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Abstract

Annurca apple (Malus domestica cv. Annurca) is a traditional Southern Italian cultivar in-
creasingly recognized as a polyphenol-rich food matrix with functional and nutraceutical
relevance. Its distinctive post-harvest reddening process, together with tissue-specific
differences among flesh, peel and core, influences its phytochemical profile, antioxidant
capacity and biological activity. In addition, Annurca apple by-products, including peel and
core fractions, are emerging as sustainable sources of food-derived bioactives. This review
critically summarizes current evidence on Annurca apple-derived polyphenols, bioactive
fractions and by-products, focusing on their molecular mechanisms, context-dependent
redox behavior and translational potential. Available studies indicate that Annurca-derived
compounds and matrices should not be interpreted merely as antioxidant sources but rather
as modulators of redox-sensitive cellular pathways whose effects depend on fruit fraction,
ripening stage, extract composition, dose, biological model and cellular context. In normal
cellular models, Annurca-derived extracts and fractions have shown cytoprotective effects
against oxidative damage, mercury-induced erythrocyte alterations, phosphatidylserine
externalization, advanced glycation end product (AGE)-induced cytotoxicity and oxidative
stress-induced senescence. These effects involve mechanisms related to ROS modulation,
erythrocyte membrane homeostasis, calcium-dependent PLSCR1 regulation, antiglyca-
tive activity, endothelial protection and senescence-associated pathways. Conversely, in
cancer cell models, Annurca polyphenols may exert pro-oxidant and pro-apoptotic ef-
fects, mainly involving ROS/JNK signaling, inhibition of cell survival, modulation of
epithelial-mesenchymal plasticity and reduced migration. Additional evidence on lipid
metabolism, skin and hair biology, neuroprotective targets and by-product valorization sup-
ports broader functional and nutraceutical applications. However, most evidence remains
preclinical and often relies on concentrated extracts or specific formulations. Future studies
should address extract standardization, phytochemical fingerprinting, bioaccessibility, gut
microbiota metabolism, circulating metabolites, dose relevance and clinical validation to
clarify whether Annurca-derived bioactives can be developed as evidence-based functional
ingredients or nutraceutical candidates.
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1. Introduction

Apples are among the most widely consumed fruits worldwide and represent an
important dietary source of polyphenols, dietary fiber, vitamins, minerals and other phy-
tochemicals. Their phenolic profile includes flavan-3-ols, flavonols, phenolic acids, dihy-
drochalcones, procyanidins and quercetin derivatives, although the relative abundance of
these compounds varies markedly according to cultivar, fruit tissue, ripening stage, post-
harvest handling and processing conditions [1-5]. This variability is particularly relevant
because apple peel and flesh differ substantially in polyphenol composition, and evidence
obtained from generic apple cultivars cannot be automatically extrapolated to specific local
varieties [2,4,6]. Moreover, the biological relevance of apple-derived polyphenols depends
not only on their native concentration in the fruit but also on food matrix interactions,
gastrointestinal bioaccessibility, metabolism and gut microbial transformation [5,7-10].

Within this broad field, Annurca apple (Malus domestica cv. Annurca) is a traditional
cultivar from Southern Italy and represents a distinctive Mediterranean food matrix. Its
relevance is linked not only to its geographical and sensory identity but also to its char-
acteristic post-harvest reddening process, tissue-dependent phytochemical composition
and documented richness in bioactive polyphenols [11-21]. Recent studies have further
extended interest in Annurca apple to peel, core and other usually discarded fractions,
which may contain relevant amounts of phenolic compounds and display antioxidant
and antiglycative properties [11,22]. These findings support the potential valorization of
Annurca apple by-products as sustainable sources of food-derived bioactives while also
highlighting the need to distinguish the edible flesh from true by-products such as peel, core
and pomace. This distinction is important because apple by-products may differ markedly
from whole fruit and edible flesh in terms of phenolic concentration, fiber-associated matrix
components, processing stability and technological applicability [23-25].

Research on Annurca apple has progressively moved beyond the general concept
of antioxidant capacity toward the investigation of molecular mechanisms in cellular
and translational models. Available studies have examined Annurca-derived extracts,
polyphenol-rich fractions, by-products and nutraceutical formulations in relation to ery-
throcyte oxidative damage, mercury-induced membrane alterations, advanced glycation
end product-related cytotoxicity, lipid metabolism, skin and hair biology, cellular senes-
cence, neuroprotective targets and cancer cell redox signaling [22,26—44]. Taken together,
these studies suggest that Annurca-derived bioactives should not be interpreted simply
as generic antioxidants but rather as context-dependent modulators of redox-sensitive
pathways whose effects may vary according to fruit fraction, extract composition, dose,
biological model and cellular redox status. However, chemical antioxidant assays such as
DPPH, ABTS, FRAP and total antioxidant capacity should be interpreted as screening tools
for redox-related chemical reactivity and not as direct evidence of physiological antioxidant
effects or health benefits [45,46].

Despite this growing body of evidence, several issues remain unresolved. First,
many studies rely on native extracts or concentrated polyphenol-rich preparations tested
directly in vitro, whereas the compounds reaching target tissues after oral intake may
be digestion-derived products, phase II conjugates or gut microbiota-derived metabo-
lites [7-10]. Second, the polyphenol profile, bioaccessibility, gut microbiota metabolism and
circulating metabolites of Annurca-derived preparations remain insufficiently characterized.
Third, the available evidence includes different matrices, including whole fruit, edible flesh,
peel, core, by-products, polyphenol-rich extracts and nutraceutical formulations, which
should not be treated as interchangeable [11,22,25,31-36]. Finally, although human data are
available for lipid metabolism and hair-related outcomes, much of the evidence on erythro-
cyte protection, antiglycative activity, senescence modulation, neuroprotective targets and
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cancer cell redox modulation remains preclinical or exploratory [22,26-30,37—44]. These
limitations are particularly relevant because apple polyphenols may interact with the gut
microbiota, and microbial metabolism may influence their bioactivity, systemic exposure
and interindividual variability [5,7,10,47].

For these reasons, a critical review specifically focused on Annurca apple-derived
polyphenols, bioactive fractions and by-products is warranted. Previous literature has
generally addressed apple polyphenols, apple by-products, polyphenol bioavailability or
gut microbiota interactions in broader terms [1,5,25,47], whereas an integrated evaluation
of Annurca-specific evidence in relation to redox modulation, fruit-fraction specificity, by-
product valorization and nutraceutical translation is still lacking. The novelty of this review
lies in integrating Annurca-specific phytochemical, preclinical and translational evidence
within a single critical framework centered on fruit-fraction specificity, context-dependent
redox modulation, by-product valorization and nutraceutical development. This review
therefore aims to critically summarize current evidence on Annurca apple-derived polyphe-
nols, bioactive fractions and by-products, with emphasis on phytochemical determinants,
molecular mechanisms, antioxidant and antiglycative activity, erythrocyte membrane home-
ostasis, cellular senescence, lipid metabolism, neuroprotective potential, cancer-related
redox signaling and sustainable nutraceutical applications. Particular attention is given to
the strength and limitations of the evidence, including extract heterogeneity, tissue- and
ripening-dependent variability, bioavailability, gut microbiota metabolism, dose relevance
and the need for standardized preparations and clinical validation.

2. Literature Search Strategy and Review Framework

This article was designed as a critical narrative review rather than as a systematic
review or meta-analysis. A narrative approach was chosen because the available evidence
on Annurca apple is heterogeneous and includes phytochemical studies, antioxidant assays,
in vitro cellular models, enzyme assays, by-product characterization, nutraceutical formu-
lations, clinical trials and mechanistic studies on redox-sensitive pathways. The aim was
not to address a narrowly defined intervention question but to integrate different levels of
evidence into a coherent molecular nutrition and nutraceutical framework [48,49].

A structured literature search was performed using PubMed/MEDLINE, Scopus, Web
of Science Core Collection and Google Scholar. The search covered publications from
database inception to September 2026. Additional records were identified by screening
the reference lists of relevant articles and reviews. The search focused on three main
areas: (i) Annurca apple, Annurca apple polyphenols, bioactive fractions, fruit fractions,
by-products and nutraceutical formulations; (ii) apple polyphenols, apple by-products,
polyphenol bioavailability, gut microbiota metabolism and food-derived bioactives; and
(iii) mechanistic literature on oxidative stress, redox signaling, glycation, erythrocyte
membrane homeostasis, cellular senescence, lipid metabolism, neuroprotective targets and
cancer cell stress responses.

The main search terms included the following: “Annurca apple”, “MelAnnurca”,
“Malus domestica cv. Annurca”, “ Annurca polyphenols”, “Annurca apple extract”, “Annurca
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by-products”, “Annurca peel”, “Annurca flesh”, “Annurca core”, “apple polyphenols”,
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“apple peel polyphenols”, “apple by-products”, “apple pomace”, “procyanidins”, “chloro-
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genic acid”, “quercetin derivatives”, “bioavailability”, “gut microbiota”, “polyphenol
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metabolites”, “oxidative stress”, “redox signaling”, “antiglycation”, “advanced glycation
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end products”, “erythrocytes”, “phosphatidylserine externalization”, “PLSCR1”, “cellu-
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lar senescence”, “lipid metabolism”, “cholesterol absorption”, “keratin”, “hair growth”,
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“acetylcholinesterase”, “monoamine oxidase”, “neuroprotection”, “ROS/JNK signaling”,
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“breast cancer cells”, “thyroid cancer cells” and “nutraceuticals”. Search terms were used
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alone and in Boolean combinations, including “Annurca apple” AND “polyphenols”, “An-
nurca apple” AND “by-products”, “Annurca” AND “oxidative stress”, “Annurca” AND

v

“cholesterol”, “apple polyphenols” AND “bioavailability”, “apple by-products” AND
“polyphenols”, “polyphenols” AND “gut microbiota”, “polyphenols” AND “advanced
glycation end products” and “polyphenols” AND “ROS/JNK”.

Studies were considered eligible if they met at least one of the following criteria: (i) they
specifically investigated Annurca apple, Annurca-derived polyphenols, fruit fractions, by-
products, extracts or nutraceutical formulations; (ii) they provided relevant information on
apple polyphenols, apple by-products, bioavailability, gut microbiota metabolism or food
matrix effects useful for contextualizing Annurca-specific evidence; or (iii) they addressed
molecular mechanisms directly relevant to the interpretation of Annurca-derived bioactivity,
including oxidative stress, glycation, erythrocyte membrane alterations, cellular senescence,
lipid metabolism, neuroprotective targets or cancer-related redox signaling.

Exclusion criteria included studies not related to apples, polyphenols, food-derived
bioactives or nutraceutical mechanisms; articles focused exclusively on agronomic or
technological aspects without relevance to phytochemical composition or biological activity;
studies lacking sufficient methodological or mechanistic information; non-peer-reviewed
sources; conference abstracts without full text; and duplicate records. Because this was a
critical narrative review, no formal meta-analysis, PRISMA flow diagram or quantitative
risk-of-bias assessment was performed. However, priority was given to peer-reviewed
original articles, clinical trials, mechanistic studies and authoritative reviews directly
relevant to the scope of the manuscript.

The selection and critical appraisal of the literature were performed by the author.
To reduce selective interpretation, the evidence was organized according to a transla-
tional hierarchy. Human intervention studies were considered separately from preclinical,
in vitro/ex vivo and chemical assay-based studies. Chemical antioxidant assays, including
DPPH, ABTS, FRAP and total antioxidant capacity assays, were interpreted as screening
tools for redox-related chemical reactivity and not as direct evidence of physiological
antioxidant effects or health benefits. In vitro findings were considered mechanistic and
hypothesis-generating unless supported by human or in vivo evidence.

Particular attention was paid to distinguishing whole fruit, edible flesh, peel, core,
true by-products, concentrated polyphenol-rich extracts, isolated or enriched bioactive
fractions and nutraceutical formulations because these matrices may differ substantially in
phytochemical profile, bioavailability, dose relevance and biological effects. The review was
organized around the concept of context-dependent redox modulation. According to this
framework, Annurca apple-derived polyphenols, bioactive fractions and by-products were
not interpreted simply as antioxidant sources but as food-derived bioactive matrices and
compounds whose effects may depend on fruit fraction, ripening stage, extract composition,
biological model, cellular redox status and dose. This framework was used to critically
evaluate the strength and limitations of the evidence across phytochemical, preclinical,
clinical and translational domains.

3. Annurca Apple as a Fruit-Fraction-Specific Bioactive Matrix

Annurca apple (Malus domestica cv. Annurca) is a traditional cultivar from Southern Italy
and represents one of the most distinctive fruit products of the Campania region [15-17].
Its functional relevance is not limited to geographical origin or sensory identity but derives
from the interaction among cultivar-specific traits, post-harvest reddening, fruit-fraction
composition and bioactive potential [11-21]. The recognition of “MelAnnurca Campana” as
a Protected Geographical Indication further supports the close relationship between this
fruit, its production area and traditional post-harvest practices [15].
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A defining feature of Annurca apple is the post-harvest reddening process, tradition-
ally carried out in the melaio [15,18]. During this phase, fruits are exposed after harvest
to promote the development of the characteristic red skin coloration while preserving
firmness, crispness and sensory quality [17,18]. From a molecular nutrition perspective,
this process is relevant because reddening-ripening may affect antioxidant properties,
phenolic composition and tissue-specific bioactive potential [11-13]. Therefore, the post-
harvest phase should not be considered only an aesthetic or commercial step but also a
biological determinant that may influence the phytochemical profile and reproducibility of
Annurca-derived preparations [11,12,18,19].

The phytochemical profile of Annurca apple is shaped by cultivar identity, ripening
stage, fruit tissue and post-harvest or processing conditions. Apples contain several classes
of phenolic compounds, including flavan-3-ols, flavonols, phenolic acids, dihydrochalcones
and procyanidins, but their relative abundance varies markedly among cultivars and fruit
fractions [1-5,50]. In Annurca apple, early evidence showed that reddening-ripening modi-
fies the antioxidant activity of polyphenol-rich extracts [12], while phytochemical studies
identified specific antioxidant compounds in the peel, including E- and Z-p-coumaryl
fatty acid esters [13]. The broader apple literature also indicates that peel and flesh differ
substantially in total and individual phenolic compounds, supporting the need to interpret
Annurca apple bioactivity according to fruit fraction rather than as a generic property of the
whole fruit [2,4,6].

This fruit-fraction specificity is central to the interpretation of the available evidence.
The peel is generally considered a phenolic-rich outer fraction, directly exposed to light,
environmental stimuli and pigmentation-related metabolic changes [2,4,6,13]. The flesh
represents the main edible fraction and has been used in several studies on Annurca-
derived biophenols, oxidative stress, skin-related cellular responses, neuroprotective tar-
gets and cancer cell redox modulation [20,21,26,27,37-44]. The core and other usually
discarded fractions may retain phenolic compounds, antioxidant activity and fiber- or
pectin-associated components, supporting their potential inclusion in by-product val-
orization strategies [11,22-25,51,52]. Importantly, flesh should be distinguished from true
by-products: peel, core and pomace may be considered by-products when discarded or
generated during processing, whereas flesh remains the principal edible matrix.

The interpretation of Annurca-derived bioactivity also depends on the type of prepa-
ration tested. Whole fruit, edible flesh, peel, core, by-product extracts, polyphenol-rich
fractions and nutraceutical formulations cannot be considered interchangeable. Concen-
trated extracts may contain higher levels of bioactive compounds than those achievable
through habitual fruit consumption, and their biological effects may depend on extrac-
tion procedure, dose, matrix composition and cellular model [11,14,22,26-36]. Similarly,
chemical antioxidant assays such as DPPH, ABTS, FRAP and total antioxidant capacity
are useful for preliminary screening of redox-related chemical reactivity, but they do not
directly demonstrate physiological antioxidant effects or health benefits [45,46].

Overall, Annurca apple should be interpreted as a fruit-fraction-specific bioactive
matrix rather than as a uniform source of antioxidant compounds. Its biological relevance
depends on cultivar identity, reddening-ripening, peel-flesh—core distribution, extract
standardization, dose relevance and bioavailability. The fruit-fraction distribution, phyto-
chemical features, evidence type and critical limitations of Annurca apple-derived matrices
are summarized in Table 1.
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Table 1. Fruit-fraction distribution and phytochemical profile of Annurca apple-derived bioactives.

Fruit Fraction/Matrix

Main Phytochemical Features

Representative Compounds or
Classes

Evidence Type

Biological Relevance

Critical Interpretation/Limitations

Refs.

Whole Annurca apple

Cultivar-specific Mediterranean
food matrix influenced by
reddening, ripening stage and
post-harvest conditions

Flavan-3-ols, flavonols, phenolic
acids, dihydrochalcones,
procyanidins and other apple
phytochemicals

Annurca-specific and broader
apple literature

Provides the food-matrix
background for interpreting
Annurca-derived bioactivity

Whole-fruit effects cannot be directly
extrapolated from concentrated extracts or
isolated fractions

[1-4,6,12,14-21,50]

Peel

Phenolic-rich outer fraction,

strongly influenced by light

exposure, pigmentation and
reddening-ripening

Flavonols, quercetin derivatives,
procyanidins, phenolic acids, E-
and Z-p-coumary] fatty acid
esters

Mainly phytochemical and
chemical antioxidant evidence

Relevant source of redox-active
compounds; potentially
important for by-product
valorization

Most evidence is based on chemical assays;
antioxidant capacity does not directly
demonstrate physiological efficacy

[2,6,11,13]

Flesh

Main edible fraction and
commonly investigated source
of Annurca-derived biophenols

Flavan-3-ols, phenolic acids,
dihydrochalcones,
procyanidin-rich fractions and
other biophenols; non-phenolic
components such as TLP1a may
also contribute

Annurca-specific cellular and
mechanistic studies

Used in studies on oxidative
stress, skin-related models,
neuroprotective targets and

cancer cell redox modulation

Flesh-derived extracts are not equivalent
to whole-fruit intake; extract dose,
composition and bioavailability require
clarification

[20,21,26,27,37-44]

Core

Usually discarded internal
fraction with potential residual
phenolic content

Phenolic acids, flavan-3-ols,
procyanidins and
fiber / pectin-associated matrix
components

Emerging Annurca-specific
by-product evidence

Potential source of bioactives for
circular valorization strategies

Direct biological evidence remains limited;
core should be distinguished from edible
flesh and from processed pomace

[11,22-25,51,52]

Peel/ core by-products

Usually discarded fractions with
ripening- and tissue-dependent
phenolic content

Total polyphenols, flavonoids,
ortho-diphenols and antioxidant
fractions; fiber- and
pectin-associated components

Annurca-specific by-product
studies and broader by-product
literature

Antioxidant and antiglycative
activity; inhibition of AGE
formation and protection against
AGE-induced cytotoxicity in
preclinical models

Mainly chemical and in vitro evidence;
safety, contaminants, digestion,
bioaccessibility and batch reproducibility
need assessment

[11,22-25,51,52]

Polyphenol-rich
extracts/bioactive fractions

Concentrated preparations
obtained from defined or
partially defined fruit matrices

Procyanidin-rich components,
flavan-3-ols, flavonols, phenolic
acids and other extractable
polyphenols

Annurca-specific mechanistic
studies

Redox-related cytoprotection,
erythrocyte membrane
protection, lipid metabolism,
senescence marker modulation
and cancer cell stress responses

Concentrated extracts may not reflect
dietary exposure; native compounds may
differ from circulating metabolites after
digestion and microbiota metabolism

[5,7-10,12,14,20,21,26—
34,37-42,53-55]

Annurca-based nutraceutical
formulations

Enriched or standardized
formulations based on Annurca
apple polyphenolic extracts

Polyphenol-enriched
preparations, usually
formulation-specific

Human intervention studies and
mechanistic studies

Evidence for lipid-profile
modulation and
hair /keratin-related outcomes

Findings are formulation-specific and
should not be automatically extrapolated
to whole-fruit consumption or
non-standardized extracts

[31-36]

Note: This table distinguishes edible fruit fractions, usually discarded fractions and formulated preparations. Peel, core and pomace may be considered by-products
when discarded or generated during processing, whereas flesh represents the main edible fraction. Chemical antioxidant assays should be interpreted as preliminary
screening tools and not as direct evidence of physiological efficacy or health benefits. Abbreviations: AGE, advanced glycation end products; TLP1a, thaumatin-like
protein la.
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4. Annurca Apple By-Products and Sustainable Valorization

The valorization of fruit by-products has become a central issue in food science,
nutrition and circular bioeconomy. Apple processing residues, including peels, cores, seeds
and pomace, may retain dietary fiber, pectin, minerals and phenolic compounds, together
with antioxidant activity and technological functionality [23-25,51,52]. Therefore, apple
by-products are increasingly considered potential sources of functional ingredients for
food, nutraceutical and cosmeceutical applications rather than simple waste streams.

In this framework, Annurca apple by-products are of particular interest because their
phytochemical and functional properties depend on fruit fraction, ripening stage and post-
harvest conditions [11]. Recent evidence showed that peel, flesh and core from Annurca
apples at different ripening stages differ in total polyphenols, flavonoids, ortho-diphenols
and antioxidant capacity, with peel emerging as a particularly phenolic-rich fraction [11].
However, it is important to distinguish edible fruit fractions from true by-products: flesh
represents the main edible matrix, whereas peel, core and pomace may be considered
by-products when discarded or generated during processing.

Importantly, Annurca apple by-products have been investigated not only for chemical
antioxidant capacity but also for their activity in glycoxidative stress models. By-products
obtained at different ripening stages were reported to inhibit advanced glycation end
product formation and protect against AGE-induced cytotoxicity in cellular models [22].
These findings suggest that Annurca residues may contain bioactive compounds able to
interfere with oxidative and glycative stress pathways. Nevertheless, this evidence remains
mainly chemical and in vitro and should not be interpreted as direct proof of physiological
or clinical efficacy.

The sustainable exploitation of Annurca by-products requires careful standardiza-
tion. Several variables may affect the final composition and biological activity of re-
covered extracts, including cultivar identity, fruit fraction, ripening stage, reddening
conditions, agronomic practices, storage, drying method, extraction solvent and analyt-
ical procedure [4,11,19,25]. Future studies should therefore report detailed phytochemi-
cal fingerprints, marker compounds and extraction conditions to improve comparability
and reproducibility.

Another critical aspect concerns translation into food, nutraceutical or cosmeceutical
applications. The physiological relevance of Annurca by-product extracts depends on
bioaccessibility, digestive stability, intestinal absorption, microbiota-mediated metabolism
and dose compatibility with realistic exposure conditions [7,53,56]. In addition, safety
issues, including pesticide residues, microbial contamination and batch-to-batch variability,
should be addressed before these materials are proposed for human use.

Overall, Annurca apple by-products represent a promising but still preliminary model
of circular valorization. Their development as sustainable functional ingredients will
require standardized preparation, safety assessment, bioaccessibility studies and validation
under physiologically relevant conditions. The fruit-fraction specificity of Annurca apple
bioactives, together with the distinction between edible fractions and true by-products, is
summarized in Figure 1.
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Figure 1. Fruit-fraction specificity of Annurca apple bioactives. Annurca apple bioactivity depends
on fruit fraction, ripening stage and extract composition. The peel is generally enriched in phenolic
compounds, including flavonols, quercetin derivatives, procyanidins and specific antioxidant sec-
ondary metabolites. The flesh represents the main edible matrix and has been used in several studies
on Annurca-derived biophenols and bioactive preparations. The core and other usually discarded
fractions may contribute to by-product valorization as sources of phenolic-rich and fiber-associated
matrices. This figure distinguishes edible fruit fractions from true by-products and highlights that
chemical antioxidant capacity should be interpreted as preliminary evidence rather than direct proof
of physiological efficacy.

5. Redox-Related Cytoprotection and Erythrocyte
Membrane Homeostasis

Oxidative stress is a central mechanism involved in cellular dysfunction, aging and
several pathological processes [57]. In nutritional research, however, the biological rel-
evance of food-derived bioactives cannot be inferred only from radical-scavenging ca-
pacity or chemical antioxidant assays. It should also be evaluated through cellular mod-
els able to assess redox balance, membrane integrity, viability and stress-related func-
tional endpoints [26,28-30]. In this context, Annurca-derived polyphenols and extracts
have been investigated in non-malignant cellular models exposed to oxidative or toxicant-
induced stress.

Human erythrocytes represent one of the earliest models used to evaluate the cyto-
protective properties of Annurca apple polyphenols. Red blood cells are highly exposed
to oxygen, contain abundant hemoglobin and polyunsaturated membrane lipids and are
particularly sensitive to oxidative damage because of their limited biosynthetic and repair
capacity [58]. In this model, Annurca apple extract was reported to protect human erythro-
cytes against oxidative damage, suggesting a possible role in preserving membrane and
cellular integrity under oxidative challenge [26]. This evidence provided the basis for later
studies focused on toxicant-induced erythrocyte stress and membrane asymmetry.

Mercury-induced erythrocyte damage represents one of the most specific mechanistic
areas of Annurca apple research. Inorganic mercury compounds such as mercury chloride
(HgCly) can impair erythrocyte homeostasis by increasing oxidative and nitrosative stress,
promoting hemoglobin oxidation, reducing glutathione content and altering membrane-
associated proteins [59-61]. A relevant consequence of erythrocyte stress is the disruption of
membrane phospholipid asymmetry, particularly the externalization of phosphatidylserine,
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a hallmark of eryptosis-like processes that may be triggered by oxidative stress, calcium
influx and activation of phospholipid scrambling pathways [62,63].

Within this framework, Annurca apple polyphenol-rich extracts were shown to coun-
teract HgCl-induced oxidative stress in human erythrocytes [28]. A subsequent study
further linked this protective effect to phosphatidylserine externalization, intracellular
calcium homeostasis and phospholipid scramblase 1 (PLSCR1) regulation [29]. Since phos-
phatidylserine exposure is controlled by a complex network of flippases, scramblases and
ion-dependent mechanisms, these findings should be interpreted cautiously. They sug-
gest that Annurca-derived polyphenols may contribute to the preservation of erythrocyte
membrane asymmetry through redox- and calcium-sensitive pathways, but they do not yet
establish the contribution of individual compounds or direct in vivo relevance [29,62-65].

The Ca?*/PLSCR1/phosphatidylserine axis provides a biologically plausible link
between oxidative stress, membrane remodeling and erythrocyte dysfunction. Increased
intracellular calcium can promote phospholipid scrambling and phosphatidylserine ex-
posure, potentially contributing to altered hemorheology, macrovesicles formation and
procoagulant activity [62,63]. The observation that Annurca apple polyphenols may attenu-
ate HgCly-induced phosphatidylserine externalization therefore supports a mechanistic
interpretation that extends beyond generic antioxidant activity [28,29]. Similar experimen-
tal approaches have also been applied to other Mediterranean plant matrices, suggesting
that polyphenol-rich foods may differentially modulate toxicant-induced erythrocyte stress
depending on their phytochemical profile [66].

Other non-malignant cellular models have also been used to explore the cytoprotective
potential of Annurca-derived polyphenols. In human HaCaT keratinocytes, Annurca apple
polyphenols were reported to influence cell proliferation, suggesting an interaction with
epithelial cell responses [27]. More recent evidence in human dermal fibroblasts showed
that polyphenol-rich extracts from Annurca apple can modulate oxidative stress-induced
senescence-associated markers [30]. These findings are consistent with a redox-related
cytoprotective profile, but they remain preclinical and should not be interpreted as direct
evidence of anti-aging efficacy in humans.

Overall, the available evidence suggests that Annurca-derived polyphenols and ex-
tracts may exert redox-related cytoprotective effects in non-malignant cellular models,
particularly in erythrocytes exposed to oxidative or mercury-induced stress [26,28,29]. The
most distinctive mechanistic evidence concerns preservation of erythrocyte membrane
homeostasis, including modulation of oxidative damage, calcium-related events, PLSCR1-
associated responses and phosphatidylserine externalization. However, most findings
derive from in vitro or ex vivo models using concentrated extracts. Future studies should
therefore evaluate standardized preparations, physiologically relevant concentrations, di-
gested extracts, circulating metabolites and in vivo biomarkers of erythrocyte redox and
membrane status.

6. AGE-Related Injury and Endothelial Cell Protection

Advanced glycation end products (AGEs) are heterogeneous compounds generated
through non-enzymatic reactions between reducing sugars or reactive carbonyl inter-
mediates and amino groups of proteins, lipids or nucleic acids [67]. Their formation is
accelerated by hyperglycemia, oxidative stress and carbonyl stress and contributes to
protein cross-linking, inflammation, tissue dysfunction and vascular aging [67,68]. In
endothelial cells, AGE accumulation may activate receptor for advanced glycation end
products (RAGE)-related pathways, leading to oxidative stress amplification, reduced nitric
oxide bioavailability, inflammatory signaling and cellular dysfunction [68-70].
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Polyphenols have been investigated as potential antiglycative agents because they
may interfere with several stages of the glycation process, including oxidative reactions,
reactive carbonyl species, metal-dependent oxidation and AGE-RAGE-associated redox
signaling [71]. However, the antiglycative effects of polyphenol-rich matrices depend
on chemical structure, extract composition, concentration, bioaccessibility and cellular
context [7,53,71]. Therefore, evidence obtained with complex fruit-derived extracts should
be interpreted cautiously and within the limits of the experimental model used.

In this context, Annurca apple by-products have recently been investigated for their
ability to inhibit AGE formation and counteract AGE-induced cellular injury [22]. By-
products obtained from Annurca apples at different ripening stages were reported to
reduce protein glycation and protect against AGE-induced cytotoxicity through antioxidant-
related mechanisms [22]. This finding extends the relevance of Annurca by-products
beyond conventional antioxidant assays and suggests that these matrices may interfere
with glycoxidative stress pathways in cellular models.

The endothelial component of this evidence is particularly relevant because AGE-
induced endothelial injury represents a model in which oxidative stress, inflammation
and cellular dysfunction converge [67-70]. The reported protective effect of Annurca by-
products against AGE-induced cytotoxicity suggests a possible interaction with vascular-
relevant stress pathways [22]. Nevertheless, this evidence remains preclinical and should
not be interpreted as direct proof of vascular protection or clinical cardiometabolic benefit.

Several limitations should be considered. Most antiglycative assays are performed un-
der simplified in vitro conditions that do not reproduce digestion, absorption, metabolism
or tissue exposure to circulating metabolites [7,53,71]. In addition, the concentration re-
quired to inhibit AGE formation in vitro may not correspond to those achievable after
dietary intake. Since Annurca by-products are chemically complex matrices, their activity
may also depend on synergistic interactions among phenolic and non-phenolic constituents
rather than on a single compound [11,22]. Future studies should therefore evaluate digested
extracts, circulating metabolites, carbonyl-trapping capacity, RAGE-related signaling and
endothelial biomarkers under physiologically relevant conditions.

Opverall, the available evidence supports AGE-related injury modulation as a distinct
but still preliminary mechanistic domain of Annurca apple research. Annurca by-products
may interfere with AGE formation and AGE-induced cellular damage, but further stan-
dardized and physiologically relevant studies are needed before translational or clinical
conclusions can be drawn.

7. Lipid Metabolism and Cardiometabolic Evidence

Cardiometabolic health represents one of the most translationally relevant areas of
Annurca apple research. Dyslipidemia, particularly increased low-density lipoprotein
cholesterol (LDL-C), is a major causal factor in atherosclerotic cardiovascular disease, and
dietary strategies aimed at improving lipid homeostasis remain central to prevention-
oriented nutrition [72]. Apples and apple-derived polyphenols have been investigated in
this context because they contain fiber, pectin and phenolic compounds that may influence
cholesterol absorption, bile acid metabolism, oxidative stress and lipid handling [3,73].
Within this broader field, Annurca apple has attracted specific attention because of its
polyphenol-rich profile and its potential effects on plasma cholesterol balance [14,31-34].

The strongest level of evidence derives from human intervention studies. A ran-
domized clinical trial reported that Annurca apple intake improved plasma cholesterol
parameters, supporting the hypothesis that this cultivar may have cardiometabolic rele-
vance beyond its general nutritional value [31]. Subsequently, an Annurca apple-based
nutraceutical formulation was evaluated in a randomized trial and was reported to improve
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lipid-profile parameters, including LDL-C and HDL-C [32]. These studies are important
because they provide human evidence; however, they should be interpreted cautiously be-
cause whole-fruit intake, concentrated polyphenolic extracts and nutraceutical formulations
are not equivalent interventions [31,32].

Mechanistic studies suggest that Annurca-derived preparations may influence lipid
metabolism through intestinal and hepatic pathways. At the intestinal level, cholesterol
absorption depends on micellar solubilization, transporter-mediated uptake and chylomi-
cron assembly [74,75]. Niemann-Pick C1-like 1 (NPC1L1) is a key transporter involved
in intestinal cholesterol uptake and is also relevant to hepatic cholesterol trafficking [74].
Annurca-based nutraceutical formulations have been reported to affect intestinal choles-
terol absorption, suggesting that reduced intestinal cholesterol availability or uptake may
contribute to their cholesterol-lowering effect [33]. At the hepatic level, Annurca apple
polyphenols have been associated with modulation of hepatic cell metabolism and mito-
chondrial activity in experimental models, indicating a possible interaction with cellular
energy metabolism and cholesterol-related pathways [34].

The cardiometabolic evidence is consistent with the phytochemical profile of Annurca
apple. Procyanidins, flavan-3-ols, flavonols and phenolic acids have been implicated in
lipid metabolism, oxidative stress modulation and inflammation-related pathways [3,14,73].
However, the biological activity of Annurca-derived preparations may vary according to
fruit fraction, ripening stage, extraction procedure and degree of standardization [11,14].
This distinction is particularly important for nutraceutical formulations, in which the final
effect depends on the composition, dose and reproducibility of the polyphenolic fraction.

Several limitations should be considered. Although the lipid-related evidence includes
human intervention studies, the number of trials remains limited, and some findings refer to
specific nutraceutical formulations rather than to habitual whole-fruit consumption [31-33].
Therefore, the results cannot be generalized to all forms of Annurca intake. In addition,
the effective doses of concentrated preparations may differ from those achievable through
dietary consumption, and the contribution of individual compounds, whole-food matrix
effects, digestion, bioaccessibility and gut microbiota metabolism remains incompletely
defined [7,53,56,76].

Future studies should clearly distinguish food-based from supplement-based evidence.
Whole Annurca apple provides polyphenols together with fiber, sugars, organic acids and
other matrix components, whereas nutraceutical formulations may deliver enriched and
standardized polyphenolic fractions [31-33]. These interventions may differ in mecha-
nisms, bioavailability and physiological effects. Future trials should therefore define the
intervention matrix, polyphenol dose, marker compounds, background diet, participant
metabolic status and lipid endpoints. Ideally, clinical studies should also include mecha-
nistic biomarkers, such as cholesterol absorption markers, bile acid metabolism, oxidative
stress indices, endothelial function and circulating phenolic metabolites.

Opverall, lipid metabolism represents one of the most promising translational domains
of Annurca apple research because it includes human intervention evidence. Nevertheless,
the cardiometabolic potential of Annurca apple should be considered promising but not
definitive. Current data support possible effects on plasma lipid profile, intestinal choles-
terol handling and hepatic metabolism, but further controlled studies are needed to clarify
dose relevance, matrix specificity, bioavailability and long-term clinical significance.

8. Skin, Hair and Senescence-Related Evidence

Cellular senescence is a stress-response program characterized by stable proliferative
arrest, metabolic remodeling and acquisition of a senescence-associated secretory pheno-
type [77,78]. Although senescence contributes to tissue repair and tumor suppression, the
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chronic accumulation of senescent cells may promote inflammation, impaired regenerative
capacity and aging-related tissue dysfunction [77,78]. Oxidative stress is one of the ma-
jor triggers of senescence and links redox imbalance to mitochondrial dysfunction, DNA
damage responses, inflammatory signaling and extracellular matrix remodeling [77-79].

The skin represents a relevant model for studying redox-sensitive aging mecha-
nisms because chronological aging and photoaging affect both epidermal and dermal
compartments, leading to altered keratinocyte function, dermal matrix remodeling, colla-
gen degradation and impaired fibroblast activity [80-82]. In this context, Annurca-derived
polyphenols have been investigated in skin-related cellular models. In human HaCaT
keratinocytes, Annurca apple polyphenols were reported to influence cell proliferation, sug-
gesting an interaction with epidermal cellular responses [27]. More recent evidence showed
that polyphenol-rich extracts from Annurca apple can modulate oxidative stress-induced
senescence-associated responses in human dermal fibroblasts [30].

These findings suggest that Annurca-derived polyphenols may influence skin-related
stress responses beyond simple chemical antioxidant activity. However, the evidence re-
mains preclinical and should be interpreted cautiously. Keratinocyte and fibroblast models
are useful for mechanistic investigation, but they do not reproduce the full complexity
of human skin, including interactions among epidermal cells, fibroblasts, immune cells,
extracellular matrix, vascular components and environmental exposures [80-82].

A more translational area concerns hair and keratin biology. Annurca-based nutraceu-
tical formulations have been reported to enhance keratin expression in a human skin
model and to improve hair growth-related parameters in a randomized clinical trial [35].
Mechanistic studies also suggested that Annurca apple polyphenols may stimulate keratin
production in hair follicles through metabolic remodeling involving the pentose phosphate
pathway and amino acid oxidation [36]. These findings support a possible role for standard-
ized Annurca-based formulations in hair-related outcomes, but they should be considered
formulation-specific and not automatically extrapolated to whole-fruit consumption.

Several limitations remain. The concentrations used in vitro may not correspond to the
levels of Annurca-derived metabolites reaching skin tissues after ingestion [7,53]. Moreover,
whole fruit, polyphenol-rich extracts and nutraceutical formulations differ in dose, matrix
composition, bioavailability and standardization [35,36]. Future studies should therefore
integrate standardized extracts, simulated digestion, metabolite profiling, advanced skin
models and well-defined clinical endpoints related to skin barrier function, dermal matrix
remodeling, oxidative biomarkers and hair biology.

Overall, the available evidence suggests that Annurca-derived polyphenols and formu-
lations may modulate skin- and hair-related biological responses, including keratinocyte
function, fibroblast senescence-associated markers and keratin metabolism [27,30,35,36].
However, only hair-related outcomes include clinical formulation-based evidence, whereas
senescence and skin-aging mechanisms remain mainly preclinical. Therefore, this field
should be presented as promising but still requiring mechanistic and clinical validation.

9. Exploratory Neuromodulatory and Neuroprotective Targets

Neurodegenerative processes are associated with oxidative stress, mitochondrial
dysfunction, impaired proteostasis, neuroinflammation and altered neurotransmitter
metabolism [83]. In this context, dietary polyphenols have been investigated for their ability
to modulate redox-sensitive signaling, inflammatory responses, mitochondrial function and
enzymes involved in neurotransmitter regulation [84,85]. However, evidence on Annurca-
derived bioactives in this field remains limited and should be considered exploratory.

The first line of evidence concerns the modulation of enzymes involved in neuro-
transmitter metabolism. Annurca apple polyphenol extract was reported to affect the
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in vitro activity of acetylcholinesterase and monoamine oxidase [43]. Acetylcholinesterase
is involved in acetylcholine hydrolysis, whereas monoamine oxidases are mitochondrial
enzymes involved in the oxidative deamination of monoamine neurotransmitters [86,87].
These findings suggest that Annurca-derived compounds may interact with neurochemical
targets, but in vitro enzyme modulation does not imply therapeutic efficacy in vivo.

A second line of evidence concerns the identification of neuroprotective properties of
thaumatin-like protein 1a (TLP1a) in Annurca flesh-derived preparations [44]. This finding
is relevant because it broadens the interpretation of Annurca bioactivity beyond polyphenols
alone, indicating that non-phenolic components may also contribute to the biological effects
of this food matrix [44]. Therefore, future studies should clarify the relative contribution of
phenolic and non-phenolic constituents and determine whether their effects are additive,
synergistic or independent.

Several limitations should be emphasized. The available studies are mainly preclin-
ical and mechanistic, and they do not establish clinical neuroprotective efficacy [43,44].
Moreover, the biological relevance of native extracts or isolated components depends on
digestion, metabolism, blood-brain barrier permeability, tissue distribution and achievable
concentrations [7,53,84]. Direct evidence linking Annurca-derived metabolites to brain
outcomes is still lacking.

Future research should evaluate digested extracts, circulating metabolites, neuronal
and glial models, blood-brain barrier permeability, mitochondrial endpoints, neuroinflam-
matory markers and protein aggregation-related pathways [83-85]. The role of TLP1a and
other non-phenolic components should also be investigated alongside polyphenols rather
than attributing Annurca bioactivity to a single class of compounds [44].

Overall, the available evidence suggests that Annurca-derived bioactives may inter-
act with neuromodulatory and neuroprotective targets, including acetylcholinesterase,
monoamine oxidase and TLP1la-related mechanisms [43,44]. However, this field remains
exploratory and hypothesis-generating, and further mechanistic and translational studies
are required before any neuroprotective claim can be proposed.

10. Cancer Cell Redox Modulation: In Vitro Evidence

The biological activity of dietary polyphenols in cancer models cannot be interpreted
exclusively through the classical antioxidant paradigm. Cancer cells often display altered
redox homeostasis, increased basal reactive oxygen species production, mitochondrial
dysfunction and adaptive antioxidant responses, which may contribute to proliferation,
survival and therapeutic resistance [88,89]. Under these conditions, additional oxidative
pressure may exceed the cellular tolerance threshold and promote cell cycle arrest, apoptosis
or other stress-related responses [88,89]. Therefore, polyphenol-rich extracts may produce
different outcomes depending on cellular redox status, metabolic phenotype and stress-
response capacity.

This concept is relevant for Annurca apple polyphenols. While Annurca-derived
extracts have shown cytoprotective effects in non-malignant models exposed to oxida-
tive, toxicant-induced, glycative or senescence-related stress [26,28-30], several stud-
ies have reported pro-oxidant, pro-apoptotic and anti-migratory effects in cancer cell
models [37-42]. This apparent dual behavior should not be interpreted as contradictory
but as a context-dependent response influenced by basal redox state, extract composition,
dose and cellular model.

The main evidence derives from breast cancer models. Annurca apple polyphenol
extract was reported to induce pro-oxidant and pro-apoptotic effects in human breast cancer
cells [37]. Subsequent studies showed that Annurca polyphenols can modulate breast cancer
cell viability, growth and survival pathways [38,39]. In MDA-MB-231 triple-negative breast

https:/ /doi.org/10.3390 /nutraceuticals6040065


https://doi.org/10.3390/nutraceuticals6040065

Nutraceuticals 2026, 6, 65

14 of 25

cancer cells, Annurca apple polyphenol extract was reported to promote ROS generation,
sustained JNK activation and inhibition of cell growth and survival [39]. Since JNK is a
stress-activated pathway whose outcome depends on signal intensity, duration and cellular
context, these findings should be interpreted as mechanistic in vitro evidence rather than
as direct evidence of anticancer efficacy [39,90].

Additional evidence suggests that Annurca polyphenol extract may influence pheno-
typic plasticity and migration-related processes in triple-negative breast cancer cells. In
this model, the extract was reported to promote mesenchymal-to-epithelial transition and
inhibit migration through ROS/JNK signaling [40]. This finding is biologically relevant
because epithelial-mesenchymal transition and its reverse process are involved in cancer
cell plasticity, invasion and metastatic potential [91,92]. However, these results remain
limited to cell-based models and require validation in more complex experimental systems.

Other cancer models have broadened this field. Annurca apple biophenols were in-
vestigated in combination with cisplatin in A549 lung cancer cells, suggesting a possible
interaction with chemotherapy-induced cellular stress [41]. Annurca flesh apple polyphe-
nols were also studied in human thyroid cancer cell lines, supporting the extension of this
research to endocrine cancer models [42]. Although these studies differ in cell type, extract
preparation and endpoints, they collectively indicate that Annurca-derived polyphenols
may interfere with redox-sensitive pathways involved in cancer cell survival, apoptosis
and migration [37-42].

Several limitations are essential for interpretation. Most studies were performed
in vitro using concentrated extracts, and the concentrations required to induce pro-oxidant
or pro-apoptotic responses may not correspond to levels achievable through dietary in-
take [37-42]. Cancer cell lines are simplified systems that do not reproduce tumor microen-
vironment complexity, immune interactions, stromal components, pharmacokinetics or
systemic metabolism [91]. In addition, extract composition, fruit fraction, ripening stage,
extraction procedure and analytical standardization may strongly influence the observed
redox behavior [11,12,14]. Therefore, these findings should not be presented as evidence
that Annurca apple has anticancer effects in humans.

Overall, cancer cell models provide one of the clearest examples of context-dependent
redox modulation by Annurca-derived polyphenols. Available in vitro studies suggest that
these extracts may increase redox pressure and modulate ROS/JNK-dependent pathways
involved in apoptosis, survival and migration in selected cancer models [37-42]. However,
this evidence remains preclinical and hypothesis-generating. Future studies should use
standardized extracts, digested or metabolized preparations, physiologically relevant
concentrations, normal/cancer cell comparisons and more complex tumor models before
any translational conclusion is proposed.

Figure 2 conceptually summarizes the context-dependent redox behavior of Annurca
apple bioactives, highlighting their cytoprotective effects in non-malignant stressed models
and their redox stress-modulating activity in cancer cell models.

To complement this conceptual scheme, Table 2 provides a comparative overview of
the main biological domains, experimental models, Annurca-derived materials, reported
effects and critical limitations across the available evidence.
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Figure 2. Context-dependent redox behavior of Annurca apple-derived bioactives. Annurca-derived
polyphenol-rich extracts and bioactive fractions may reduce redox-related stress in non-malignant
stressed models, with effects involving ROS control, membrane protection, AGE-related injury modu-
lation and senescence marker modulation. In cancer cell models, available in vitro evidence suggests
that these extracts may increase ROS-dependent stress and modulate JNK activation, apoptosis
and migration. These findings support the interpretation of Annurca-derived bioactives as context-
dependent redox modulators rather than simple antioxidants, but cancer-related effects should be
considered preclinical and hypothesis-generating.

Table 2. Biological effects of Annurca-derived bioactives: evidence strength and limitations.

Biological Domain

Model/Evidence

Annurca-Derived
Material

Main Reported Effects

Evidence Strength/Critical
Limitations

Refs.

Redox-related
cytoprotection

Human erythrocytes and
non-malignant cellular
models

Annurca apple
extract/polyphenol-rich
extracts

Reduced oxidative damage;
preservation of membrane
integrity and cellular viability

Mainly in vitro/ex vivo evidence
using concentrated extracts;
physiological relevance depends
on dose, digestion and metabolites

[26-28]

Mercury-induced
erythrocyte damage

Human erythrocytes
exposed to HgCl,

Polyphenol-rich extracts

Modulation of ROS, Ca2*
homeostasis, PLSCR1 and
phosphatidylserine
externalization

Mechanistically relevant ex vivo
model; in vivo relevance and
contribution of individual
compounds remain unclear

[28,29]

Skin-related responses
and senescence markers

HaCaT keratinocytes;
dermal fibroblasts

Polyphenols/polyphenol-
rich extracts

Modulation of keratinocyte
responses and oxidative
stress-induced senescence
markers

Preclinical cellular evidence; not
proof of anti-aging efficacy in
humans

[27,30]

AGE-related injury

AGE formation assays;
AGE-stressed
endothelial cells

Annurca apple
by-products

Inhibition of AGE formation
and protection against
AGE-induced cytotoxicity

Mainly chemical and in vitro
evidence; does not directly
demonstrate clinical vascular
benefit

Lipid metabolism

Human trials; intestinal
and hepatic models

Whole Annurca apple;
nutraceutical
formulations;

polyphenols

Improvement of plasma lipid
profile; effects on cholesterol
handling and hepatic
metabolism

Includes human data, but trials are
limited and often
formulation-specific

[31-34]

Hair and keratin biology

Human skin model;
clinical trial; hair
follicle-related models

Annurca-based
nutraceutical formula-
tions/polyphenols

Enhanced keratin expression
and improvement of hair
growth-related parameters

Includes formulation-based
clinical evidence; findings are
product- and dose-specific

[35,36]

Neuromodulatory
targets

Enzyme assays;
preclinical models

Polyphenol extract;
Annurca-derived TLP1a

Modulation of AChE, MAO and
non-phenolic neuroprotective
components

Exploratory preclinical evidence;
brain bioavailability and
physiological relevance remain
unclear

[43,44]
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reduced migration humans
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reservoirs
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Note: Evidence includes chemical assays, in vitro/ex vivo models, preclinical studies and human
intervention studies. Reported effects should be interpreted according to the Annurca-derived material
tested, fruit fraction, ripening stage, extraction procedure, dose and biological model. Chemical
antioxidant assays should be considered screening tools and not direct evidence of physiological
efficacy or health benefits. Abbreviations: AChE, acetylcholinesterase; AGE, advanced glycation
end products; EMT, epithelial-mesenchymal transition; HgCl,, mercury chloride; JNK, c-Jun N-
terminal kinase; MAO, monoamine oxidase; MET, mesenchymal-to-epithelial transition; PLSCR1,
phospholipid scramblase 1; ROS, reactive oxygen species; TLP1a, thaumatin-like protein 1a.

11. Bioavailability, Gut Microbiota and Translational Bottlenecks

The biological interpretation of Annurca-derived polyphenols, bioactive fractions
and by-products requires careful consideration of bioavailability, gastrointestinal trans-
formation and gut microbiota metabolism. Although many in vitro studies report an-
tioxidant, antiglycative, cytoprotective or cancer cell redox-modulating effects, the com-
pounds tested in cellular models may differ substantially from the molecular forms
generated after ingestion, digestion, absorption, phase II metabolism and microbial
transformation [5,7-10,53-55]. Therefore, the transition from experimental extract bioac-
tivity to nutritional or nutraceutical relevance represents one of the major translational
challenges in this field.

Dietary polyphenols generally show limited and variable bioavailability, depending
on chemical structure, degree of polymerization, glycosylation pattern, food matrix, dose
and individual metabolic capacity [8,9,53,54]. Low-molecular-weight polyphenols may
be absorbed in the small intestine and undergo glucuronidation, sulfation or methylation,
whereas larger compounds, including oligomeric and polymeric procyanidins, often reach
the colon and are transformed by the gut microbiota into smaller phenolic acids and related
catabolites [7,10,54,55]. This is particularly relevant for apple polyphenols, which include
flavan-3-ols, procyanidins, chlorogenic acid, flavonols and dihydrochalcones, each with
distinct digestive and metabolic behavior [3-5,47].

In the case of Annurca apple, many biological studies have used concentrated
polyphenol-rich extracts from flesh, peel, core, by-products or nutraceutical formula-
tions [11,26—44]. These preparations are useful for mechanistic investigation, but they
may not reproduce the forms, concentrations and kinetics of compounds circulating after
whole-fruit consumption or intake of standardized formulations. Native polyphenols,
digestion-derived products, phase II conjugates and gut microbiota-derived catabolites
may differ in cellular uptake, redox behavior and molecular targets [5,8-10,54,55]. Con-
sequently, effects observed in erythrocytes, endothelial cells, fibroblasts, keratinocytes,
neuronal models or cancer cells should be interpreted as mechanistic evidence rather than
direct proof of in vivo efficacy.

The gut microbiota is a key determinant of polyphenol bioactivity. Microbial enzymes
can transform complex phenolic structures into metabolites that may be more absorbable or
biologically active than the parent compounds [7,10,54,55]. At the same time, polyphenols
and their metabolites may influence microbial ecology and microbial metabolite production,
supporting the concept of a bidirectional gut microbiota—polyphenol axis [7,10,55,56]. For
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Annurca apple, direct evidence linking specific microbial catabolites to biological outcomes
remains limited. Future studies should therefore test not only native extracts, but also
digested extracts, colonic fermentation products and representative circulating metabolites.

The food matrix is another relevant variable. Whole Annurca apple provides polyphe-
nols together with fiber, pectin, sugars, organic acids, minerals and other phytochemicals,
whereas nutraceutical formulations deliver enriched and often standardized polypheno-
lic fractions [3,5,31-36,73]. These matrices may differ in release, stability, bioaccessibility
and biological activity. This distinction is essential when interpreting clinical studies on
lipid metabolism or hair-related outcomes, because results obtained with standardized
formulations cannot be automatically extrapolated to habitual fruit consumption. Recent
evidence on Annurca-based nutraceutical products also supports the need to consider
processing-related changes in phenolic bioaccessibility [76].

Another major bottleneck is standardization. Annurca apple bioactivity may be influ-
enced by cultivar identity, ripening stage, reddening conditions, fruit fraction, extraction
method and storage [4,11-13,19]. Without detailed phytochemical fingerprints, marker
compounds and dose definition, comparison among studies remains difficult. Standard-
ization should therefore be combined with simulated digestion, metabolite profiling and
physiologically relevant concentrations, especially for by-products or concentrated extracts
intended for nutraceutical or functional food development [7,11,22-25,51-53].

Individual variability represents an additional translational challenge. Differences in
gut microbiota composition, diet, age, metabolic status, medication use and genetic back-
ground may influence polyphenol metabolism and biological responsiveness [7,10,55,56,93].
Gut microbial metabotypes may affect the ability to generate specific bioactive metabo-
lites, contributing to heterogeneous outcomes in dietary polyphenol interventions [93].
Future Annurca clinical studies should therefore consider participant phenotype, baseline
cardiometabolic status, gut microbiota composition, microbial metabotype and circulating
phenolic metabolites.

Overall, bioavailability and gut microbiota metabolism are essential bottlenecks for
translating Annurca apple research from cellular models to human nutrition. Current
evidence supports a promising molecular profile, but the physiological relevance of An-
nurca-derived extracts and preparations depends on the identification of bioaccessible
compounds, circulating metabolites, microbial catabolites and realistic exposure condi-
tions [5,7-10,53-55,93]. Addressing these gaps will be crucial for developing standardized
functional ingredients or nutraceutical candidates with reproducible biological effects.

12. Critical Appraisal and Future Perspectives

The available evidence indicates that Annurca-derived polyphenols, bioactive fractions
and by-products represent a promising food-derived bioactive system with cytoprotective,
antiglycative, cardiometabolic, skin- and hair-related, neuromodulatory and cancer cell
redox-modulating properties [11,26-34,37-44]. However, several methodological and trans-
lational limitations should be considered before drawing firm conclusions. Many studies
have been performed in vitro using concentrated extracts, whereas fewer studies have eval-
uated physiologically relevant concentrations, digested fractions, circulating metabolites
or clinical outcomes [5,7-10,53-55]. Therefore, much of the available evidence should be
interpreted as mechanistic and hypothesis-generating rather than as definitive proof of
health efficacy.

A major limitation concerns extract heterogeneity. Annurca-derived preparations
differ according to fruit fraction, ripening stage, reddening conditions, extraction protocol,
solvent system, concentration procedure and analytical characterization [11-13,22,30,31].
These variables may influence phytochemical profile and biological response. Therefore,
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the term “Annurca apple polyphenol extract” should not be used generically unless the
source material, fruit fraction, ripening stage and chemical fingerprint are clearly defined.

A second critical point is phytochemical standardization. Future studies should report
total phenolics, flavonoids, ortho-diphenols, procyanidins, chlorogenic acid, quercetin
derivatives and other relevant marker compounds [2,4,11,13]. Targeted and untargeted
metabolomic approaches may further improve comparability among studies and help
identify compound classes associated with biological activity [94]. This is particularly
important for by-products, whose development as functional ingredients requires repro-
ducible composition, batch-to-batch stability and quality-control criteria [23-25,51,52].

Bioavailability remains one of the main translational bottlenecks. Many Annurca
studies test native extracts directly on cells, but after oral intake, polyphenols undergo
digestion, intestinal transformation, phase II metabolism and gut microbiota-mediated
catabolism [5,7-10,53-55]. As a result, target tissues may be exposed to conjugated metabo-
lites or microbial catabolites rather than to the native compounds present in the original
fruit or extract. Future studies should therefore include standardized simulated digestion
protocols, such as INFOGEST-based models, to evaluate bioaccessibility and digestive
stability before biological testing [95,96].

Dose relevance is another key issue. Concentrations used in vitro may exceed those
achievable through habitual whole-fruit consumption or nutraceutical supplementation [8,9,
53,54]. This is particularly important for cancer cell models, where pro-oxidant and pro-
apoptotic responses may require concentrations not attainable in vivo [37-42]. Future
studies should justify the concentrations used, compare native extracts with physiologically
plausible metabolites and avoid extrapolating preclinical findings to human health claims.

The current evidence is also uneven across biological domains. The strongest human
data concern lipid metabolism and hair-related nutraceutical formulations [31-36]. In
contrast, evidence on erythrocyte protection, mercury-induced membrane damage, AGE-
related injury, senescence modulation, neuromodulatory targets and cancer cell redox
modulation remains largely preclinical or in vitro [22,26-30,37—44]. Clinical studies are
therefore needed to clarify whether the molecular mechanisms observed experimentally
translate into measurable outcomes in humans. Such trials should define primary and
secondary endpoints, include appropriate controls and assess relevant biomarkers [97].

Whole-fruit intake and nutraceutical formulations should also be clearly distinguished.
Whole Annurca apple provides polyphenols within a complex food matrix containing fiber,
pectin, sugars, organic acids and other constituents, whereas nutraceutical formulations
may deliver enriched and standardized polyphenolic fractions [31-36,73]. These interven-
tions may differ in dose, bioavailability, mechanism and biological effect and should not be
considered interchangeable.

Future research should therefore move toward a more integrated translational pipeline.
Standardized Annurca-derived preparations should be obtained from clearly defined fruit
fractions and ripening stages; native extracts should be compared with digested extracts,
post-fermentation fractions and circulating metabolites. In addition, mechanistic studies
should use physiologically relevant concentrations and validated biomarkers of oxidative
stress, glycation, senescence, lipid metabolism, endothelial function and inflammatory
signaling. For by-products, this pipeline should also include raw material selection, extrac-
tion optimization, safety assessment, contaminant monitoring, bioaccessibility testing and
technological stability [11,22-25,51,52,95,96].

Overall, the main strength of the Annurca apple literature is the coherence of a research tra-
jectory linking cultivar specificity, post-harvest reddening, fruit-fraction bioactivity, by-product
valorization and molecular mechanisms of cellular stress modulation [11,12,26-34,37-44]. Its
main weakness is the still limited translational evidence connecting these mechanisms to hu-
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man bioavailability and clinical outcomes. Addressing this gap will determine whether An-
nurca-derived polyphenols, bioactive fractions and by-products can progress from promis-
ing experimental matrices to standardized functional food ingredients or nutraceutical
candidates with reproducible biological effects.

The proposed translational pathway linking Annurca apple matrix characterization,
extract standardization, bioavailability, metabolism and translational validation is summa-
rized in Figure 3.

Annurca MATRIX EXTRACT BIOAVAILABILITY TRANSLATIONAL
| = STANDARDIZATION AND METABOLISM VALIDATION
FRUIT FRACTIONS e
. Q . SRl DIGESTION REPRODUCIBILITY
» MARKER GUT MICROBIOTA * SAFETY
PEEL FLESH CORE COMPOUNDS ASSESSMENT
" TISSUE-DEPENDENT
BIOACTIVITY DOSE CIRCULATING HUMAN CLINICAL
— — DEFINITION METABOLITES ENDPOINTS
| RIPENING STAGE:
GREEN — RED ]
v
BIOLOGICAL RESPONSES TO BE VALIDATED )
REDOX MEMBRANE AGE-RELATED SENESCENCE CANCER CELL STRESS
HOMEOSTASIS INTEGRITY INJURY MODULATION MARKER MODULATION — IN VITRO

=

Figure 3. Translational pathway for Annurca apple-derived bioactives. The figure summarizes
the proposed translational pathway from Annurca apple matrix characterization to biological and
clinical validation. Fruit fraction, ripening stage and tissue-dependent bioactivity influence extract
standardization, phytochemical fingerprinting, bioavailability, gut microbiota metabolism and cir-
culating metabolites. These steps are essential before attributing reproducible biological effects to
Annurca-derived bioactives. The reported responses, including redox homeostasis, membrane in-
tegrity, AGE-related injury modulation, senescence marker modulation and cancer cell stress, require
validation under physiologically relevant conditions; cancer-related effects should be interpreted as

in vitro and hypothesis-generating.

The main limitations and future research priorities for Annurca-derived polyphenols,

bioactive fractions and by-products are summarized in Table 3.

Table 3. Translational challenges and future research priorities for Annurca-derived bioactives.

Area

Translational Relevance

Main Limitations

Future Priorities

Refs.

Phytochemical profile and
standardization

Defines the bioactive basis of
Annurca-derived preparations
and explains differences
between peel, flesh, core and
ripening stages

Extract heterogeneity;
incomplete marker-compound
reporting; limited
comparability among
preparations

Standardized phytochemical
fingerprints; marker compounds;
targeted and untargeted
metabolomic profiling

[2,4,11-14,50]

By-product valorization

Supports peel, core and
usually discarded fractions as
sustainable sources of
functional ingredients

Variability due to ripening,
processing and extraction;
safety, stability and
batch-to-batch issues

Optimized extraction; safety
assessment; contaminant control;
batch reproducibility; functional

ingredient development

[11,22-25,51,52]

Oxidative, glycative and
toxicant-induced stress

Shows cytoprotection in
erythrocytes, endothelial cells
and other stress-related
models

Mostly in vitro/ex vivo
evidence; use of concentrated
extracts; uncertain
physiological dose relevance

Digested extracts; circulating
metabolites; validated redox,
glycation and erythrocyte
membrane biomarkers

[22,26-30,57-71,79]

Cardiometabolic effects

Includes human data on lipid
profile and mechanistic
evidence related to cholesterol
handling

Limited number of trials;
formulations differ from
whole-fruit intake; incomplete
mechanistic biomarker
assessment

Larger RCTs; comparison of whole
fruit vs. formulations; cholesterol
absorption, bile acid and circulating
metabolite biomarkers

[31-34,72-75]
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Table 3. Cont.

Area

Translational Relevance

Main Limitations

Future Priorities

Refs.

Skin, hair and senescence

Supports dermonutraceutical
potential through keratinocyte,
fibroblast, senescence and
hair-related evidence

Limited clinical mechanistic
validation; variable
formulations; uncertain tissue
exposure to active metabolites

3D skin models; standardized
dermonutraceutical trials;
senescence, extracellular matrix
and oxidative stress biomarkers

[27,30,35,36,77,78,80-82]

Suggests modulation of AChE,
MAO and Annurca-derived

Exploratory evidence;
uncertain brain bioavailability;

Neuronal/glial models;
blood-brain barrier studies;
mitochondrial and

Neuroprotective potential TLPla-associated E:;E?crsgnrtgs—uzfriglfic neuroinflammatory endpoints; [43,44,83-87]
neuroprotective activity P com ’ onen}t)s phenolic vs. non-phenolic
P mechanisms
Demonstrates In vitro evidence only; no I;In(;g;f;ﬁ’ :é_%igig;ﬂgﬁg?fj;iﬁg?
Cancer cell redox modulation context-dependent clinical anticancer evidence; tumor models; distinction between [37-42,88-92]

pro-oxidant effects in selected
cancer cell models

dose and bioavailability
concerns

nutraceutical research and
anticancer therapy

Bioavailability, gut microbiota
and microbial metabotypes

Essential for translating extract
bioactivity into nutritional
relevance and for explaining
interindividual variability

Limited Annurca-specific data
on digestion, absorption,
microbial metabolism and
responder profiles

INFOGEST digestion; colonic
fermentation; metabolomics;

circulating metabolites; microbial

metabotype characterization;
precision nutrition approaches

[5,7-10,53-56,93-96]

Note: This table summarizes the main translational challenges that should be addressed before
Annurca-derived polyphenols, bioactive fractions and by-products can be developed as standardized
functional ingredients or nutraceutical candidates. Abbreviations: AChE, acetylcholinesterase; MAO,
monoamine oxidase; RCTs, randomized controlled trials; TLP1a, thaumatin-like protein 1a.

13. Conclusions

Annurca apple represents a distinctive Mediterranean food matrix in which cultivar
identity, post-harvest reddening, ripening stage and fruit fraction contribute to shaping
phytochemical composition and biological activity [1-4,6,11-22,50]. The available evidence
indicates that Annurca-derived polyphenols, bioactive fractions and by-products should not
be interpreted merely as generic antioxidant sources but as complex food-derived matrices
whose effects depend on fruit fraction, extract composition, dose, biological model and
cellular context [11,26-30,37-44].

Current findings support several biological domains of interest. In non-malignant
cellular and ex vivo models, Annurca-derived extracts have shown cytoprotective effects
against oxidative damage, mercury-induced erythrocyte alterations, phosphatidylserine ex-
ternalization, AGE-induced cytotoxicity and oxidative stress-induced senescence-associated
responses [22,26-30]. These effects involve redox balance, erythrocyte membrane homeosta-
sis, calcium /PLSCR1-related mechanisms, antiglycative activity and senescence-related
pathways. In parallel, lipid metabolism and hair-related outcomes represent the most
translationally advanced areas because they include human intervention studies using
whole-fruit intake or standardized Annurca-based nutraceutical formulations [31-36].

Evidence on neuromodulatory targets remains exploratory, involving in vitro modula-
tion of acetylcholinesterase and monoamine oxidase and the identification of non-phenolic
components such as TLP1a with potential neuroprotective relevance [43,44]. Cancer-related
evidence is also limited to in vitro models. In these systems, Annurca apple polyphenols
and polyphenol-rich extracts have been reported to modulate ROS/JNK-related signaling,
apoptosis, survival and migration-related processes [37-42]. These findings are mech-
anistically interesting but should not be interpreted as evidence of anticancer efficacy
in humans.

The valorization of Annurca apple by-products further expands the relevance of this
field. Peel, core and other usually discarded fractions may represent sources of pheno-
lic compounds with antioxidant and antiglycative activity, supporting their possible use
within circular bioeconomy strategies [11,22-25,51,52]. However, their development as
functional ingredients or nutraceutical candidates requires standardized extraction, phyto-
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chemical characterization, safety assessment, bioaccessibility studies and validation under
physiologically relevant conditions.

Important limitations remain. Much of the available evidence is based on native
extracts tested in vitro, whereas fewer studies have evaluated digestion-derived products,
circulating metabolites, gut microbiota transformation, microbial metabotypes or clinical
outcomes [5,7-10,53-55,93]. Future research should therefore move toward standardized,
metabolite-informed and clinically relevant approaches, with attention to fruit fraction,
ripening stage, extraction method, marker compounds, dose relevance, bioavailability, gut
microbiota interactions and interindividual variability.

Overall, Annurca-derived polyphenols, bioactive fractions and by-products provide a
valuable model for studying how a traditional Mediterranean food matrix may influence
oxidative, glycative, toxicant-induced, senescence-related and cancer cell stress responses.
Their potential lies not only in chemical antioxidant activity but in their ability to modulate
redox-sensitive molecular pathways according to biological context. Establishing whether
these mechanisms translate into reproducible nutritional or nutraceutical benefits will
require standardized preparations, physiologically relevant models, metabolite-based
studies and well-designed clinical investigations.
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