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Abstract

Natural bioactive peptides have emerged as pivotal candidates in modern science due
to their multifaceted biological activities and versatile applications across biomedicine,
biotechnology, and nutraceuticals. These molecules exhibit a broad pharmacological spec-
trum including antimicrobial, antiplatelet, antioxidant, antihypertensive, and antitumor
properties, positioning them as potent therapeutic agents and essential functional food
constituents. Compared to synthetic alternatives, their inherent structural diversity, bio-
compatibility, and biodegradability offer a superior safety profile by minimizing systemic
toxicity and adverse effects. This review provides a comprehensive analysis of the primary
natural reservoirs of these peptides, which encompass terrestrial flora and fauna as well
as marine organisms and microorganisms, while elucidating their complex mechanisms
of action and structure—function relationships. Furthermore, we evaluate contemporary
methodologies for peptide identification and optimization, such as high-throughput pro-
teomics, computational modeling, and strategic chemical modifications aimed at enhancing
metabolic stability and bioavailability. Although bottlenecks in extraction, scalable produc-
tion, and proteolytic susceptibility persist, recent breakthroughs in recombinant technology
and rational design are facilitating their industrial translation. Finally, we discuss fu-
ture perspectives focused on the synergy between artificial intelligence, nanotechnology;,
and sustainable circular economy strategies to maximize the therapeutic accessibility and
functional efficacy of natural peptides.

Keywords: bioactive peptides; structural bioinformatics; therapeutic peptides; natural
products; proteomics; drug delivery; functional foods; antimicrobial peptides

1. Introduction

Peptides derived from natural sources have emerged as highly relevant molecules
in fields such as biomedicine, biotechnology, and nutrition [1]. These short chains of
amino acids, typically ranging between 2 and 50 residues, are defined as bioactive peptides
when they exert specific physiological effects that extend beyond their basic nutritional
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role [2]. Their biological function is intrinsically linked to their amino acid composition
and structural conformation, which may include x-helices, 3-sheets, turns, or random coils.
These structural arrangements determine their stability, bioavailability, and specificity for
molecular targets [3,4]. Furthermore, the presence of disulfide bridges or cyclic motifs often
increases their structural rigidity and resistance to enzymatic degradation, enhancing their
therapeutic potential [5].

Natural peptides are generally classified into endogenous peptides, which are syn-
thesized by the organism to regulate internal physiological functions, and exogenous
peptides, obtained from dietary or environmental sources such as plants, animals, or
microorganisms [6]. Endogenous peptides play crucial roles in maintaining homeostasis.
For example, angiotensin II, an octapeptide derived from angiotensin I through the action
of the angiotensin-converting enzyme (ACE), is a key regulator of blood pressure and fluid
balance [7]. Other well-known examples include bradykinin, a vasodilator involved in
inflammation; oxytocin and vasopressin, which modulate uterine contraction and water
retention; and glucagon, insulin, and endothelin, which regulate metabolism and vascular
tone [8-10]. These peptides demonstrate how short amino acid sequences can possess
powerful and specific biological activities, thus inspiring the search for similar compounds
in alternative natural sources.

From an exogenous perspective, plants, marine organisms, fermented foods, and mi-
croorganisms are the main reservoirs of bioactive peptides, each contributing unique struc-
tural and functional characteristics. These peptides are typically released from precursor
proteins through processes such as enzymatic hydrolysis, fermentation, or gastrointestinal
digestion [11,12]. Controlled hydrolysis using enzymes like pepsin, trypsin, alcalase, or
flavourzyme can produce short peptides with antioxidant, antihypertensive, antithrom-
botic, or immunomodulatory properties [13,14]. Similarly, microbial fermentation carried
out by lactic acid bacteria or fungi generates peptides with significant health-promoting or
preservative capacities [15].

Plant-derived peptides are particularly abundant in seeds, legumes, and cereals. For
instance, Phaseolus vulgaris (common bean) produces peptides that inhibit ACE activity and
reduce blood pressure after in vitro gastrointestinal digestion [16]. Other Phaseolus vulgaris
derived peptides have shown potent antimicrobial effects against bacteria and fungi [17].
Similarly, peptides derived from soy, such as lunasin, have demonstrated antioxidant and
antitumor activity, supporting their role in chronic disease prevention [18]. Cereal proteins,
including those from wheat and corn, yield peptides with antioxidant, antihypertensive,
anti-inflammatory, and antidiabetic properties [19,20]. Finally, medicinal plants serve as
a valuable source of cyclic peptides with immunosuppressive or antidiabetic effects, as
evidenced in families such as Amaranthaceae, Caryophyllaceae, and Rutaceae [21].

The marine environment represents another prolific source of peptides characterized
by unique biochemical properties. Collagen-derived peptides from fish species, such
as salmon or cod, have demonstrated significant antioxidant, anti-inflammatory, and
skin-regenerative properties [22,23]. Furthermore, peptides isolated from mussels and
crabs exhibit anticoagulant and antiplatelet effects, including the inhibition of platelet
aggregation, which suggests potential antithrombotic applications [24]. Marine algae and
microalgae, such as Spirulina, Chlorella, and Gracilariopsis lemaneiformis, also produce ACE-
inhibitory and antioxidant peptides, capable of reducing blood pressure in hypertensive
animal models [25,26]. Recent studies utilizing mass spectrometry have identified novel
antimicrobial peptides from Tetraselmis suecica, reinforcing the value of marine organisms
as reservoirs of bioactive molecules [27].

Fermented foods constitute an equally important dietary source of these molecules.
During the fermentation process, microorganisms such as Lactobacillus and Lactococcus
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hydrolyze milk, soy, or cereal proteins, thereby generating peptides with antihypertensive,
antioxidant, and anti-inflammatory effects [28,29]. Dairy products, including yogurt and
aged cheese, contain specific sequences such as Val-Pro-Pro and Ile-Pro-Pro, which are
well-known for inhibiting ACE and promoting vasodilation [30]. Similarly, fermented
soy products and kimchi yield peptides that enhance intestinal health, modulate glucose
metabolism through DPP-1V inhibition, and reduce systemic oxidative stress [31,32].
Beyond their role in food matrices, microorganisms themselves, including various
bacteria and fungi, act as direct producers of bioactive peptides. The most prominent exam-
ples are bacteriocins, which are antimicrobial peptides synthesized by bacteria and widely
utilized as natural preservatives in the food industry [33]. Among these, nisin, produced
by Lactococcus lactis, exhibits broad-spectrum antibacterial and antioxidant properties and
is currently approved as a safe food additive in multiple countries [34,35]. Additionally,
fungal peptides from genera such as Aspergillus and Penicillium have shown antitumor and
antimicrobial effects, while sequences from Saccharomyces or marine-derived fungi are being
actively explored for advanced biotechnological and pharmacological applications [36,37].
Overall, both endogenous and exogenous peptides represent a diverse and func-
tionally rich family of biomolecules with crucial roles in physiology, health maintenance,
and disease prevention. Their structural diversity, combined with high biodegradability,
low toxicity, and exceptional specificity, positions them as promising candidates for the
development of new therapeutic agents, functional foods, and biotechnological innova-
tions. Current research continues to expand this field by focusing on the identification
of novel sources, the optimization of production strategies, and the elucidation of the
structure—function relationships that govern their biological activity [38—40].

2. Bioactive Activities, Therapeutic and Biotechnological Applications

Natural peptides display a wide array of pharmacological characteristics that emerge
directly from their sequence-encoded physicochemistry, including charge, hydrophobicity,
aromatic motifs, and disulfide bonds, as well as the conformations they adopt in mem-
branes or protein targets. This structure—function axis underlies activities that are especially
relevant for cardiovascular disease (CVD) and cancer, two areas with a high global burden
and the largest volume of translational evidence in the peptide field [41-52]. To visualize
the complex relationships between the biological origin of peptides and their functional
activities, a bipartite network of connections was generated (Figure 1). This figure central-
izes known functions through internal nodes and connects them with their corresponding
biological sources represented by peripheral nodes. The thickness of the edges is directly
proportional to the number of peptides sharing a specific source—function relationship,
providing a clear overview of the current landscape of natural peptide research.

In the context of cardiovascular health, peptides can prevent thrombus formation
by inhibiting platelet activation and aggregation or by interfering with coagulation en-
zymes. Mechanistically, antiplatelet sequences block receptor-ligand interactions, such
as the GPIIb/Illa-fibrinogen complex, modulate intracellular signaling pathways like
CaZ* mobilization and PI3K/Akt, or attenuate thrombin activity [41-43,53-57]. For ex-
ample, marine cysteine-rich peptides and motifs from fish collagen hydrolysates, such
as Pro-Gly and Hyp-Gly, inhibit platelet function and reduce experimental thrombosis.
Furthermore, in silico analyses suggest that oyster-derived peptides may directly hin-
der thrombin catalysis [53,55,57]. However, a recurring disadvantage in preclinical re-
search is that although several reports in cowpea, Hypophthalmichthys molitrix, and Pyropia
columbina indicate antithrombotic effects, the lack of explicit sequences limits reproducibil-
ity and structure-activity relationship inference, representing an important caveat for the
field [54-56].
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Figure 1. Bipartite network of bioactive peptides: Mapping of sources and functional activities. The
central nodes represent the main biological activities. The peripheral nodes indicate the extraction
sources. The edges connect the different sources with their biological activity.

Hypertension is another major target, primarily addressed through ACE inhibition
to reduce the conversion of angiotensin I to angiotensin II and prevent subsequent vaso-
constriction. Food-derived peptides, such as the dairy casein tripeptides Val-Pro-Pro and
Ile-Pro-Pro, have been shown to lower blood pressure in both preclinical and human stu-
dies [58-74]. A significant advantage of these dietary peptides is their inherent safety pro-
file, stemming from their natural presence in fermented foods, which facilitates their direct
incorporation into functional and nutraceutical products. Comparable ACE-inhibitory
activity has been reported from orange juice, Pleurotus spp., coho salmon, whey, Vicia faba,
and microalgae, although some sources still lack sequence resolution [62-66]. The clinical
translation of these findings is exemplified by GPIIb/Illa antagonists like eptifibatide and
tirofiban, inspired by snake venom peptides, and bivalirudin, a synthetic hirudin analogue

that functions as a direct thrombin inhibitor [48-50]. These examples illustrate how natural
prototypes can serve as templates for approved drugs and validate peptide mechanisms in
CVD management.

Antimicrobial peptides (AMPs) represent a different but equally vital therapeutic
category, acting primarily by electrostatically targeting anionic microbial membranes.
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By inserting amphipathic «-helices to form pores, these peptides induce cell lysis. This
membrane-oriented mechanism gives AMPs a distinct advantage by offering a fast, phys-
ical mode of action that significantly reduces the likelihood of microorganisms devel-
oping resistance compared to antibiotics that act on intracellular targets. Additional
mechanisms include lipopolysaccharide binding and interference with DNA, RNA, or
enzymatic processes [75-83]. Magainin, derived from amphibians, serves as a canonical
broad-spectrum AMP [79]. While antimicrobial activities have also been reported for
extracts from Didemnum albidum and Agrocybe aegerita, their specific sequences often re-
main unresolved [84,85]. In applied contexts, nisin, a bacteriocin from Lactococcus lactis,
is widely used as a natural preservative, and its anti-biofilm effects broaden its potential
toward medical uses [86-89]. In addition, several antimicrobial peptides from the microalga
Tetraselmis suecica were studied using proteomic and bioinformatic approaches, demon-
strating enhanced bactericidal activity and highlighting marine microalgae as a promising
reservoir of AMPs for biotechnological applications [90]. Altogether, these data support
the multifaceted use of peptides across food safety and clinical anti-infective pipelines.

Peptides also play a vital role in modulating oxidative stress and complex metabolic
processes. Sequences enriched with residues such as Trp, Tyr, Cys, or His possess the ability
to donate electrons and quench reactive oxygen species (ROS), thereby protecting lipids,
proteins, and DNA from oxidative damage [91-94]. Hydrolysates derived from fish collagen
and soy have demonstrated robust antioxidant effects with potential relevance to aging
and degenerative disorders [95,96]. Furthermore, fermented foods yield peptides capable
of inhibiting dipeptidyl peptidase IV (DPP-1V), a mechanism that aids in glycemic control;
such activity has been identified in products like fermented cheeses and soy [31,32,70].
Beyond direct redox signaling, specific whey-derived di- and tripeptides, including Pro-
Glu-Trp and Leu-Leu-Trp, have been reported to ameliorate hyperuricemia and renal injury.
These effects are often accompanied by a remodeling of the gut microbiota, highlighting
an intricate and promising crosstalk between peptides, the microbiome, and systemic
metabolism [97].

In the field of oncology, natural peptides offer a strategic advantage through their
ability to preferentially bind to anionic tumor membranes, which are often characterized
by exposed phosphatidylserine and sialylated lipids. Upon binding, these peptides can
trigger apoptosis, disrupt cell growth, or inhibit angiogenic pathways. This selectivity for
malignant membranes over healthy cells represents a significant advantage over traditional
cytotoxic treatments, offering the potential for reduced systemic toxicity [14,44,98,99].
Lactoferricin, a milk-derived sequence, serves as a prominent example of such membrane-
active oncopeptides [98]. Additionally, marine- and plant-derived peptides contribute
both cytotoxic and adjuvant activities [100,101], while the marine compound plitidepsin,
originally isolated from Aplidium albicans, has successfully advanced to clinical evaluation
for hematologic and solid tumors [102]. These developments, supported by mechanistic
insights such as caspase activation, mitochondrial depolarization, and VEGF inhibition,
justify the continued focus on cancer research within the peptide therapeutic pipeline.

In dermatology and cosmeceuticals, natural peptides are increasingly applied in
topical and nutraceutical formulations to counter photoaging, oxidative damage, and to
stimulate extracellular matrix remodeling. Natural and Al-predicted sequences, such as
pep_RTE62G, show anti-wrinkle activity in preclinical and clinical testing [103]. For in-
stance, Phaeodactylum-derived peptides activate fibroblasts to improve wrinkle metrics,
whereas nanoliposome delivery systems enhance skin penetration and collagen synthe-
sis. Some sequences even reduce neurotransmitter release at neuromuscular junctions,
producing a cosmetic “botox-like” effect [104,105]. Moreover, peptides originating from Lac-
tobacillus plantarum fermentation exhibit in vivo antioxidant protection against UV-induced
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damage [106]. Clinical studies have shown that marine collagen peptides combined with
plant antioxidants improve skin elasticity and dermal ultrasound markers, while elastin
hydrolysates from Katsuwonus pelamis protect against UVA-induced photoaging [107,108].
Complementing these cosmetic uses, regenerative peptides such as thymosin 3-4 promote
re-epithelialization and reduce inflammation, underscoring their value in wound-healing
models [109,110].

Across these diverse biological contexts, structural parameters fundamentally dictate
functional outcomes. Sequence length modulates both diffusion rates and target specificity,
while cyclization and the presence of disulfide bonds significantly increase resistance to
proteolysis [111-114]. Amphipathic x-helices are recurrent among AMPs, while 3-sheets
and loop motifs often stabilize receptor-binding epitopes [81-83]. Furthermore, an emerg-
ing and highly potent mechanism for natural peptides involves their function as covalent
inhibitors of enzymes [115]. Unlike reversible binding, certain peptides can establish stable
covalent bonds with target residues in enzymes critical for pathogen survival and cancer
progression [116]. This irreversible inhibition provides a prolonged therapeutic effect,
allowing for lower dosing and higher efficacy by targeting metabolic pathways essential
for disease maintenance.

The biological activity of these molecules is thus intimately linked to the interplay
between their primary sequence and their secondary and tertiary structures [111,112].
Hydrophobic residues like leucine and isoleucine facilitate membrane interaction, while
charged amino acids such as lysine and arginine enhance electrostatic binding to target
sites [117,118]. Cyclization, as observed in cysteine-rich peptides, improves structural stabil-
ity against proteases and prolongs bioactivity [113]. Targeted amino acid substitutions, for
instance, replacing tyrosine with tryptophan, can enhance antioxidant capacity [119], while
PEGylation or conjugation to carrier molecules improves solubility and bioavailability [120].
Peptide length also matters: shorter chains generally diffuse more efficiently, whereas
longer ones display higher selectivity for complex molecular targets [114]. Structural mo-
tifs such as «-helices and (3-sheets determine interaction patterns with membranes and
receptors [81,82]; amphipathic o-helices, in particular, are common in AMPs and facilitate
insertion into bacterial membranes [83].

Polylysines, particularly those derived from marine sources, represent a unique class
of cationic bioactive peptides with significant therapeutic interest [18]. These molecules are
characterized by their high density of positive charges provided by the e-amino groups
of lysine residues [121]. Beyond their established role as antimicrobial agents, marine
polylysines have demonstrated a remarkable ability to interact with non-canonical DNA
structures [122]. Specifically, research has shown that these peptides can selectively bind
to G-quadruplex DNA, which are secondary structures found in key genomic regions
such as telomeres and oncogene promoters [123]. By stabilizing these G-quadruplexes,
marine polylysines can interfere with telomerase activity and gene expression, offering
a promising strategy for the development of novel anticancer therapies based on DNA-
binding mechanisms [124].

Overall, natural peptides exhibit a sophisticated range of mechanisms of action that
depend on their precise chemical architecture and specific molecular interactions. Table 1
provides a comprehensive summary of scientific publications detailing various biopeptides
and their respective mechanisms. Understanding these structure—function relationships
is essential not only for optimizing natural peptide activity but also for informing the
rational design of more effective and stable analogues for biomedical, biotechnological, and
nutritional applications.
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Table 1. Published works on bioactive peptides extracted from different natural resources.

Activity Sequence Mechanism Study Model Source Reference
Antioxidant YFMVLVVMLFHR Free radical scavenging In vitro Hermetiaillucens [125]
Antioxidant APPPLQHQ Free radical scavenging In vitro Izmir Tulum cheeses [126]
Antioxidant LEQQVDDLEGSLEQEKK Free radical scavenging In vitro, in silico Hams [127]

GKHQQEEENEGGS],
Antioxidant VNPESQQGSPR, IGINAENNQRN, Free radical scavenging In vitro Soymilk [128]

FVDAQPQQKEEG.
Antioxidant AKCAKFQRNMKKVRG-NH2 Free radical scavenging In vitro Milk proteins [129]
Antioxidant IVVE - In vitro Chlorella (Chlorellavulgaris) [130]
Antioxidant YWDAW ROS Scavenging In vitro, in vivo (Rat) Fish [131]
Antioxidant MVVACVLPEA Free radical scavenging In vitro saltedj ell]./ﬁ S.h (Rhopilema [132]
hispidum)
Antioxidant EMPFPK, PYPQ, PQSV, YFYPE Free radical scavenging In silico Milk [133]
Antioxidant VDPP, SSGE, DGEA, NQDK, WTP Free radical scavenging In vitro Salmo salar [134]
Antioxidant LLGDV, NLDSS Free radical scavenging In vitro Rice wine [135]
Antioxidant LPFR, WGFKPK, PFDLR, FPGEL Free radical scavenging, In vitro, in silico Camelliaoleifera [136]
tyrosinase inhibitory

FWENHDPTQGMR,

SPFEKPGAPGKPTTT,

AVGISKPSMPSKPE,
Antioxidant SPFEKPGAPGKPTITA, Free radical scavenging In vitro Freshbeef tripe [137]

STGISVPGPMGPSGPR,
PEEERPKPSRPVVPPLIPPK,
HPSDFGADAQAAMSK
Antihypertensive IAE ACE-inhibitory In vitro Spirulina (Art'hrosp e [130]
platensis)

Antihypertensive YPDLPYH ACE Inhibitory In vitro YellowSilkCocoons [138]
Antihypertensive VPP, IPP ACE inhibitory In silico Fermented sour milk [133]
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Table 1. Cont.
Activity Sequence Mechanism Study Model Source Reference
Antihypertensive DPMP, FHPR, FSPR, HPKF ACE inhibitory In silico Nannochloropsis gaditana [139]
IRDLDYY, AGGTGPMDEYLI,
Antihypertensive IAGGTGPMDEYL, LGTPGSSVAVG, ACE inhibitory In vitro, in silico Arthrospira platensis [140]
LIAGGTGPMDEY
Antihypertensive VPPIPP ACE inhibitory In vitro Milk [141]
Antihypertensive EDNSELGQETPTLR ACE inhibitory In vitro, in silico Halobatrachus didactylus [142]
Antihypertensive LSMTDTR, Nég\g?éﬁRQAQNVQHY’ ACE inhibitory In silico Milk [143]
Antihypertensive GAGAEGGAVGGATGGVGA ACE inhibitory In vitro, in silico Vicia faba L. [144]
Antihypertensive PIHAKMY, GGYAMLQS ACE inhibitory In vitro Millet bran [145]
Antihypertensive VFPLK ACE inhibitory In vitro, in silico Thunnusmaccoyii [146]
Antihypertensive LCYPR ACE inhibitory In vitro Coregonus [147]
Antihypertensive g%%;;lgtg(’ ACE inhibitory In vitro Lentinulaedodes [148]
Antihypertensive LTNVVGGK ACE inhibitory In vitro Silkworm (Bombyx mori) [149]
Antihypertensive RLSENP ACE inhibitory In vivo (Rat) Wheyprotein [150]
Antihypertensive FAPGG ACE inhibitory In vivo (Mice) Glycinemax [151]
Antihypertensive FPRPFL ACE inhibitory In vitro, in silico Highland barley [152]
Antihypertensive FDWLR ACE inhibitory In vivo (Rat) Walnut [153]
Antihypertensive SYRE, GlféLQF: ‘S/\I]’}I;Il;;f\/ i:]F)II{{%F’ FERF, ACE inhibitory In vitro, in silico Cicadachrysalis [154]
Antithrombotic OGEFG, DEGSI;; gg?{(g’GP g GO, OTGPK, Inhi:g;zgozftgitelet In vitro, In vivo Salmo salar [155]
ALPIDVLANAYR, EFLLAGNNKR, Avena sativa L.. Hordeum
Anti . GEEFGAFTPK, QLAQIPR, Inhibition of platelet . vulgare Linn. var. ’nudum Hook.

ntithrombotic LQAFEPLR, ALPVDVLANAYR, aggregation In vitro £, Fagopyrumesculentum [156]

GEEFDAFTPK, QKEFLLAGNNK,
TNPNSMVSHIAGK

Moench
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Table 1. Cont.
Activity Sequence Mechanism Study Model Source Reference
. . Inhibition of platelet G . . .y
Antithrombotic ME ; In vitro, in vivo (mice) Hypophthalmichthysmolitrix [157]
aggregation
Antithrombotic LTFPRIVFVLG Inhibition of Platelet In vitro, in vivo (mice), ex vivo Agkistrodonacutus [158]
aggregation
Antithrombotic FRGCWLKNYSPRGCL-NH2 Inhibition of Platelet In vitro Amolopsloloensis [159]
aggregation
. . FAGPPGGDGQPGAK, Inhibition of platelet L .
Antithrombotic IAGPAGPRGPSGPA aggregation In vitro, in vivo (mice) Salmo salar [160]
Antithrombotic NMEKGSSSVVSSRM - In vitro Nori [161]
Antithrombotic OGEFG Inhibition of Platelet In vitro, in vivo (Rat) Salmo salar [162]
aggregation
Antimicrobial VAGTWY, EQLTK inhibit Gram-positive and In silico Milk [133]
Gram-negative pathogens
Antimicrobial YLGYLEQLLRLK - In silico Milk [163]
. . SDIPNPIGSENSEK, VLNENLLR, - .
Antimicrobial YLEQLLR - In silico Milk [164]
EDNSELGQETPTLR, DPPNPKNL,
Antimicrobial PAPPPPPP, VYPFPGPLPN, Growth inhibition In vitro, in silico Halobatrachusdidactylus [142]
PFPGPLPN
NINLQTELIAGVTSFFAISYIIVV,
Antimicrobial KDPFPFVHTNIIGTYT, Growth inhibition In vitro Lactobacillus plantarum [165]
IKVIAGLVVIILAFLIGRILIQGV
FGPKGVGFGMGAGALTMA,
GGGGGIGGGIGGGIGGGIGGGIG
GGIGGGL,
GGGFGGGHGGGGGGGFGGGE,
Antimicrobial KAAGGGGGIGGGIGGGIGGGIG - In silico Tenebrio molitor [166]

GGIGGGIGGGL, GDG-
GLGGGIGGGHGGGIGGGIGGGIG
GGIGGGH,
QIPRLLGPGLNKAGKFPGLL
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Table 1. Cont.
Activity Sequence Mechanism Study Model Source Reference

Antidiabetic AIWGAGGGGLR, FHDPMLR a-glucosidase inhibitory In vitro Sweet potato [167]
1 . YPDLPYH, NFDLPYH, EFYELAR, . . .

Antidiabetic VAEASLPR DPP-1V Inhibitory In vitro YellowSilkCocoons [138]
.1 . ACGP, PLMLP, HLPGRG, MFE, . s .

Antidiabetic QNVLPLH, GPAHCLL DPP-IV Inhibitory In silico Milk [133]

NRDGIISKDDLRDVLATM,
Antidiabetic TALEEAEGTLEHEESKILR, DPP-IV inhibitory In vitro Clupeaharengus [168]
AFTIIDQNRDGIISKDDLRDVLATM
EDNSELGQETPTLR, DPPNPKNL,
Antidiabetic PAPPPPPP, VYPFPGPLPN, a-glucosidase inhibitory In vitro, in silico Halobatrachusdidactylus [142]
PFPGPLPN

Antidiabetic QTALVELLQ a-glucosidase inhibitory In vitro Kefir [169]

Antidiabetic LLGDV, NLDSS a-glucosidase inhibitory In vitro Rice wine [135]

Antidiabetic DAPLPHPNR, GSEDPLPGAK DPP-1V inhibitory In vitro Lentinulaedodes [148]
1 . CFA, ACF, RFPS, DEWG, NYCL, N . L .

Antidiabetic CVPR, DACF DPP-1V inhibitory In vitro Pyropiavietnamensis [170]

VDPLLSNVALSAPLVR,
Anticancer HALLTSER, Cancer cell elimination In vitro Hermetiaillucens [125]
APLAYSTPLLK, QSVNHK
Anticancer LLGDV, NLDSS Growth inhibition In vitro Vigna umbellata [135]
Osteoprotective NAVPITPTL Sup press‘?f;gfslammatlon In silico Milk [133]
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3. Identification and Structural Analysis of Bioactive Peptides

The identification, structural characterization, and functional evaluation of bioac-
tive peptides derived from natural sources require an integrative approach that combines
chemical, structural, and computational methodologies. Understanding the molecular
architecture of these peptides, alongside their conformational behavior, provides the nec-
essary foundation to correlate sequence, structure, and biological activity. The biological
behavior of a peptide is strictly determined by its chemical hierarchy. The primary structure
defines the physicochemical properties that influence folding; the secondary structure, com-
prising o-helices, 3-sheets, and turns, confers local stability and dictates interactions with
cell membranes or receptors; and the tertiary structure defines the final three-dimensional
configuration adopted under physiological conditions, governing selectivity and proteolytic
resistance [111,112,117].

The specific biomedical activities of natural peptides are strictly governed by their
chemical functionalities. For instance, the presence of aromatic rings in residues such
as Tyrosine, Phenylalanine, and Tryptophan is crucial for antioxidant activity, as these
structures stabilize free radicals through resonance [119,171]. Similarly, sulfur-containing
moieties, particularly the thiol groups in Cysteine, are essential for forming disulfide
bridges that provide the structural rigidity necessary to resist enzymatic proteolysis and
maintain a stable bioactive conformation [172]. Furthermore, the therapeutic efficacy of
many antiplatelet and anticancer peptides relies on the strategic distribution of charged
amino acids; the cationic nature of Lysine and Arginine facilitates electrostatic attraction to
anionic targets, such as bacterial membranes or the phosphatidylserine exposed on tumor
cells [173-175]. Connecting these chemical properties with observed bioactivity, as shown
in Figure 2, is fundamental for the rational design of new peptide-based drugs.

B - . © I .
(=) Sulfur-Containing Moieties Cationic Density
0
o
NH2 0
OH HO g
OH *
Sy
0 NH2 +
Disulfide bridges:
Proteolytic stability ; :
and Electrostatic attraction
structural rigidity to

anionic targets

Created in BioRender.com bio

Figure 2. Chemical functionalities and structural motifs governing the bioactivity of natural peptides.
(A) Aromatic rings stabilize free radicals through resonance; (B) Sulfur-containing moieties (disulfide
bridges) provide structural stability against enzymatic proteolysis; (C) Cationic residues (Lys, Arg)
facilitate electrostatic interactions with anionic biological targets. Created with BioRender.com.

From a therapeutic perspective, specific structural motifs are essential for optimizing
bioactivity. The presence of amphipathic «-helices is a critical feature for antimicrobial
peptides (AMPs), as this conformation allows the hydrophobic face to interact with lipid bi-
layers while the cationic residues target anionic bacterial membranes [176]. Similarly, the in-
corporation of disulfide-stabilized loops or cyclic structures provides the necessary rigidity
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to fit precisely into receptor pockets, such as the GPIIb/Illa receptor in antiplatelet therapy,
while simultaneously protecting the peptide from rapid systemic degradation [177,178].
The strategic distribution of charged residues like Lys or Arg also dictates the selectivity
towards tumor cells by interacting with exposed phosphatidylserine, whereas hydrophobic
residues such as Leu and Ile are pivotal for achieving deeper membrane penetration in
intracellular targets [117,175].

To elucidate these configurations, a variety of spectroscopic and computational tech-
niques are employed. Nuclear Magnetic Resonance (NMR) and Circular Dichroism (CD)
spectroscopy are the primary experimental tools used to identify conformational patterns
and secondary motifs in peptides [179,180]. NMR provides atomic level resolution of the
peptide backbone and side-chain interactions in solution, while CD allows rapid assess-
ment of «-helical and 3-structural content. Furthermore, CD spectroscopy is an essential
tool for monitoring peptide aggregation under various physiological conditions and for
investigating the binding interactions of peptides with other biomolecules, such as lipids
or proteins [181,182]. These techniques have been applied both to naturally isolated and
synthetically reproduced peptides to validate their conformation and folding stability [183].
For example, recent studies on the retro-enantiomer peptide Ang (1-9) RE utilized CD and
NMR to predict that, although the peptide does not adopt a stable secondary structure
in aqueous solution, its side-chain conformation remains similar to that of the natural
sequence [184].

Modern proteomic methodologies enable the isolation, purification, and sequencing
of peptides from complex biological matrices. Typically, the workflow begins with pro-
tein extraction from natural sources, followed by enzymatic hydrolysis using proteases
such as trypsin, chymotrypsin, or pepsin to release bioactive fragments [185,186]. While
che- mical hydrolysis can also be employed, it is generally less specific and may lead
to random cleavage patterns, making enzymatic routes preferable for targeted peptide
generation [187].

Once released, peptides are separated according to their specific physicochemical
properties. High-performance liquid chromatography (HPLC) remains the gold standard,
particularly in its reverse-phase modality (RP-HPLC), which is highly effective for isolating
hydrophobic sequences [188-190]. Complementary techniques include size-exclusion chro-
matography (SEC) for separation by molecular weight and ion-exchange chromato- graphy
(IEC) for discrimination based on net charge [191,192]. Additionally, electrokinetic methods
such as capillary electrophoresis (CE) are emerging as promising tools for characterizing
purity and physicochemical parameters, including Stokes radius and binding constants,
of self-assembled peptides in media that mimic biological environments [193]. These inte-
grative approaches ensure the purification of defined fractions necessary for subsequent
functional characterization.

Mass spectrometry (MS) is the cornerstone of peptide identification, enabling pre-
cise sequencing and quantification even within highly complex mixtures. The MALDI-
TOF platform provides rapid mass profiling of peptide extracts [194,195], whereas liquid
chromatography—tandem mass spectrometry (LC-MS/MS) affords definitive sequence
determination and the detection of post-translational modifications [196]. In a specialized
alternative approach, GC-MS studies utilizing derivatization have proven effective for the
qualitative and quantitative analysis of y-glutamyl peptides, such as glutathione (GSH)
and its analogs. This two-step methodology involving esterification with HCl/methanol
followed by acylation with pentafluoropropionic anhydride (PFPA) reveals the intramolec-
ular conversion of GSH to pyroglutamate (pGlu, 5-oxo-proline) during the esterification
phase. The resulting pGlu-methyl ester-PFP derivative can be quantified using electron
capture negative ion chemical ionization (ECNICI) mode. This technique leverages the high
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electron affinity of fluorinated derivatives to achieve superior analytical sensitivity [197].
Collectively, these platforms form the analytical backbone of contemporary peptide discovery.

Recent methodological innovations also include advancements in solid-phase pep-
tide synthesis (SPPS), such as the use of sustainable “tea bag” supports for Fmoc-based
synthesis [198]. SPPS remains the predominant technology for medium-sized peptides (5 to
80 residues), often surpassing solution-phase synthesis in efficiency. Although enzymatic
biosynthesis is a less mature route and generally restricted to sequences of fewer than
10 residues, it is increasingly valued for its high specificity and reduced environmental
impact [199]. While these approaches originate from synthetic chemistry, they have been
adapted to natural peptide research to enable eco-friendly production and the generation of
controlled variants for structure-activity analysis. Ultimately, structural identification must
be validated through biological assays that confirm physiological relevance. Functional tests
are selected based on the hypothesized mechanism of action; for instance, ACE inhibition
assays evaluate antihypertensive activity [58], while platelet aggregation assays assess the
potential of peptides that interfere with GPIIb/Illa or thrombin-mediated pathways [200].
These studies establish the essential experimental bridge between molecular architecture
and biological function.

Advances in bioinformatics and computational biology have profoundly accelerated
the pace of peptide research. Specialized databases, such as BIOPEP, APD (Antimicrobial
Peptide Database), and PeptideAtlas, consolidate experimentally validated sequences,
structural motifs, and reported biological activities, serving as essential reference points for
the scientific community [201-203]. Building upon these data, prediction algorithms like
AntiBP and PeptideRanker can estimate potential bioactivity by analyzing physicochemical
descriptors, including hydrophobicity, net charge, and chain length [204,205]. Beyond
identification, computational tools enable rational design and the prediction of peptide—
target interactions. Molecular docking platforms, such as AutoDock and HADDOCK,
simulate the binding of peptides to specific enzymes or receptors [206,207], while molecular
dynamics (MD) tools like GROMACS analyze conformational flexibility and stability in
solution [208]. Furthermore, algorithms such as RosettaDesign facilitate the generation
of optimized variants with enhanced stability, solubility, or receptor affinity [209], while
predictive software like SwissADME assesses pharmacokinetic parameters crucial for phar-
macological development, including gastrointestinal stability and bioavailability [200,210].

The integration of multi-omics data (genomic, transcriptomic, and proteomic) has
further expanded the discovery of novel sequences. A prominent example of this synergy
is found in the study of Conus venoms, where high-throughput sequencing combined
with proteomic validation has uncovered hundreds of previously unknown bioactive
peptides. Collectively, spectroscopic, chromatographic, proteomic, and computational
tools form a methodological continuum that effectively links peptide structure to function,
as depicted in the integrative workflow in Figure 3. This holistic approach reveals how
structural determination, analytical detection, bioinformatics modeling, and biological
assays underpin the rational discovery, optimization, and application of bioactive peptides
from natural sources across biomedical, nutritional, and biotechnological contexts.
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Figure 3. Methods for identifying and analyzing peptides.

4. Challenges and Future Perspectives in the Study and Application of
Natural Peptides

The growing scientific and industrial interest in bioactive peptides is driven by their
broad spectrum of biological activities and their potential as therapeutic, nutraceutical,
and biotechnological tools [185]. However, translating these molecules from the discovery
phase to clinical or industrial application continues to pose significant challenges related to
large-scale production, metabolic stability, and systemic bioavailability [211]. Despite these
hurdles, recent advances in biotechnology, protein engineering, and artificial intelligence
(Al) offer promising strategies to overcome these limitations and optimize their utilization
across diverse fields [212].

One of the primary obstacles to the industrial exploitation of natural peptides is their
limited availability in nature. Many sequences of biomedical interest are isolated from ma-
rine organisms, venoms, or rare plants, where collection is not only expensive but may also
threaten biodiversity [76,213]. Furthermore, natural peptides typically occur at very low
concentrations within complex biological matrices, complicating isolation and purification
processes [214]. A major operational disadvantage is that high-resolution chromatographic
methods, such as HPLC, while powerful for laboratory scale characterization, are costly
and difficult to scale for industrial production [215]. This transition to large-scale manufac-
turing remains a significant bottleneck, as traditional extraction and microbial fermentation
frequently yield insufficient amounts of product to ensure economic feasibility [216,217].
Moreover, maintaining efficiency during purification becomes increasingly complex at
larger scales, where methods like RP-HPLC face high operational costs [218]. Although
enzymatic hydrolysis offers higher specificity than chemical methods, it requires rigorous
control over reaction parameters. Subtle deviations in pH or temperature during large-scale
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processing can lead to inconsistent peptide profiles, directly affecting the reproducibility
and bioactivity of the final product [219-222]. Consequently, biotechnological alterna-
tives, such as recombinant expression systems or semi-synthetic routes, are being actively
developed to enhance production efficiency and sustainability.

In biological environments, peptides are susceptible to rapid degradation by proteolytic
enzymes, which drastically shortens their half-life and limits therapeutic efficacy [223,224].
This inherent instability is often compounded by chemical sensitivity to oxidation, hydrolysis,
and pH variations, all of which complicate formulation and storage [225,226]. Furthermore,
most peptides exhibit poor permeability across biological membranes and the blood-brain
barrier (BBB), as well as rapid renal and hepatic clearance. These factors collectively result
in low systemic bioavailability, restricting their administration primarily to parenteral routes
and hindering their development as oral drugs [227,228].

To address these limitations, diverse protein-engineering and chemical-modification
strategies have emerged as viable solutions. Rational peptide design, supported by ad-
vanced bioinformatics and structural modeling, enables the optimization of sequences for
specific biological activities [229]. A key advantage of peptide engineering is the ability
to introduce strategic modifications, such as the incorporation of D-enantiomers or non-
natural amino acids, which dramatically increase resistance to proteolysis without altering
the conformation required for target binding [225,230]. Similarly, structural modifications
like cyclization and disulfide engineering significantly improve metabolic stability [203,231].
Furthermore, chemical conjugation strategies, such as PEGylation, can effectively extend the
peptide half-life by reducing renal filtration and minimizing enzymatic degradation [120].

However, these modifications often involve significant trade-offs that must be care-
fully balanced. For example, while PEGylation effectively increases the hydrodynamic
radius of the peptide to reduce renal clearance, the bulky PEG chains can create steric
hindrance, potentially reducing the binding affinity for the target receptor [232,233]. Sim-
ilarly, although the introduction of non-natural amino acids or D-enantiomers enhances
proteolytic stability, these changes may alter the native backbone conformation, leading to
a loss of biological potency or increased synthetic complexity and cost [231,234,235]. Fur-
thermore, certain chemical conjugations designed to improve solubility may inadvertently
increase the risk of immunogenicity, highlighting that every optimization step requires a
meticulous evaluation of the balance between stability and pharmacological efficacy [236].
These rational strategies are exemplified by the design of antifungal peptides derived from
defensin structural regions, such as SmAP«1-21 and SmAPy27-44, which displayed potent
fungicidal activity against Candida albicans through distinct mechanisms [203]. Although
synthetically produced, the same conceptual framework applies to optimizing natural pep-
tides for therapeutic use, underscoring the importance of understanding the relationships
between sequence, structure, and function.

Large scale recombinant production represents another crucial advance. This approach
allows for the sustainable and high-yield production of bioactive peptides, overcoming
the scarcity and ethical concerns associated with extraction from natural sources [237].
Genetically engineered bacteria or yeasts can produce bioactive peptides with high effi-
ciency, providing an environmentally friendly alternative to traditional extraction [238].
Enzymatic biosynthesis, in particular, offers high specificity and a lower environmental
impact compared with chemical synthesis, as emphasized by Guzman et al. (2023) [199].
Complementary to these biotechnological routes, combinatorial chemistry enables the
creation of extensive peptide libraries for the high-throughput screening of variants with
enhanced bioactivity, stability, or multitarget potential [239].

Future progress in peptide research will depend on the convergence of synthetic biol-
ogy, materials science, and data-driven design. The development of multitarget peptides,
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capable of modulating multiple molecular pathways simultaneously, holds significant
promise for multifactorial diseases such as cancer and cardiovascular disorders [240]. Si-
multaneously, the incorporation of machine learning and artificial intelligence (AI) into
peptide design pipelines is proving transformative [241]. Al-driven algorithms specifically
address the limitations of empirical discovery by enabling high-throughput virtual screen-
ing, which identifies physicochemical patterns and predicts receptor interactions with a
precision that traditional experimental methods cannot achieve [103,242]. This rational
design significantly reduces the time and cost associated with failed laboratory trials while
optimizing sequences for specific bioactivities [243].

To resolve the problem of rapid enzymatic degradation, the integration of nanotech-
nology and targeted delivery systems offers a robust solution. By encapsulating peptides
into liposomes, polymeric nanoparticles, or hydrogels, bioactive sequences are physically
shielded from proteases in the systemic circulation [114,244,245]. This approach allows for
controlled release and improved penetration across biological barriers, such as the blood-
brain barrier, transforming natural peptides into viable, targeted therapeutic agents [246].
Finally, the concept of sustainability and the circular economy is gaining traction within
the field. The recovery of proteins from agro-industrial by-products and food processing
waste offers an eco-friendly source of raw materials for generating bioactive peptides [247].
These strategies not only reduce environmental impact but also improve economic ac-
cessibility, facilitating the integration of peptides into functional foods, pharmaceuticals,
and cosmetics.

While the study and application of natural peptides face persistent hurdles, including
source scarcity, metabolic instability, and limited systemic bioavailability, the convergence
of biotechnology, chemical innovation, and computational intelligence is paving the way
toward more efficient, sustainable, and targeted peptide-based solutions. The next decade
is expected to witness a decisive shift from empirical discovery toward rational and sus-
tainable development. In this evolving landscape, natural peptides are poised to transition
from biological curiosities into fully optimized agents, fundamentally transforming human
health and industrial applications.

5. Conclusions

Peptides derived from natural sources represent a rich and versatile class of bioac-
tive compounds with vast potential across biomedicine, biotechnology, and nutritional
sciences. Their multifaceted ability to exert antimicrobial, antiplatelet, antioxidant, and an-
titumor effects positions them as indispensable tools in the pursuit of innovative therapies
and high-value functional products. Nevertheless, their full-scale exploitation contin-
ues to face significant hurdles regarding industrial production, metabolic stability, and
systemic bioavailability.

The synergy of technological advancements in proteomics, bioinformatics, chemical
synthesis, and recombinant production is effectively transforming these limitations into
strategic opportunities. These integrated platforms allow for the precise optimization of
peptide activity and safety, facilitating their successful transition into diverse industrial sec-
tors. Furthermore, the implementation of multidisciplinary approaches, including artificial
intelligence and nanotechnology, promises to expand their therapeutic reach significantly.

Future research in the field must prioritize the development of sustainable, scaled-up
production models and the design of multitarget peptides with enhanced controlled-release
systems. Essential to this progress will be the rigorous assessment of in vivo efficacy and
safety, alongside the deep integration of multi-omics and Al-driven tools to accelerate
discovery and screening pipelines. By addressing these priorities, natural peptides will
consolidate their role as fundamental pillars in personalized medicine and functional
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nutrition, providing more effective and environmentally friendly alternatives. With a
highly promising outlook, these biomolecules continue to lead the way toward a new era
of innovation and sustainability in the life sciences.
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ACE Angiotensin-converting enzyme

ADME Absorption, distribution, metabolism, and excretion
Al Artificial intelligence

Ala (A) Alanine

AMPs Antimicrobial peptides

APD Antimicrobial Peptide Database

Arg (R) Arginine

Asn (N) Asparagine

Asp (D) Aspartic acid

BBB Blood-brain barrier

CD Circular Dichroism

CE Capillary electrophoresis

CVD Cardiovascular disease

Cys© Cysteine

DNA Deoxyribonucleic Acid

DPP-1IV Dipeptidyl peptidase IV

ECNICI Electron Capture Negative Chemical Ionization
Fmoc 9-Fluorenylmethoxycarbonyl

GC-MS Gas chromatographic-mass spectrometric
GIn (Q) Glutamine

Glu (E) Glutamic acid

Gly (G) Glycine
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GPIIb/1Ila Glycoprotein IIb/IIla

GSH Glutathione (reduced)
HCl1 Hydrochloric Acid
His (H) Histidine
HPLC High-performance liquid chromatography
Hyp Hydroxyprolyl
Ile (I) Isoleucine
IEC Ion-exchange chromatography
LC-MS/MS Liquid chromatography-tandem MS
Leu (L) Leucine
Lys (K) Lysine
MALDI-TOF = Matrix-assisted laser desorption/ionization-time of flight
MD Molecular dynamics
Met (M) Methionine
MS Mass spectrometry
NMR Nuclear Magnetic Resonance
PEG Polyethylene glycol
PFPA Pentafluoropropionic anhydride
pGlu Pyroglutamate (5-oxo-proline)
Phe (F) Phenylalanine
PI3K/ Akt Phosphatidylinositol 3-kinase/Protein Kinase B
Pro (P) Proline
RNA Ribonucleic Acid
ROS Reactive oxygen species
RP-HPLC High-performance liquid chromatography reverse-phase
SEC Size-exclusion chromatography
Ser (S) Serine
SPPS Solid-phase peptide synthesis
Thr (T) Threonine
Trp (W) Tryptophan
Tyr (Y) Tyrosine
uv Ultraviolet
Val (V) Valine
VEGF Vascular endothelial growth factor
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