antioxidant capacity, either directly or
indirectly (Mantaenu and Apetrei 2021). This makes TPC useful
for comparisons between different extracts, but not specific to
polyphenols alone. More specialized assays based on chemical
reactions have been developed to more accurately determine
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FIGURE 1 UV/Vis phytochemical characterization and evaluation of antioxidant potential of pitaya pulp extract. Panel A shows the total content
of polyphenols (TPC), total flavonoids (TFC), anthocyanins (TAC), proanthocyanidins (TPAC), betacyanins (TBcC), and betaxanthin (TBxC) expressed
as mg per 100 g of FW. Panel B shows radical scavenging activity evaluated by ABTS and DPPH assay. For this panel, data are expressed both as IC50
(µg g−1) and mmol TE 100g−1. Panel C shows the reducing activity evaluated by FRAP assay, expressed as mmol TE g−1. Panel D shows the raw kinetic
data from the cellular antioxidant activity (CAA) assay, which were used to generate the dose-response curve depicted in Panel E. From this, the CAA50
value was determined as µg mL−1 of cell medium. Panel F displays the results of the DNA oxidative damage assay, showing the effects of H2O2 alone on
DNA integrity and the impact of co-incubation with different concentrations of pitaya fruit extract. Panel G presents the DNA electrophoresis gel used
to generate the quantitative data shown in Panel F.

the presence of specific bioactive compounds and quantify their
overall content (Sasidharan et al. 2011). These include the ferric
chloride assay for flavonoids, and the pH differential method
for anthocyanins, betalains, and betaxanthins, while the DMAC
method for proanthocyanidins. Each of these assays provides
useful information on the qualitative and quantitative profile of
bioactive compounds, offering a more precise indication to guide
future targeted chromatographic analyses.

Within polyphenols, flavonoids stand out as particularly note-
worthy due to their widespread occurrence andwell-documented
properties (Chen and Chen 2013). These compounds, charac-
terized by a basic structure consisting of two aromatic rings
bound together by three carbon atoms, not only contribute to
the appealing colors of flowers, fruits, and leaves but also exhibit
significant antioxidant activity, which helps combat oxidative
stress and reduce the risk of chronic diseases (Mohammed
et al. 2014). This group of metabolites has been found in pulp
with a concentration of 125.31 ± 6.37 mg per 100 g of FW
(Figure 1A).However, as suggested by TACandTPAC (Figure 1A),
anthocyanins and proanthocyanidins were not detected in the

samples. Anthocyanins and proanthocyanidins are two groups
of flavonoid compounds of great interest for their antioxidant
properties and for their role in imparting color to flowers and
fruits (Pandey and Rizvi 2009). Anthocyanins are water-soluble
pigments responsible for blue, purple, and red hues in plants
and are derived from the modification of a basic structure
called anthocyanidin. On the other hand, proanthocyanidins are
oligomers of flavan-3-ols playing a key role in color stability
and plant protection against pathogens (Rauf et al. 2019). Both
groups of compounds share a common biosynthetic pathway,
known as the flavonoid pathway, which starts from the precursor
compound cinnamic acid and goes through various stages of
enzymatic modification to produce anthocyanins and proantho-
cyanidins (Liu et al. 2021). Although numerous studies suggest
that anthocyanins and proanthocyanidins can co-exist in certain
plant species that also produce betalains (Sakuta et al. 2021),
this idea deserves reconsideration. The physiological pathways in
plants typically promote a mutual self-exclusion between these
two classes of bioactive molecules, making their simultaneous
synthesis unlikely. Indeed, betalains and anthocyanins share the
same molecular precursors, and when betalains are synthesized,
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FIGURE 2 Phytochemical profiling of pitaya fruit extracts by HPLC-DAD-MS/MS. Panel A shows the top 20 compounds identified and quantified
in pitaya fruit extract. Data are plotted as mg per 100 g of FW. Panel B illustrates the percentage distribution between polyphenols and betalains, while
in Panel C the percentage distribution of the different betalain compounds is depicted. Panel D analyzes the polyphenolic compounds according to the
degree of glycosylation, while Panel E presents the percentage distribution according to the flavonoid scaffold.

their production can inhibit the activity of enzymes required for
the production of anthocyanins and proanthocyanidins (Sakuta
et al. 2021).

Concerning betalains, our analysis indicated a strong presence
of betalains, recording a content of 295.93 ± 17.29 mg per 100 g
of FW (Figure 1A). Betalains are natural pigments that include
betacyanins (red-purple) and betaxanthins (yellow).Our determi-
nations revealed that 65% of this content was betacyanin-related
compounds, while only 35% was betaxanthins. Betacyanins and
betaxanthines represent distinct classes of pigments found in
various plant species, both originating from a common bio-
chemical pathway. Due to their chemical scaffold consisting
of the condensation of betalamic acid with cyclo-DOPA (for
betacyanins) or the amino acids (betaxanthin), these compounds
exert a variety of beneficial properties, including antiproliferative,
antimicrobial, and antioxidant properties (Stintzing et al. 2005).
Some other tropical fruits, such as prickly pear and xoconostle,

also show high levels of betalains. Prickly pear, which generally
records an average content of betalain between 16.5 and 214 mg
per 100 g of FW, is widely cultivated for its nutritional and
medicinal properties (Stintzing et al. 2005; Calva-Estrada et al.
2022), while the more acidic fruit xoconostle (between 3.71 and
52.31 mg per 100 g of FW) is used in traditional Mexican cuisine
and medicine (Morales et al. 2015; Lopez Martinez et al. 2015). In
these fruits, betalains influence not only visual appearance but
also their potential as functional foods due to their antioxidant
and antimicrobial properties (Morales et a. 2015).

3.2 Phytochemical Characterization of Pitaya
Fruit Extract via HPLC-DAD-MS/MS Analysis

Although pitaya is a renowned source of betalains, as sug-
gested by spectrophotometric assays (Figure 1A), other bioactive
compounds may also be present. Accordingly, HPLC-DAD-ESI-
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FIGURE 3 Chemical portioning, UV/Vis Assay and, HPLC-DAD-MS/MS analysis of pitaya fractions. Panel A illustrates the fractionation process
using Flash Chromatography coupledwith Folin-Ciocalteu analysis to obtain various fractions (F1-F8). Panels B-E display the results for total polyphenol
content (TPC), flavonoid content (TFC), betacyanin content (TBcC), and betaxanthin content (TBxC) across the different fractions. Panel F presents a
heatmap coupled with cluster analysis for the chemical characterization performed via HPLC-DAD-MS/MS. Panels G shows the distribution through
Principal Component Analysis (PCA), while the key compounds influencing this distribution are reported in Panel H.

MS/MS was used to separate and determine the individual
bioactive compounds present in pitaya extract. Chromatographic
analysis revealed the presence of 48 different compounds, the
identification and relative quantification of which are shown in
Table S1. Instead, Figure 2A shows the top 20 compoundswith the
highest content detected within the pitaya extract. Interestingly,
about 80% of the detected amount belonged to the betalain class,
while the remaining 20%belonged to flavonoids (Figure 2B).Most
betalains in red pitaya are derived from betanidin and neobetanin
(Figure 2C). Minor pigments include indicaxanthin, accounting
for only 7% (w/w) by weight. Indicaxanthin is a yellow pigment
with antioxidant and antiradical properties, which have been

demonstrated in various in vitro and in vivo studies. This pigment
can be found in a few edible plants, such as cacti and some berries.
Decarboxy-neobetanidine and dihydro-decarboxy-neobetanidine
compounds account for only 5–6% by weight, which emerge as
natural degradation products formed through oxidative processes
(Wybraniec et al. 2009). Other decarboxylated forms of betanin,
such as decarboxy-neobetanidine, may offer unique bioactivities
despite their low concentration (Polturak and Aharoni 2018).
Prominent among the betalains is isobetanine, an isomer of beta-
nine known for its cytotoxic potential, which has been studied for
possible therapeutic applications, especially in oncology (Miraj
2016; Vieira Teixeira da Silva et al. 2019; Madadi et al. 2020).
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Other significant compounds are Phyllocactin I and Phyllocactin
II, pigments that contribute to fruit coloration and possess bioac-
tive properties, including antimicrobial, antiproliferative, and
anti-viral (Wijesinghe and Choo 2022). Comparing spectropho-
tometric and HPLC-MS/MS data for betalains highlights their
distinct analytical principles: spectrophotometry assesses total
chromophores, which other compounds can influence, while
HPLC-MS/MS specifically identifies and quantifies individual
betalains.

As for polyphenols, most of the compounds in pitaya extracts are
bound to sugar moieties (Figure 2D). The biological activity of
phenolic compounds can be strongly influenced by their structure
and glycosylation pattern. The aglycone is often associated with
therapeutic effects, while the glycosidic moiety enhances water
solubility and pharmacokinetic and pharmacodynamic proper-
ties (Chuang et al. 2017). In pitaya fruit extracts, the phenolics
arabinosides account for 32% of the total, followed by glucuron-
icosides (21%), rhamnosides (15%), and galactosides (11%). Other
glycosides, including glucosides, rutinosides, sambubiosides, and
diglucosides, together account for less than 20%. In addition, agly-
cones make up less than 1% of the extract (Figure 2D). In addition
to the degree of glycosylation, chemical changes to the structure
also influence the bioactivity of flavonoids. Among the major
phenolic compounds detected in pitaya extracts, rhamnetin,
myricetin, and apigenin stand out (Figure 2E). Among these,
rhamnetin-arabinoside is identified as the fourth most abundant
compound in pitaya extract and the most abundant polyphenol
(Figure 2E). Rhamnetin is a flavonoid belonging to the class of
O-methylated flavonols, and is known for its antioxidant and
anti-inflammatory properties (Lee et al. 2022). When bound to
arabinose, the resulting glycoside improves the compounds’ sol-
ubility and bioavailability (Schaub et al. 2021). The second most
abundant flavonoid was apigenin-glucuronide, a flavone widely
studied for its pharmacological properties, including anticancer,
antioxidant, and anti-inflammatory activities (Ali et al. 2017).
This compound is present in similar concentrations in several
common fruits and vegetables such as grapefruit, parsley, onions,
and corn (Ali et al. 2017; Salehi et al. 2019). Myricetin, found in
its rhamnoside and galactoside forms, ranks as the 9th and 12th
most abundant compounds, respectively (Figure 2E). Myricetin
is a flavonol with recognized antioxidant and anti-inflammatory
properties, and is commonly found in berries, garlic, and fruits
such as currants and guava. Its chemical structure, characterized
by two aromatic rings connected by a chain of three carbon
atoms, contributes to its effectiveness in neutralizing free radicals
(Agraharam et al. 2022).

3.3 Antioxidant Potential of Pitaya Fruits Extract

Preliminary spectrophotometric characterization carried out on
pitaya extracts suggests that this fruit possesses other antioxidant
macromoles in addition to the classical antioxidant vitamins,
ranging from N-containing compounds to polyphenols. Further-
more, considering that the concept of total antioxidant capacity
of foods accounts for additive, synergistic, and/or antagonistic
redox interactions among the different molecules present, it
is very important to employ spectrometric determinations to
get an overall idea of their potential (Sonter et al. 2021; Yu
et al. 2021; dos Santos Souza et al. 2024). Whereas it has been

reported that a single assay is not sufficient to predict the
antioxidant potential of plant extracts, the results of several
assays can help to elucidate the mechanisms involved in the
observed activities (Munteanu and Apetrei 2021). Consequently,
in order to assess the overall intrinsic antioxidant capacity of
pitaya fruit extracts, we employed three different antioxidants
in solution assays, namely ABTS, DPPH (Figure 1, Panel B),
and FRAP (Figure 1, Panel C) assays. Despite criticism due
to the evident limitations of in vitro chemical methods for
determination of antioxidant properties of fruit extracts, these
assays are very popular for technological and nutritional purposes
since they provide valuable information on the complex mixture
of redox active molecules. In this context, our results showed
that pitaya extracts possess high radical scavenging properties.
In particular, the value obtained by the DPPH assay was higher
than that obtained by ABTS. The observed differences could
be explained by the variability in pH or hydrophilicity of the
reaction mixtures, and the relative difference in the scavenging
ability of the antioxidant compounds present in the extracts
(Cano et al. 2023). In addition, although lower than grape red,
plum black, and strawberry, these values were much higher
than watermelon, pear, nectarine, mango, and avocado, and
comparable to those reported in popular antioxidant-rich foods,
such as sweet cherry, orange, and lemon (Floegel et al. 2011).
Concerning the reducing activity, pitaya recorded higher values
than most common fruits for human consumption, and lower
only than thornapple (Guo et al. 2003). Although DPPH, ABTS,
and FRAP assays are based on the principle of radical scavenging
capacity or reducing activity, they are not directly comparable
and do not account for the potential bioavailability and efficacy
of antioxidants within the cellular systems. Consequently, to
achieve a more accurate assessment of the antioxidant activity
of dietary compounds in biological contexts, we performed a
CAA assay in order to both assess the ability of antioxidants to
penetrate cells, counteract oxidation in cellular environments,
and reflect more realistic interactions with radical species (Kellett
et al. 2018). Indeed, the CAA assay uses HepG2 cells, which,
through the expression of phase I and II enzymes, effectively
simulate human liver metabolism, allowing realistic assessment
of intracellular antioxidant activity. This model allows measure-
ment of effective uptake, metabolism, and protective capacity
against oxidative stress within a complex cellular context, ensur-
ing reproducible and physiologically relevant results compared
with other cell lines (Kellett et al. 2018; Wolfe and Liu 2007).
Under our experimental conditions, when cells were treated
with DCFH-DA and ABAP, oxidation resulted in deacetylation of
DCFH-DA and increased fluorescence (Figure 1D). However, in
the presence of antioxidants from red pitaya pulp extract, a dose-
dependent effect can be observed. Specifically, also the lowest
concentrations of extract (between 0.097 and 1.397 µg mL−1)
displayed a reduction in fluorescence that was observed for up
to 12 min. In contrast, higher concentrations inhibited oxidation
moremarkedly and for a longer duration (about 40min), reaching
peak fluorescence only after 60 min, with a maximum level of
2.2 (Figure 1D). Based on the subtending areas obtained from
the curves shown in Figure 1D, the CAA50 of each dosage was
calculated, and the total CAA50 was determined to be 7.28 ± 0.05
µg mL−1 by logarithmic regression (Figure 1E). Compared with
the values determined by Wolfe and Liu for several common
fruits, the antioxidant capacity measured in our extracts was
much higher. In particular, comparing our results with the CAA50
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FIGURE 4 DNA Protective Potential of Pitaya Fruit Fractions. Effect of co-incubation of different concentrations (100–6.25 mg mL−1) of the eight
fractions (F1–F8, shown in panels A–H) on plasmid DNA integrity following exposure to 50 µMH2O2 and UV light. Control bars represent plasmid DNA
without oxidative stress exposure, while the “H2O2” bars indicate plasmid DNA treated with 50 µMH2O2 and exposed to UV light for 30 min.

value of colored fruits, including several berries, cherries, and
pomegranates, pitaya pulp extracts showed 3- to 30-fold higher
antioxidant activity. Oxidative stress poses a threat not only to
cellular integrity but also to genomic material, as shown by
studies on damage caused by light and UV radiation, which can
induce the formation of pyrimidine dimers and oxidized bases
such as 8-hydroxy-2’-deoxyguanosine (8-OHdG) (Cortat et al.
2013; Di Minno et al. 2016). Consequently, here we investigated
the potential protective effects of pitaya fruit extracts inmitigating
oxidative DNA damage and contributing to the development
of strategies to combat diseases associated with this type of
stress. In order to assess the protective properties of pitaya pulp
extract, we exposed plasmid DNA derived from Escherichia coli
to increasing concentrations of the extract, simulating natural
exposure to these compounds. Following this, the DNA sam-
ples were subjected to oxidative stress conditions induced by
hydrogen peroxide (H2O2) and direct UV light exposure (Valverde
et al. 2018). The plasmid DNA protection assay used is a well-
established method that allows tight control of oxidative stress
conditions and provides a uniform DNA substrate, eliminating
confounding factors such as cellular metabolism and DNA repair
processes. This enables a clear and reproducible assessment
of the antioxidant protective capacity of the extracts in vitro
(Andonova et al. 2023). By analyzing the integrity ofDNA samples
after exposure to oxidative stressors, it was observed that all
concentrations used had demonstrated a protective effect onDNA
integrity (Figure 1F,G). Notably, the samples treated with pitaya
pulp extract showed less fragmentation and retained a higher
percentage of intact DNA than the control groups. This suggests
that the antioxidant properties of the extract effectively mitigated
the damaging effects of oxidative stress. In addition, the analysis
indicated that all concentrations tested provided some level of
protection, including the lowest concentrations. These results
underscore the importance of pitaya pulp extract as a natural
agent for preserving DNA integrity under oxidative conditions
and warrant further investigation into its mechanisms of action
and potential applications in health and nutrition. The plasmid

DNA protection assay effectively assesses direct oxidation and
protective effects on genomic material by bioactive moelcules,
but it has biological limitations. This assay focuses mainly on
the direct impact and protection of DNA, without fully taking
into account other crucial aspects of the cellular response to
damage. To gain amore complete understanding of this protective
mechanism, future research should consider using a wider range
of assays. For example, the COMET assay, also known as single
cell gel electrophoresis, could be used to assess DNA damage at
the single cell level, offering insights beyonddirect oxidation. This
broader approach would also allow exploration of DNA damage
response and repair pathways and various cellular self-repair
processes (Collins et al. 2023).

3.4 Chemical Portioning and Phytochemical
Profile of Pitaya Fruit Fractions

Fractionation of bioactive compounds from plant extracts is a
fundamental endeavor in phytochemical research, essential for
discerning the intricate chemical composition and pharmaco-
logical potential of botanical resources (Alfaro Jiménez et al.
2022). In this study, the separation of pitaya pulp extract was
performed using Flash Chromatography (Biotage Selektä, Milan,
Italy) equipped with a C18 column. During the chromatographic
run, continuous monitoring was carried out across the 200–900
nmwavelength range to track the elution of bioactive compounds,
including polyphenols and betacyanins. A total of 51 fractions
were collected, and the Folin-Ciocalteu assay was applied to
integrate chromatographic datawith spectrophotometric analysis
(Figure 3A).

In order to evaluate the chemical composition of the fractions
of pitaya pulp extract, UV/Vis analysis was employed, showing
the distribution of polyphenols, flavonoids, and betalains across
the different fractions (Figure 3B–E). Fractions F7 and F5 showed
the highest content of polyphenols (429.13 ± 8.32 and 264.85 ±
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20.96 mg g−1 GAE), followed by F3 (115.47 ± 9.23 g−1 GAE) and
F2 and F4 (about 50 mg g−1 GAE) (Figure 3B). Analysis with the
aluminum chloride assay, targeting flavonoids, confirmed F7 and
F5 as flavonoid-rich fractions (325.13 ± 19.21 and 195.77 ± 6.20
mg g−1 RE). F2 and F3, despite a moderate polyphenol content
according to the Folin-Ciocalteu assay, showed lower flavonoid
levels, suggesting that the detected antioxidant activity might
come from non-polyphenolic compounds. Finally, fraction F1,
with low values of TPC, also displayed low TFC (Figure 3C).
In addition, higher values of TFC were exclusively observed
in the low-polarity fractions (F5, F6, F7 and F8), which were
obtained with an acetonitrile gradient above 30% (Figure 3A–C).
Specific analyses for TBcC and TBxC revealed a predominance
of betalains in F3 (over 150 mg g−1), while F2 contained lower
amounts (just over 50 mg g−1) (Figure 3D). In contrast, F2
was rich in betaxanthins (3940.55 ± 12.98 mg g−1), with lower
concentrations in F3 (62.29 ± 4.19 mg g−1) (Figure 3D). Except
for F1, which showed a modest presence of betaxanthins, the
other fractions had TBcC and TBxC contents accounting together
for less than 20 mg g−1 (Figure 3C–D). In order to investigate
the most predominant compounds defining the chemical profile
of the different fractions, HPLC coupled with DAD and tandem
mass spectrometry was used, as previously applied for the charac-
terization of the extract derived frompitaya fruit (Figure 2). In this
case, with the aim to better compare the chemical profile of the
different fractions, the quantitative data were normalized to the
effective weight of each obtained lyophilized fraction, and then
each value was further normalized by the median. The values
were then transformed by applying square root, and the datawere
scaled with centering on the mean and divided by the square root
of the standard deviation of each variable (Pareto scaling). The
resulting dataset was used to generate a HeatMap coupled with a
cluster analysis (Figure 3F) and a PCA distribution (Figure 3G).
Moreover, the main bioactive compounds responsible for the
different distribution of fractions in the cluster and PCA are
shown in Figure 3H.

Cluster analysis and PCA distribution showed the formation of
fourmain groups, as shown in Figure 3G. The first group includes
fractions F1 and F3, which are distinguished by positive PCA
score-2 and negative PCA score-1 values. These two fractions
are characterized by having the lowest overall concentration
of bioactive compounds, including polyphenols, betalains, or
betaxanthins. This observation is in line with previous results
obtained by spectrophotometry (Figure 3B–E). In particular, F3
is distinguished by the predominant presence of compounds
such as isobetanin, phyllotactin, and several glucosidic forms,
indicative of betalaine derivatives or degradation products
related to intracellular oxidative processes. Contrastingly, the F2
fraction forms a separate group, characterized by negative values
of both PCA score-2 and PCA score-1. F2 is distinguished by
higher concentrations of indicaxanthin and betalamic acid, along
with significant levels of decarboxy-neobetadinine, hamnetin-
glucoside, and dihydro-myricetin-arabinoside (Figure 3H).
On the other hand, fractions F4–F8 are separated by positive
PCA score-1 values. Among them, F4–F6 are further defined
by negative PCA score-2, while F7 and F8 form a fourth
separate group with positive PCA score-1 (Figure 3G). Fraction
F4, subsequent to F1 in quantitative content, has one of the
lowest absolute concentrations of bioactive compounds. The
HPLC results showed that the main flavonoids present in

appreciable concentrations in F4 are myricetin in aglycone
form, kaempferol-glucoside, and dihydrokaempferol aglycone
(Chunhakant, and Chaicharoenpong 2021). In addition, only
trace amounts of betalains, predominant in F3, were detected
(Figure 3H). The intermediate position of F4 between F3 and
F5 suggests that this fraction contains compounds characteristic
of both earlier and later fractions, which may not have been
effectively separated during chromatography. Within this group,
F5 and F6 showed a predominance of polyphenolic compounds.
However, chromatographic separation, based on polarity
gradient and conformation, showed significant variations in
distribution. For example, F5 and F6 showed a strong presence
of monoglycerides, while F7 and F8 are found to be enriched in
flavonoid aglycones, eluted later due to their lower polarity. The
main difference between F7 and F8 lies in the fact that F7 also
contains significant amounts of myricetin-glucoside, myricetin-
riboside, dihydroquercetin-sambubioside, quercetin-riboside,
naringenin-glucoside, kaempferol-rutinoside, myricetin-
glucoside, and dihydro-myricetin-diglucoside, which are
the most prominent metabolites of these macrofractions
(Figure 3F).

3.5 Evaluation of Antioxidant Properties of
Pitaya Fruit Fractions

In order to have a thorough understanding of the antioxidant
activity and its interaction with the phytochemical constituents
detected by UV/vis and HPLC analysis in the macro-fractions
(F1-F8), we performed all experiments on the evaluation of
active redox properties using both in solution (ABTS, DPPH, and
FRAP) and biological models (CAA and DNAox). By integrating
these assessments with phytochemical determinations, it was
possible to highlight how the distribution of phytochemicals
in pitaya fractions affected antioxidant properties, suggesting a
direct correlation between the identified compounds and the
antioxidant activities observed in the assays.

Specifically, the results obtained from the evaluation of the
antioxidant activity of the different pitaya fractions (F1-F8) reveal
significant differences in their ability to counteract oxidative
stress, in relation to the chemical composition and concentration
of the bioactive compounds present.

F2 fractions showed the best antioxidant capacities in almost all
in-solution and cellular assays (Table 1), including insult protec-
tion of oxidative damage (Figure 4B), making them particularly
attractive from a bioactive point of view. In particular, F2 stands
out with the lowest IC50 values in ABTS and DPPH assays,
suggesting potent free radical scavenging activity (Table 1). This
finding is supported by its high reducing activity in the FRAP
assay and strong protection ofDNA integrity fromoxidative insult
(Figure 4B). However, the recorded cellular antioxidant effect
shows some discrepancy with previously recorded values, record-
ing intermediate values. The chemical composition of F2 reveals a
high concentration of betalains, including betanidine and neobe-
tanine, which are known for their potent antioxidant activity. In
addition, F2 is enriched with flavonoids, particularly rhamnetin-
arabinoside, apigenin-glucuronide, and myricetin, which further
amplify the antioxidant activity of the fraction. Consequently,
the strong antioxidant capacity of F2 likely stems primarily from
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TABLE 1 Antioxidant properties of individual fractions from pitaya pulp extracts. ABTS and DPPH results are presented as IC50 values, indicating
the amount of fraction required for 50% inhibition of radical oxidation. FRAP results are expressed as µmol of Trolox equivalents (TE) per gram of
lyophilized fraction weight, while CAA50 is expressed as micromoles of TE per mL of cell culture medium. For each column, different lowercase letters
indicate significant differences as assessed by Tukey’s t-test followed by post hoc analysis.

Radical scavenging activity Reducing activity
Cellular antioxidant
activity

ABTS (IC50) DPPH (IC50) FRAP (µmol TE/g) CAA50 (µmol TE/mL)
F1 25.1779 ± 0.5988f 65.5412 ± 0.9874g 0.8512 ± 0.0012e 126.2 ± 12.4g

F2 0.2064 ± 0.0021a 0.4396 ± 0.0056a 316.3088 ± 1.839a 195.4 ± 7.1d

F3 6.9855 ± 0.0707e 6.9127 ± 0.184c 27.7544 ± 2.1476c 78.4 ± 9.37c

F4 6.8841 ± 0.0788e 25.0257 ± 0.788f 31.4051 ± 0.4486c 359.85 ± 4.41f

F5 2.0594 ± 0.0648c 5.696 ± 0.2172c 142.4446 ± 12.4012b 38.7 ± 7.27b

F6 6.005 ± 0.0368d 33.8937 ± 1.2323e 26.9186 ± 0.5828c 285.41 ± 8.89e

F7 0.4524 ± 0.0112b 3.4592 ± 0.1239b 38.8584 ± 1.8442c 21.3 ± 2.21a

F8 6.8449 ± 0.1425e 19.4358 ± 0.4314d 3.6341 ± 0.256d 215.58 ± 9.63e

its betalain content; however, the contribution of co-occurring
flavonoids, including rhamnetin-arabinoside, cannot be entirely
excluded and may play a supporting role.

Similarly, the F5 and F7 fractions also showed a good antioxidant
profile, albeit with lower efficacy than F2. F7 showed good
free radical scavenging activity but low reducing capacity, while
F5 showed moderate levels according to all the models tested
(Table 1). In contrast, assays evaluating antioxidant potential from
a biological point of view showed that these fractionswere instead
the most active in terms of CAA50 and offered almost complete
protection to DNA at all the ranges of the tested concentrations
(Figure 4E,G).

On the other hand, the F1 fraction, which had been identified as
having the poorest chemical profile in terms of either polyphenols
or betalains by UV/Vis and HPLC detections, was also found
to demonstrate the poorest antioxidant properties, as evidenced
by its high IC50 values in the DPPH and ABTS assays, as well
as the low FRAP values (Table 1). The data obtained from the
solution assays correlated strongly with F1’s lack of ability to
protect DNA from oxidative insults, as illustrated in Figure 4A.
However, when the same fraction was analyzed using a more
biological assay, CAA,moderate antioxidant actionwas observed.
The CAA assay allows the antioxidant capacity of an extract
or compound to be evaluated independently of its intrinsic
reducing or scavenging abilities. Considering that F1 is sparsely
enriched with antioxidant molecules, the absence of protection
from chemically generated ROS (as in the case of ABTS orDPPH),
naturally occurring ROS (as in the case of H2O2 in the DNA
protection assay), or oxidizing ions (as in the case of FRAP) can be
easily justified (Wołosiak et al. 2022; Payne et al. 2013; Pinela et al.
2024). However, from the CAA results, it is plausible that these
same molecules, while not exerting direct action against ROS,
may exert antioxidant effects through alternative mechanisms.
One possible explanation is that these molecules interact with
specific proteins located on the outer surface of the membrane,
which,when activated, trigger intracellularmechanisms that lead
to the positive regulation of specific antioxidant genes such as
SOD, CAT, GPX, or the increase of other cellular metabolites with

antioxidant action (such as glutathione) (Gusti et al. 2021; Wu
et al. 2004; Di Giacomo et al. 2023).

Placed in an intermediate position are all the other fractions,
which demonstrate moderate radical scavenging and reducing
activities, and poor CAA50 values (Table 1). These same fractions
were also those demonstrating protective effects on DNA oxi-
dation in a dose-dependent manner, and provided about 50% of
DNA protection at the highest doses.

4 Conclusion

This study provides a comprehensive characterization of the
phytochemical profile and antioxidant properties of Hylocereus
hybridum (pitaya) fruit and its fractions, underscoring the signifi-
cant biological potential of this plant source. HPLC-DAD-MS/MS
analysis definitively established the predominance of betalains,
complemented by a substantial presence of flavonoids and other
polyphenols within the fruit. The robust antioxidant capabilities
of the pitaya extract were consistently confirmed through various
in vitro assays, positioning the fruit as a competitive natural
antioxidant source.Moreover, our chromatographic fractionation
approach effectively linked specific chemical compositions to dis-
tinct biological activities. Fraction F2, notably rich in betacyanin-
related compounds, emerged as a particularly potent antioxidant
in vitro and demonstrated strong protection against oxidative
DNA damage. Interestingly, while fractions F5 and F7 exhib-
ited more moderate in vitro antioxidant activity, they showed
excellent cellular protection, suggesting the presence of bioactive
compoundswith specific, perhaps indirect, mechanisms of action
within a cellular context. Conversely, fraction F1, characterized by
a low concentration of antioxidant compounds, displayed limited
efficacy, thereby reinforcing the direct correlation between the
fruit’s phytochemical composition and its observed biological
functionality. These findings collectively advance our under-
standing of pitaya’s health-promoting attributes and highlight
the importance of its diverse bioactive compounds. Overall, the
results highlight the nutraceutical and pharmacological potential
of pitaya fruit, both as a natural source of antioxidants and as

11 of 14

 17503841, 2025, 8, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1750-3841.70502 by C

ochraneItalia, W
iley O

nline L
ibrary on [31/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



a candidate for therapeutic applications, also providing valuable
insights into pitaya’s antioxidant properties. To fully elucidate
its cellular mechanisms and support its therapeutic potential,
future research should incorporate gene and protein expression
analyses (e.g., SOD, CAT, GST) to understand how it modulates
endogenous defense systems, and intestinal absorption studies
(e.g., the Caco-2 model) to assess bioavailability and in vivo
relevance. Consequently, further studies are required to explore
their bioavailability, efficacy in in vivo models, and potential
applications in the food and pharmaceutical industries. The
phytochemical diversity and strong antioxidant activity observed
make pitaya fruit a promising element for the development of
innovative strategies aimed at preventing oxidative stress and
related diseases.
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