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Abstract

Environmental factors and modern lifestyles contribute to premature skin aging, with an increasing number of young
adults exhibiting it in subtropical and tropical regions. Bioactive peptides derived from Hermetia illucens L. larvae (black
soldier fly larvae, BSFL) have been reported to exhibit antioxidant and antimicrobial activities; however, no study has
comprehensively evaluated BSFL-derived peptides within a defined molecular weight range using an integrated in vitro
and network pharmacology framework to address multiple mechanisms of premature skin aging. This study aims to
extract, fractionate, and characterize peptides from BSFL, specifically targeting bioactivities relevant to premature skin
aging in vitro. The peptides were isolated via alkaline solubilization and acid precipitation, followed by ultrafiltration,
resulting in a peptide fraction with molecular weights of 3 to 30 kDa (PP). The bioactivities of PP were assessed using
total antioxidant capacity, anti-tyrosinase, anti-collagenase, cytoprotection, and microbial modulation assays. Results
indicated that the PP exhibited significantly enhanced antioxidant activity, tyrosinase inhibition, NIH/3T3 fibroblast
proliferation, and protection of fibroblast from oxidative damage compared to crude protein extract (crude PP). Both PP
and crude PP exhibited collagenase inhibition and microbial modulation activities against Corynebacterium glutamicum,
a microbial genus model associated with skin aging, and Staphylococcus epidermidis, a beneficial bacterium found on
skin. Among 261 tryptic peptides detected in PP by a bottom-up proteomic approach using LC-HRMS, 14 peptides were
predicted to be biologically active by network pharmacology analysis. Network pharmacology analysis also predicted
that the bioactive tryptic peptides target key proteins involved in skin aging, mainly MMP9, STAT3, and CASP3, which
may support anti-collagenase and fibroblast proliferation assays. The results indicate that BSFL-derived peptides exhibit
in vitro activities relevant to processes implicated in premature skin aging. These findings support further mechanistic
validation in human cellular or tissue models to clarify their biological significance and potential application in skin-
related formulations.
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Introduction

Premature skin aging is a multifactorial process
influenced by environmental stressors, notably
ultraviolet (UV) radiation and pollution, as well as
modern lifestyle factors [1,2]. These extrinsic insults,

mainly UVB, accelerate the generation of reactive

oxygen species (ROS), leading to oxidative stress and
upregulation of matrix metalloproteinase (MMP)-
1/collagenase, which degrade the extracellular matrix
(ECM), such as collagen, and impair skin elasticity [3-
5]. Protection of dermal fibroblasts from ROS is

therefore crucial to preserve their viability and ECM-
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producing capacity. Oxidative stress in fibroblasts
induces cell death, increases collagenase secretion, and
decreases procollagen synthesis, whereas antioxidant
treatments that lower intracellular ROS can reverse
these effects and restore collagen production [6,7]. The
ROS also activates melanocortin signaling, leading to
increased  tyrosinase expression and activity,
consequently elevated melanin  synthesis and
hyperpigmentation characteristic of photo-aged skin
[8,9]. Taken together, protecting dermal fibroblasts
from oxidative stress while suppressing collagenase and
tyrosinase activities is essential to maintain extracellular
matrix integrity, prevent hyperpigmentation, and
ultimately delay premature skin aging.

Emerging evidence highlights that skin
microbiomes may contribute to skin homeostasis and
aging. Several studies report aging-associated shifts in
dominant  genera i.e.  Corynebacterium  and
Streptococcus, and  reduced  prevalence  of
Staphylococcus with  site-, cohort- and method-
dependent patterns [10-14]. This dysbiosis correlates
with impaired hydration, altered pH, and reduced
elasticity, thereby exacerbating aging phenotypes.
Clinical trials have demonstrated that topical application
of prebiotic and postbiotics ingredients can improve
microbiome balance, reduce dysbiosis, and ameliorate
aging signs such as wrinkles [15]. Peptides from animal
sources (e.g., fish collagen) and plant sources (e.g., rice
bran peptide KF-8) have been shown to modulate the
microbiome in the wound skin and gut of animal
models, respectively. This modulation involves
increasing beneficial bacteria and decreasing harmful
bacteria, which, in turn, contributes to improved skin
wound healing and multiple aging-related phenotypes
(including cognitive, muscular, and systemic
inflammatory changes). These findings suggest that
peptides may act as prebiotic/postbiotic-like agents that
target the microbiome to support skin and aged
conditions [16,17].

Based on epidemiological data from Queensland,
Argentina, Singapore, and Malaysia, the burden
of premature photoaging is very high, even in young
adults, with up to 83% of individuals showing premature
skin aging in subtropical Queensland, and about 28% of
Argentine participants having a “skin age” older than
their chronological age [18-20]. From a clinical and

industrial perspective, the number of skin-aging clinical

trials has risen sharply since around 2016, reflecting a
rapid global expansion of anti-aging research
[21,22]. At the same time, the recent systematic and
narrative reviews emphasize persistent evidence gaps
and the need for more effective and safe, including
nutraceuticals, and cosmeceutical agents [21,23-25].
These data underscore a pressing, still-unmet need to
develop safe, evidence-based, and mechanistically
targeted anti-premature skin-aging agents capable of
effectively mitigating the multiple mechanisms that
induce aging.

Current anti-aging strategies are dominated by
small molecules from plants that reduce ROS, inhibit
MMPs, or modulate inflammation [26,27]. Compared
to small molecules from plants, peptide-based anti-
aging agents such as palmitoyl pentapeptide-4 and
ginseng-derived peptides tend to have more specific
molecular targets and multiple mechanisms of action,
because they are designed or selected to interact with
defined receptors and signaling pathways that regulate
collagen synthesis, ECM remodeling, pigmentation, and
inflammation, while often exhibiting high potency at
low doses [28-31]. Nevertheless, to date, no research
specifically addresses the effects of peptides on the
modulation of the human skin microbiome during aging,
an emerging strategy for maintaining skin homeostasis
under aging conditions. Therefore, there remains a
research gap for systematically identifying new peptides
that, within a single experimental framework, protect
fibroblasts from ROS, inhibit aging-related enzymes,
and selectively modulate skin-associated bacteria, such
as the Corynebacterium and Staphylococcus, to support
skin health and delay aging.

The larvae of Hermetia illucens L. (Black Soldier
Fly Larvae, BSFL) have gained increasing attention as a
sustainable bioconversion agent for organic waste [32].
With a proximate composition of approximately 41% -
65% protein [33-35], BSFL represent an abundant
bioresource of protein that may be valorized for higher-
value applications. Proteins and peptides extracted from
BSFL have demonstrated diverse biological activities,
including antioxidant [36,37], antibacterial [38-41],
anti-inflammatory [42], and wound-healing effects
[43,44]. Most studies on protein and peptide BSFL focus
on demonstrating the bioactivity of crude
protein/hydrolysate rather than specific peptides or

peptides with a size range. However, some studies have



Trends Sci. 2026; 23(10): 13375

30f23

shown that protein hydrolysates with relatively high-
molecular-weight peptide (= 14 - 25 kDa) exhibit strong
antioxidant activity [37]. In contrast, antibacterial work
has identified discrete short peptides from BSFL, i.e.,
defensin-like peptide 4 (40 amino acids, ~4 kDa) [41].
These reports indicate that BSFL proteins and peptides,
specifically in the 3 - 30 kDa range, may be associated
with their bioactivities. Despite this evidence, the
application of these proteins and peptides in
dermatology and skincare, particularly for anti-
premature aging purposes, remains underexplored, and
no peptide-based cosmetic formulations derived from H.
illucens have yet been validated with strong scientific
data.

The composition of bioactive peptides and
proteins derived from BSFL remains largely unknown,
and the specific target proteins of these bioactive
peptides have not yet been clearly identified. Therefore,
the bottom-up proteomics approach is applied for
analyzing complex biological samples, in which
proteins are enzymatically digested into peptides,
separated by Liquid Chromatography (LC), and
analyzed by high-resolution tandem MS (HRMS),
followed by database searching for peptide and protein
identification [45,46]. In this workflow, proteins are
most commonly digested with trypsin, which cleaves at
the carboxyl terminus of lysine and arginine residues,
generating peptides of suitable length and charge-state
distribution for LC-HRMS [47,48]. The resulting tryptic
peptides typically bear multiple positive charges, a
feature that enhances ionization efficiency in
positive-mode electrospray ionization and yields
fragmentation patterns favorable for reliable peptide
identification [47,49]. The acquired MS/MS spectra are
then matched to theoretical peptide spectra generated in
silico from protein sequence databases, such as UniProt,
using database search algorithms (e.g., a Sequest-type
engine), enabling confident identification of the proteins
and peptides present in the sample that contain tryptic
peptide sequences [45,50]. The tryptic peptide data can
then be used to determine which peptides are potentially
bioactive through in silico prediction using relevant
databases, such as  PeptideRanker  [51,52].
Subsequently, the predicted tryptic bioactive peptides
are mapped to their potential skin-aging-related protein
targets and analyzed using STRING-based protein-

protein interaction (network pharmacology) to identify

key target proteins of skin aging with the highest
closeness and betweenness centrality [31,53]. This
integrative approach is essential for pinpointing the
critical protein targets of tryptic bioactive peptides from
BSFL in skin aging and provides a rational foundation
for subsequent mechanistic and therapeutic
investigations.

This study aims to extract, fractionate, and
characterize peptides from BSFL and to investigate their
in vitro bioactivities relevant to premature skin aging.
The novelty of this work lies in the comprehensive
evaluation of BSFL-derived peptides within the 3 - 30
kDa molecular weight range, which has not previously
been systematically investigated through an integrated
assessment. Specifically, the study evaluates antioxidant
activity, tyrosinase inhibition, collagenase inhibition,
cytoprotective effects on fibroblast cells under oxidative
stress, and microbial modulation, particularly in the
genera Corynebacterium and Staphylococcus. To date,
no research has comprehensively examined this peptide
fraction for these combined anti-skin aging-related
activities. Furthermore, the peptide composition was
analyzed using LC-HRMS to identify potential
bioactive peptides within the 3 - 30 kDa fraction, which
have not previously been characterized in detail. The
predicted bioactive peptides were subsequently
subjected to network pharmacology analysis to identify
their potential protein targets and protein-protein
interaction networks associated with skin aging—an
approach that has not been previously reported for
BSFL-derived peptides. Overall, this study provides the
first integrated experimental and in silico investigation
linking BSFL-derived peptides in this molecular weight
range to skin aging-related molecular pathways, thereby
highlighting its scientific novelty and significance.

Materials and methods

Materials

Black Solider Fly egg, protein Quantification Kit
(Bradford Assay), CheKine™ Micro Total Antioxidant
Capacity (TAC) Assay Kit-product code KTB1500
(Abbkine Scientific Co., Ltd. ), NaOH (Sigma-Aldrich),
HCI (Sigma-Aldrich), NIH/3T3 fibroblast cells, DMEM
(Dulbecco’s Modified Eagle Medium) (Gibco), trypan
blue (Gibco), fetal bovine serum (Gibco), Kalium
Phosphate Buffer (Merck), Phosphate-Buffered Saline
(Merck), penicillin-streptomycin (PAN), alcohol 70%,
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tripsin-EDTA  (PAN), SuperKineTM Maximum
Sensitivity Cell Counting Kit-8 (Abbkine Scientific Co.,
Ltd.), ProSieveTM QuadColor™ Protein Marker 4.6 -
300 kDa (Lonza), 4% - 15% Q-PAGETM TGN Precast
Gel, distilled water, quercetin (Sigma-Aldrich), ascorbic
acid (Sigma-Aldrich), Tyrosinase from mushroom
lyophilized powder (Sigma MCLS), 3,4-Dihydroxy-L-
phenylalanine (Sigma-Aldrich), kojic acid (Sigma-
Aldrich), Collagenase Activity Assay Kit-product code
ab196999 (Abcam), Amicon 30 kDa MWCO (Merck),
Amicon 3 kDa MWCO (Merck), Staphylococcus
epidermidis, Corynebacterium glutamicum, Tryptic Soy
Broth (Oxoid), Tryptic Soy Agar (Merck).

BSFL rearing

Eggs from the black soldier fly were sourced from
a local supplier, CV. Ahasa Larva Group, located in
Samarinda, East Kalimantan, Indonesia. After a 4-day
incubation period, the eggs hatched into young larvae.
These larvae were then placed in a controlled setting
inside a plastic container, where the temperature was
kept at 28 °C, and humidity was maintained 60% - 70%.
Over the next 7 days, the larvae were fed standard
chicken feed pellets to support their initial growth and
development [54].

The main substrate used for larval cultivation was
palm kernel meal (PKM), sourced from REA Kaltim
Plantation, Ltd., in East Kalimantan, Indonesia, and
fermented to improve its effectiveness. This process
involved mixing 180 g of molasses, 279 mL of effective
microorganism 4 (EM4) solution, 2.5 L of water, and 2.5
kg of PKM. The mixture was sealed in a plastic bag and
left to ferment undisturbed at room temperature. A 5%
fructose concentration was found to be optimal for larval
development and nutritional quality. For the rearing
environment, 5 rectangular plastic containers, each
measuring 24 cm in length, 15 cm in width, and 6 cm in
height, were used. Each container housed 200 larvae that
were 7 days old, with the experiment being repeated 3
times, resulting in a total of 3,000 larvae. Humidity was
maintained at 60% - 70% by adding water to the
substrate as necessary, while the ambient temperature
was kept constant at 28 °C. Feeding amounts were
adjusted based on protocols from previous studies to
ensure proper nutrition. The rearing process continued

until about 90% of the larvae reached the prepupal stage,

by day 22, at which point they were collected for further
processing [54,55].

Preparation of defatted BSFL

Once the larvae reached the prepupal stage, they
were thoroughly washed with water and then quickly
dipped in hot water for approximately 30 s to ensure
sanitation. They were subsequently dried in an oven at
60 °C for 24 h. After drying, the specimens were
subjected to an oil extraction press to separate the
defatted meal from the lipid content, making them ready
for further analytical evaluations [54,56].

Extraction and separation of peptides

Crude protein and peptide (crude PP) extraction
was performed according to the procedure of Xu ef al.
[57] with modifications. Defatted BSFL powder was
ground and sieved, then mixed with 0.4 M NaOH at a
ratio of 1:15, then heated at 40 °C with shaking at 200
rpm for 60 min, followed by centrifugation at 5,000xg,
4 °C for 20 min. The supernatant was collected and
adjusted to pH 4.3 - 4.5 with 2 M HCI to precipitate
proteins. The protein precipitate was obtained by
centrifugation at 12,000xg, 4 °C for 20 min, washed
with distilled water until the pH of the distilled water
approached 7, and then freeze-dried. Ultrafiltration was
carried out as described by Maron et al. [52], with
modifications. Crude PP powder was dissolved in 20
mM potassium phosphate buffer (pH 7.4), filtered using
a 0.22 pm filter, placed in an Amicon 30 kDa MWCO,
and centrifuged at 2,500xg, 4 °C, for 20 min. The < 30
kDa protein-peptide fraction was put into an Amicon 3
kDa MWCO device to obtain the 3 - 30 kDa proteins
and peptides fraction (PP). Crude PP, which contains all
proteins and peptides (< 30 and > 30 kDa), together with
PP, was stored at —20 °C for further analysis. Protein
concentration was determined using the Bradford assay.
Protein profile and molecular weight were analyzed by
4% - 15% SDS-PAGE.

Determination of total antioxidant capacity

Total antioxidant capacity was determined using
the CheKine™ Micro Total Antioxidant Capacity
(TAC) Assay Kit. Ten pL of 100 ug/mL ascorbic acid
as a positive control or 300 ug/mL PP/crude PP was
added to 180 pL Fe**-tripyridine triazine in acidic

solution, incubated at room temperature for 5 min, and
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the absorbance of blue Fe2+-tripyridine triazine was
measured at a wavelength of 593 nm using a microplate
reader. TAC values of samples and positive control were
calculated according to the Fe?" standard curve and
expressed as umol/mL. All experiments were carried

out independently 3 times.

Anti-tyrosinase assay

Tyrosinase inhibition activity was assessed
according to method of Namjoyan et al. [58] with some
modification. In brief, 50 pL of mushroom tyrosinase
(250 U/mL), 25 pL of 50 mM potassium phosphate
buffer pH 6.5 (KPB), and 50 pL of either PP/crude PP
(300 pg/mL) or kojic acid as positive control (50
pg/mL) were mixed and incubated at 37 °C for 10 min.
Then, 50 pL of 7.6 mM L-DOPA in KPB was added,
and the mixture was incubated again at 37 °C for 15 min.
Absorbance of dopachrome formation was measured at
a wavelength of 475 nm using a microplate reader, and
tyrosinase inhibition activity (%) was calculated as
below. All experiments were carried out independently
3 times.

(A-B)-(C-D)

% tyrosinase inhibition = "B X 100% (D

where, A = absorbance of tyrosinase and L-DOPA
mixture; B = absorbance of KPB and L-DOPA mixture;
C = absorbance of tyrosinase and L-DOPA mixture in
the presence of PP/crude PP/ kojic acid (samples); D =
absorbance of samples and L-DOPA mixture.

Anti-collagenase assay

Anticollagenase assay was performed using the
Collagenase Activity Assay Kit (Colorimetric). This
assay measures collagenase activity using a synthetic
peptide (FALGPA) that mimics the structure of
collagen. Ten puL of PP or crude PP (300 and 600
pg/mL) were mixed with 10 pL of collagenase and 80
pL of buffer. A positive control contained 1,10-
phenanthroline as a pure inhibitor, whereas the negative
control contained only the enzyme and the buffer. The
reaction was started by adding 40 pL of FALGPA
(substrate) and 60 pL of substrate buffer. Absorbance
was measured at a wavelength of 345 nm on a
microplate reader in kinetic mode for 15 min at 37 °C

protected from light. Collagenase activity and

collagenase inhibition (%) were calculated as below. All
experiments were carried out independently 3 times.

Collagenase activity (U/mL) =

{[-(AA345/AT)sample ] - [-(AA345/AT) blank]} xRVxD
053V @)

where, AA345 = A absorbance at T2 =15 min and T1=
0 min; AT = linear phase reaction time 15 min — 0 min
= 15 min; RV =reaction volume = 0.2 mL; D = sample
dilution factor = 1; 0.53 = millimolar extinction
coefficient of FALGPA; V = sample volume added into

the reaction well = 0.01 mL.

% collagenase inhibition = AT:B X 100% 3)
where, A = collagenase activity without inhibitor; B =
collagenase activity in the presence of PP/crude PP

/1,10-phenanthroline as inhibitor.

Fibroblast proliferation and protection assays

Fibroblast proliferation assay was performed
based on method of Sen et al [59] with some
modifications. NIH/3T3 fibroblast cells (8,000
cells/well) were seeded in DMEM supplemented with
10% FBS and 1% PenStrep for 24 h at 37 °C, 5% COx.
Cells were then pre-treated with serial concentrations of
crude PP or PP in DMEM containing 0.5% FBS and 1%
PenStrep for 24 and 48 h under the same conditions. Cell
numbers after incubation were measured using the WST
assay, and the percentage of the control (cells without
sample treatment) was calculated.

For the fibroblast protection analysis, NIH/3T3
fibroblast cells (8,000 cells/well) were seeded in DMEM
supplemented with 10% FBS and 1% PenStrep for 24 h
at 37 °C, 5% COa. Cells were then pre-treated with 2
concentrations of crude PP or PP in DMEM containing
0.5% FBS and 1% PenStrep for 24 h under the same
conditions. For oxidative stress conditions, 400 uM
H:0: was added to the cell culture and incubated for 24
h without or with crude PP or PP, followed by the WST
assay. Cell numbers after incubation were determined
using the WST assay by measuring absorbance at 450
nm, and cell viability was calculated relative to the

control (cells without sample treatment).
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Microbial modulation analysis

Microbial modulation analysis was conducted
according to method of Ardalani et al. [60] with some
modifications. The microorganisms used in this study
were obtained from Center for Food and Nutrition/ Pusat
Studi Pangan dan Gizi, Universitas Gadjah Mada,
Yogyakarta, Indonesia, and authenticated by the same
institution as stated in the official certificate of microbial
identification.  Staphylococcus  epidermidis, strain
number: FNCC 0048, certificate no FNCC-
PSPG/232/V1/2025, and Corynebacterium glutamicum,
strain number: FNCC 0062, certificate no FNCC-
PSPG/234/V1/2025. Both  microorganisms  were
cultured in Tryptic Soy Broth (TSB) until OD600 ~0.10
- 0.15 (observed by microplate reader). For single
culture assays, 20 puL of bacterial suspension was added
to 96-well plates, followed by 160 pL. TSB, 20 uL of
crude PP or PP, incubated at 37 °C for 24 h, and growth
was measured at OD600. For co-culture assays, the 2
bacteria were combined at a 1:1 ratio, i.e., each 10 pL,
treated without (cell control) or with 20 pL crude PP or
PP, and then 160 pL TSB was added to 96-well plates.
Cells were incubated at 37 °C for 24 h. The cells were
detected at OD600, and the percentage of cell number
was calculated relative to the control (cells without

sample treatment).

0D600sample — OD600medium
0D600cell control — 0D600medium

% cell number = x 100% 4)
OD600sample = absorbance of cells after being treated
with the sample for 24 h

OD600cell control = absorbance of cells without
treatment

OD600medium = absorbance of medium as blank

Peptides identification using bottom-up
proteomic approach

Amino acid composition and sequence of PP were
analyzed by liquid chromatography (Thermo
Scientific™ Vanquish™ UHPLC Binary Pump) and
Orbitrap high-resolution mass spectrometry (Thermo
Scientific™ Q Exactive™ Hybrid Quadrupole-
Orbitrap™ High Resolution Mass Spectrometer). The
PP sample was prepared by adding 200 puL of 50 mM
ammonium bicarbonate (pH 8.0) to 50 pL of PP.
Following the addition of 10 uL of 10 mM dithiothreitol

(DTT) and then incubation at 56 °C for 60 min. Ten pL
of 20 mM lodoacetamide (IAA) was added to the sample
solution, incubated in the dark for 60 min. Ten pL of 0.1
mg/mLPierce Trypsin Protease MS grade (Thermo
Fisher) was added, then incubated at 37 °C for 17 h. The
sample was diluted with 500 pL of 1% TFA (Merck),
followed by filtration through a 0.2 pm PVDF filter, and
then 5 pL was ready to be injected into the LC-HRMS
machine.

Liquid chromatography was carried out using an
analytical column of Thermo Scientific™ Acclaim™
PepMap™100 C18 150 mm lengthx1 mm ID x 3 um.
The mobile phases used were MS-grade water
containing 0.1% formic acid (A) and MS-grade
acetonitrile containing 0.1% formic acid (B) employing
a gradient technique with the flow rate of 75 pL/min.
The mobile phase condition was as follows: 0 - 1 min
(5% B), then 1 - 31 min, the mobile phase of B was
gradually increased from 5% to 50%, and held for 2 min.
After that, the mobile phase was set to 90% B for 2 min,
then to 5% B for 45 min. The column temperature was
set to 30 °C. The untargeted screening was carried out
using full MS/dd-MS2 acquisition mode at positive
ionization mode. Nitrogen was used for sheath,
auxiliary, and sweep gases, and they were set at 10, 5,
and 1 arbitrary units (AU). The spray voltage was 4.00
kV, and the capillary temperature was set at 300 °C. The
scan range was performed at 350 - 1,500 m/z, and the
resolution used was 120,000 for full MS and 15,000 for
dd-MS2. Data was analyzed with Thermo Scientific™
Proteome Discoverer™ 2.5 (San Jose, CA, USA),
SequestHT (University of Washington), and UniProt
(European Molecular Biology Laboratory Incorporated
Association) database.

Network pharmacology analysis: Target
prediction and collection

The PeptideRanker server (http://distilldeep.ucd.
ie/PeptideRanker/) was used for the prediction of
bioactive peptides from PP, which can score the
probability of different peptides to be biologically active
in the range of 0 (worst activity) to 1 (highest predicted
activity). The Similarity Ensemble Approach (SEA)
(https://seal6.docking.org/) was used to predict and
screen potential targets associated with bioactive
peptides in PP. Skin aging-related targets were obtained
from GeneCards (https://www.genecards.org/) using the
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keywords “skin aging” OR “dysbiosis” (Skin Aging). A
Venn diagram and Cytoscape were used to show the
network of related targets of peptides and Skin Aging
(SA).

Network pharmacology analysis: GO analysis,
construction of protein-protein interaction (PPI)
network, and target screening

Various mechanisms of bioactive peptide action
on SA were further studied through GO enrichment
analysis from the DAVID database (https://david
bioinformatics.nih.gov/). The GO biological process
(BP), cellular composition (CC), and molecular function
(MF) data were input to SRPIot (https://bioinformati
cs.com.cn/) to get an enrichment dot bubble diagram.
The targets of predicted bioactive peptides from PP
related to SA were entered into STRING (https://string-
db.org/) for protein interaction analysis, and a score >
0.40 was set to obtain a protein-protein interaction
network, which was subsequently plotted using
Cytoscape. The degree values of each target were
calculated using Analyze Network, and the target

pathway networks were considered as potential targets.

Statistical analysis

All in vitro bioactivities data were presented as
mean + standard deviation (n = 3). The data were
analyzed using one-way analysis of variance (ANOVA)
to assess the statistical significance of differences
among samples (p < 0.05). Duncan’s multiple range test
(o = 0.05) was employed to identify significant
differences among groups. Statistical analysis was
conducted using SPSS® software version 15.0 (SPSS
Inc., Chicago, IL, USA).

Results and discussion

Extraction of proteins and peptides

Extraction of protein and peptide from BSFL
powder was carried out using an alkaline solubilization

method at pH 13.9, followed by acid precipitation. Acid

precipitation was performed until the pH reached 4.3 -
4.5, resulting in protein and peptide precipitates, which
were then washed with distilled water to remove
residual acids and salts. After freeze-drying, the
extracted material yielded a dry crude PP powder with a
recovery of 7.5% (w/w). Protein extraction using
alkaline solubilization and acid precipitation is a
commonly applied method for isolating proteins and
peptides from BSFL at different developmental stages
[61]. In alkaline conditions, non-covalent interactions
(such as hydrogen bonds and hydrophobic interactions)
and disulfide bonds are disrupted, promoting protein
unfolding and exposing more hydrophilic regions.
Moreover, the carboxyl groups on amino acids
deprotonate, giving proteins a strong negative charge,
which further increases their solubility [62]. When HCI
is added to lower the pH to 4.3 - 4.5, the pH approaches
the isoelectric point (pI) of the proteins from BSFL. At
the PI, the number of positive and negative charges on
the protein surface is balanced, resulting in a net charge
of zero. This neutral charge minimizes electrostatic
repulsion between protein molecules, causing them to
aggregate and become insoluble, resulting in

precipitation [63,64].

Separation and identification of peptides

To obtain PP in the 3 - 30 kDa range, ultrafiltration
was performed using a 30 kDa MWCO (molecular
weight cut-off) membrane followed by a 3 kDa MWCO
membrane. The size distribution of ultrafiltrated PP was
confirmed by SDS-PAGE (Figure 1) and compared
with crude PP. The results showed that ultrafiltered PP
predominantly ranged from 4.6 to 10 kDa, while crude
PP contained proteins and peptides ranging from 4.6 to
300 kDa, indicating that ultrafiltration successfully
separated lower-molecular-weight (PP) from Crude PP.
As mentioned in some previous references, the
molecular weight of peptides typically ranges from
about 200 up to 5,000 - 10,000 Da. Molecules above this
range are generally classified as proteins [65,66].
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Figure 1 SDS-PAGE result of crude PP after extraction, dan PP after ultrafiltration of crude PP.

Total antioxidant capacity

The antioxidant capacity of crude PP and PP was
evaluated by measuring their ability to reduce oxidizing
agents, expressed as Total Antioxidant Capacity (TAC).
The FRAP assay used in this study is an electron-
transfer-based method. It measures the ability of
antioxidants to donate electrons, reducing Fe*" to Fe?.
Higher reducing power corresponds to higher TAC
values, reflecting one mechanism by which antioxidants
inhibit oxidation reactions. Results showed that PP
exhibited significantly higher TAC values than crude PP
at the same concentration (Figure 2(A)). The PP
contains peptides and proteins within the 3 - 30 kDa
range, whereas crude PP contains peptides and proteins
<30 kDa as well as proteins > 30 kDa. The higher total
antioxidant capacity (TAC) observed in PP compared to
crude PP suggests that removing proteins > 30 kDa may

contribute to the enhanced antioxidant activity. These
findings indicate that higher-molecular-weight proteins
(> 30 kDa) may dilute or reduce the measurable
antioxidant effect, although further fractionation studies
are required to confirm their specific contribution. In
previous reports, peptides typically less than 10 kDa are
more effective antioxidants because they can more
easily interact with and neutralize free radicals and have
greater accessibility to target molecules than larger
proteins or peptides [67,68]. Previous study reported
that peptides in the 3 - 10 kDa range from BSFL had the
best antioxidant activity, especially those rich in
aromatic (e.g., tryptophan, tyrosine, phenylalanine) and
hydrophobic amino acids [67]. This result highlights
that size is a crucial parameter for determining
antioxidant capacity, along with amino acid

composition.
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Anti-tyrosinase and anti-collagenase analysis

Antioxidants are known to inhibit the oxidation of
L-DOPA into dopaquinone, a reaction catalyzed by
tyrosinase. This inhibition may occur through several
mechanisms, including direct enzyme inhibition,
reduction of o-quinones, or chelation of metal ions at the
enzyme’s active site [69-71]. Dopaquinone is an
intermediate in melanin biosynthesis and contributes to
hyperpigmentation, a hallmark of premature skin aging
[72]. Oxidative stress also contributes to upregulating
collagenase expression, leading to collagen degradation
in the skin's dermal layer, a sign of skin aging.
Antioxidants reduce oxidative stress, thereby indirectly
[73].
antioxidants directly bind to collagenase, inhibiting its
function [74,75].

In this study, crude PP and PP were analyzed for
inhibit

stronger

suppressing  collagenase  activity Some

their ability to directly and

PP exhibited

mushroom tyrosinase activity compared with crude PP

tyrosinase
collagenase. inhibition of
with the same concentration (Figure 2(B)). Whereas in
the anti-collagenase assay, both crude PP and PP have
the same activity to inhibit collagenase activity (Figure
2(C)). These results indicated that PP has more effective

direct inhibition of tyrosinase than crude PP. The direct
inhibition might be related to the binding of peptides in
PP with tyrosinase, which inhibits its active site. On the
other hand, protein and peptide in crude PP, and peptide
in PP, exhibited the same ability to directly bind and
inhibit collagenase.

Multiple recent studies using in vitro assays and
molecular docking analyses have demonstrated that
tyrosinase inhibitory peptides primarily exert their effect
by binding to the enzyme’s active site. Peptides with
hydrophobic or aromatic residues often show strong
binding and inhibition due to their ability to interact with
critical residues in tyrosinase and/or chelate copper ions
at the catalytic center of tyrosinase [76-78]. Molecular
docking and simulation studies also demonstrate that
various bioactive peptides from natural sources (e.g.,
whey, chia seed, and cricket) can bind to the collagenase
active site, forming hydrogen bonds and hydrophobic
interactions with catalytic residues. This binding often
mimics the substrate, thereby inhibiting collagenase
activity and preventing its breakdown [79-81].
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Fibroblast proliferation and cytoprotection
analysis

In addition to inhibiting tyrosinase activity in
oxidation reactions, antioxidants may also neutralize
free radicals that suppress fibroblast proliferation in the
dermis, a key factor in the premature aging of skin [82].
In this study, the NIH/3T3 mouse fibroblast cell line was
used because it is a well-established and robust in vitro
model widely used to study oxidative stress,
cytotoxicity, and the cytoprotective effects of bioactive
compounds, including antioxidant peptides, prior to
validation in primary human cells in future studies [83-
85]. Fibroblasts treated with reactive oxygen species
(ROS), specifically 400 uM hydrogen peroxide for 24 h,
showed about 40% reduction in cell number compared
to untreated controls (Figure 3). This demonstrates that
ROS reduces fibroblast viability, making it a suitable
model for fibroblast decline under premature-aging
conditions. In this study, PP or crude PP was
administered to ibroblasts for 24 h prior to hydrogen
peroxide treatment, followed by continued exposure to
hydrogen peroxide and PP or crude PP for an additional
24 h. After 48 h, the cell number after PP treatment was
higher than that of cells with or without hydrogen
peroxide exposure. In contrast, the cell number after
crude PP treatment was similar to that of cells treated

with hydrogen peroxide (Figure 3). These findings

indicated that PP protects fibroblasts from ROS-induced
damage.

Furthermore, when fibroblasts were treated with
PP or crude PP without ROS exposure, different effects
were observed. Fibroblast proliferation increased in a
concentration-dependent manner with PP, whereas
crude PP neither enhanced proliferation nor induced
cytotoxicity after 24 and 48 h (Figure 4). These results
suggest that both PP and crude PP are non-toxic and safe
for fibroblasts. Evidence from diverse peptide sources
indicates that concentrations around 250 - 300 pg/mL
fall within an effective and non-toxic range for
antioxidant, anti-aging enzyme inhibition, anti-
inflammatory, antimicrobial, and cytoprotective
activities in vitro [86,87]. Therefore, the concentration
of 300 pg/mL used in this study can be considered
biologically relevant within the experimental
framework of peptide-based skin research. Importantly,
since PP increases cell number in the absence of
oxidative stress (Figure 4), the observed protection in
Figure 3 may involve both cytoprotective and pro-
proliferative mechanisms. Direct ROS assays in human
fibroblasts are required in the future to attribute the
effect specifically to antioxidant activity in cells. In
addition, further studies evaluating the ability of PP to
enhance collagen synthesis and inhibit MMP expression
in human fibroblasts are necessary to substantiate its

claim as an anti-premature aging material.
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Figure 3 Fibroblast cell viability after hydrogen peroxide treatment with or without crude PP and PP. Graph data are

expressed as the mean of 3 replicates + SD. Bar chart with different letter markers indicating significant differences (p <

0.05).
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Microbial modulation

Skin aging is often accompanied by microbial
imbalance (dysbiosis), which affects skin hydration and
pH. Aged
Corynebacterium genus and shows reduced levels of
In this study, S.

epidermidis and C. glutamicum were used as skin

skin is typically dominated by

Staphylococcus genus [10-12].

microbiome models to assess the effects of PP and crude
PP on Corynebacterium and Staphylococcus genera
under monoculture and co-culture (1:1) conditions. At
300 pg/mL, PP significantly reduced C. glutamicum
compared to crude PP, while at 600 ug/mL, both PP and
crude PP significantly suppressed C. glutamicum
(Figure 5). For S. epidermidis, PP (300 and 600 pg/mL)
had no effect on cell numbers, whereas crude PP (300
and 600 pg/mL) significantly increased S. epidermidis.
In co-culture conditions, PP showed no effect, but crude
PP increased total cell counts (Figure 5). The effects of
PP and crude PP (600 pug/mL) on cell numbers in co-
culture and monoculture of S. epidermidis were similar.
The results of this study indicate that crude PP
modulates both S. epidermidis and C. glutamicum,
whereas PP selectively modulates C. glutamicum under
the tested conditions. Our findings suggested that BSFL-
derived peptides may act as microbial modulators that
need to be validated in a human study.

It is important to note that C. glutamicum is not a
classical skin commensal but was selected for
mechanistic reasons. Members of the Corynebacterium
genus are relatively abundant components of the human
skin microbiome [88,89], and have been associated with

skin barrier function and aging-related parameters such

as transepidermal water loss [90,91].

microbiome studies in skin aging predominantly report

Moreover,

alterations at the genus level, supporting genus-oriented
approach in this study. Thus, C. glutamicum was used as
a genetically tractable representative within the

Corynebacterium genus to explore the selective

modulation of Corynebacterium-related bacteria
associated with aged skin. This experimental design
represents a reductionist in vitro model rather than a
direct replication of the in vivo skin ecosystem,
and extrapolation to specific  skin-associated
Corynebacterium species requires confirmation in more
complex microbiome or ex vivo skin models.

The observed microbial responses in this study
were assessed based on differential growth patterns
under  controlled  culture  conditions,  while
physicochemical parameters were maintained according
to standard protocols but not specifically evaluated. We
also recognize that OD600 provides only a turbidity-
based estimate of growth and does not distinguish viable
cells or compositional shifts. In this study, it served as
an initial screening tool, and future work is needed to
incorporate colony-forming unit (CFU) enumeration
and/or viability assays to better assess selective
microbiome modulation. Thus, the selective modulation
was interpreted within the established experimental
Further

physicochemical analyses, such as pH and osmolarity,

framework. studies incorporating

are needed to exclude non-specific growth effects and to

distinguish ~ direct microbial modulation from

contributions of crude PP and PP.
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Analysis of peptide sequences and prediction of
bioactive peptides
of

skin aging-related enzyme inhibition,

Overall, among the bioactive analyses
antioxidant,
cytoprotection, and microbial modulation, PP was more
active than crude PP; therefore, the composition of
peptides in PP was analyzed using the bottom-up
proteomic approach. The completed LC-HRMS dataset,
after analysis with SequestHT and the UniProt database,

was provided as supplementary material. A total of 261

tryptic peptides were identified by LC-HRMS in the PP
of BSFL. Based on the UniProt database, these tryptic
peptides were derived from 142 BSFL proteins. Among
the 261 tryptic peptides, 14 showed high PeptideRanker
scores (> 0.60), indicating bioactivity (Table 1). The
GRAVY scores of the tryptic peptides indicated that 4
peptides were relatively hydrophobic with GRAVY
scores greater than 0, whereas the other ten peptides
were more hydrophilic with GRAVY scores less than 0
(Table 1).

Table 1 Predictive bioactive tryptic peptides in pp by peptide ranker, and their properties.

. Peptide Amino acid Molecular Grant average of
No Peptide sequence . .
ranker number weight (Da) hydropathicity (GRAY)

1 DWWDDFDMPIR 0.943841 11 1,495.63 —1.155

2 AFQMFDPR 0.904916 8 1,011.16 —0.475

3 MSGFLWQR 0.900482 8 1,024.20 —0.200

4 ALQWIEAHPYKEEYANKPQRY 0.860472 21 2,634.90 —1.467

5 YVFLLFK 0.775047 7 929.15 1.743

6 SLEWNAAHPEEEREYIQGPGAAYK 0.77093 24 2,745.91 —1.204

7 EQFAALWR 0.757072 8 1,020.14 —-0.275

8 AAPLLAAPAPIVAAR 0.720627 15 1,401.70 1.307

9 MSVVPLLFR 0.692318 9 1,061.34 1.533
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. Peptide Amino acid Molecular Grant average of
No Peptide sequence . .
ranker number weight (Da) hydropathicity (GRAY)

10 FSEYFYPQIFAK 0.689513 12 1,539.72 —0.100

11 GQYSLIDADGFRR 0.618212 13 1,497.61 —0.731

12 AAPLVAAPVAAAAPVFAAR 0.612142 19 1,734.05 1.468

13 AEFKPYDHLR 0.601277 10 1,275.41 —1.310

14 LLDQHFGTGLR 0.60065 11 1,256.41 —0.182

Table 2 Total number of peptide targets, skin aging (SA)-related peptide targets, and the ratio of SA-related-peptide targets

of predictive bioactive tryptic peptides.

Total number of SA-

Ratio of SA-related Ratio of SA- related

Total number of

No Peptide sequence related peptide targets peptide target peptide t.argets to peptide targets to total
total peptide targets SA targets

1 DWWDDFDMPIR 36 166 0.217 0.042

2 AFQMFDPR 41 202 0.203 0.048

3 MSGFLWQR 41 228 0.180 0.048

4  ALQWIEAHPYKEEYANKPQRY 34 138 0.246 0.040

5 YVFLLFK 52 252 0.206 0.061

6  SLEWNAAHPEEEREYIQGPGAAYK 22 108 0.204 0.026

7  EQFAALWR 48 264 0.182 0.056

8  AAPLLAAPAPIVAAR 23 113 0.204 0.027

9  MSVVPLLFR 48 236 0.203 0.056
10 FSEYFYPQIFAK 42 198 0.212 0.049
11 GQYSLIDADGFRR 46 215 0.214 0.054
12 AAPLVAAPVAAAAPVFAAR 52 256 0.203 0.061

13 AEFKPYDHLR 40 190 0.211 0.047
14 LLDQHFGTGLR 40 203 0.197 0.047

Network pharmacology

Network pharmacology is a system-level approach
that integrates computational and experimental data to
map the complex interactions between bioactive
their
targets, and biological pathways [92]. It is important to

compounds (including peptides), molecular
acknowledge that the network pharmacology analysis
conducted in this study is inherently dependent on
publicly available databases and predictive algorithms.
PeptideRanker predicts bioactivity based on machine-
learning models trained on previously characterized
peptides, potentially favoring sequence patterns that
resemble known bioactive peptides [93]. Similarly, the
Approach (SEA)
chemical similarity to annotated ligands [94]. In
GeneCards

associations from curated datasets, text mining, and

Similarity Ensemble relies on

addition, integrates  gene—disease
literature-based evidence, which may overrepresent
highly researched pathways such as proteolysis,

apoptosis, and oxidative stress [95]. Consequently, hub

proteins identified in this study may partly reflect
database-driven research density. Therefore, the
network pharmacology findings should be interpreted as
hypothesis-generating, and require rigorous
experimental validation to confirm direct molecular
interactions and pathway modulation.

Based on the Similarity Ensemble Approach
database in this study, 353 protein targets were predicted
for 14 bioactive tryptic peptides. The targets for “skin
aging” or “dysbiosis” (Skin Aging or SA) were 850
proteins, according to the Genecards database (Figure
6(A)). Among 353 proteins targeted by 14 bioactive
tryptic peptides, 69 proteins were associated with skin
aging, as shown in the intersection of the Venn diagram
in Figure 6(A). The bioactive tryptic peptides with the
highest ratio of SA-related peptide targets to total SA
targets were YVFLLFK and AAPLVAAPVAAAAP
VFAAR (number 4 and 12 in Table 2), indicating that
these 2 peptides may exhibit higher anti-premature

aging activities, as they affect more target proteins



Trends Sci. 2026; 23(10): 13375

14 of 23

related to skin aging than the other 12 tryptic peptides.
ALQWIEAHPYKEEYANKPQRY had the highest
ratio of SA-related peptide targets to total peptide targets
(Table 2), indicating that this tryptic peptide targeted
skin aging pathways more selectively than the other 13
tryptic peptides.

The 69 protein targets obtained from the
intersection in Figure 6(A) were imported into the
STRING database for PPI analysis and visualized using
Cytoscape 3.10.4 software. Among the 69 proteins, 21
were retrieved by hub gene screening with a Degree
between 3 and 49, Betweenness Centrality (BC)
between 0.09 and 0.193, and Closeness Centrality (CC)
between 0.495 and 0.792 (Figure 6(C)). The PPI
network is shown in Figures 6(B) and 6(C); the larger
the node, the darker the color, and the higher the
centrality degree value of the node, implying more
interactions of one node with others [96]. MMP9
(matrix metalloproteinase 9), STAT3 (signaling and
transcription activation protein), CASP3 (caspase 3),
and CD4 (T-cell surface glycoprotein CD4) nodes were
larger, indicating that these targets may play a key role
in skin aging.

To investigate the potential mechanisms of action
of the 14 bioactive tryptic peptides in skin aging, GO
pathway enrichment bubble maps were constructed
(Figure 7). The protein targets were categorized into
GO categories: Biological process (BP), cellular
component (CC), and molecular function (MF). In the
BP category, these targets were involved in biological
processes such as  proteolysis, extracellular
organization, cellular response to ROS and UVA, cell
proliferation and senescence, melanin biosynthesis, and
defense response to bacteria. All BPs are hallmarks of
skin aging. In the MF category, endopeptidase activity,
specifically metalloendopeptidase and serine-type
endopeptidase activities, was mainly involved. In the
CC category, the extracellular matrix, extracellular
space, cytosol, membrane, melanosome, and lysosome
were mainly involved in biological processes.

Proteolysis, with the highest —log10 p-value in the
BP category, correlated well with endopeptidase activity
as the main MF category and extracellular matrix as the
main CC category. MMP9, as the most central node in
the PPI network, is suggested to be involved in this

proteolysis process, specifically cleaving extracellular

matrix gelatin types I and V, as well as collagens types
IV and V [97]. In addition to MMP9, MMP1 and MMP2
were among the top 21 central nodes in the PPI network.
Our in vitro study on collagenase inhibition
demonstrated that collagenase from Clostridium
histolyticum, a metalloendopeptidase, was inhibited by
PP and crude PP (Figure 2(C)). This inhibition by PP
and crude PP may also occur with other
metalloendopeptidases, including MMP9, MMP1, and
MMP2. STAT3 is a protein involved in cell cycle
regulation by inducing the expression of key genes that
facilitate progression from the G1 to S phase, thereby
promoting cell proliferation [98]. The ability of PP to
induce fibroblast proliferation was demonstrated in this
in vitro study (Figure 4). Moreover, the cellular
response to ROS was demonstrated by the activity of PP
in protecting cells from mortality caused by hydrogen
peroxide (Figure 3). The cytoprotective effect of PP
may be linked to the inhibition of the cytosolic CASP3
node, which acts as a major effector caspase involved in
the execution phase of apoptosis [99]. Tyrosinase (TYR)
is also a target of bioactive tryptic peptides in PP, as
shown in the PPI in Figure 6(B), even though it is not
included in the top 21 centrality nodes. The in vitro anti-
tyrosinase activity of PP in this study may support the
involvement of tyrosinase as a node target in the PPI
network and melanosomes as a CC category. Dysbiosis,
a hallmark of skin aging, is related to the biological
process of defense responses to bacteria, as indicated by
the BP of the GO category. The decrease in
Corynebacterium abundance by PP and crude PP may
be related to the BP of the bioactive tryptic peptide in
the defense response to bacteria.

Some experimental evaluations in thus study were
conducted using cell-free systems that do not fully
recapitulate the complexity of intracellular signaling
networks and tissue microenvironments. Therefore,
while the current results may indicate potential protein
target associations, they do not confirm direct
modulation of these proteins by PP. Further validation
in relevant cellular or aged tissue models is essential to
substantiate the mechanistic involvement of MMP9,
STAT3, and CASP3, including assessments at the gene
and protein expression levels, activation status, and

functional downstream effects.
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By integrating in vitro assay results with predicted
target proteins, this study proposes mechanistic
pathways wherein reactive oxygen species (ROS) serve
as central mediators of premature skin aging (Figure 8).
This occurs through the coupling of oxidative stress with
melanogenesis, extracellular matrix (ECM)
degradation, fibroblast loss, and  microbial
dysbiosis. Free radicals activate the Microphthalmia-
Inducing Transcription Factor (MITF), leading to
upregulation of tyrosinase expression and activity,
which, in turn, increases melanin synthesis and clinical
hyperpigmentation [8,100,101]. In dermal fibroblasts,
oxidative stress upregulates and activates matrix
metalloproteinases (MMPs) such as MMP-1, MMP-2,
MMP-3, MMP-9, and MMP-13, leading to degradation
of fibrillar collagen and other ECM components,
causing skin wrinkles and sagging[102,103]. Beyond
ECM degradation, ROS contributes to dermal atrophy
by impairing fibroblast homeostasis. Oxidative stress
can  inhibit  pro-survival  signaling—including
JAK/STAT3—and activate intrinsic apoptotic cascades,
culminating in caspase-3 (CASP3) activation and
reduced fibroblast number [104,105]. Reduced
fibroblast viability directly translates into diminished
collagen synthesis and exacerbates clinical signs of
wrinkles and sagging [106].

Consistent with these mechanisms,
several bioactive peptides have been reported to exert
multi-target anti-skin-aging effects. For example, the
cyclic peptide CR5 (CYGSR) shows strong antioxidant

activity, almost complete tyrosinase inhibition, and

marked MMP-1 suppression while enhancing type I
procollagen, highlighting combined antioxidant, anti-
tyrosinase, and  anti-collagenase/ECM-protective
actions [107]. Likewise, antioxidant peptides
from Volvariella volvacea (e.g., DWPGFK) protect
human skin fibroblasts from H20-induced oxidative
damage, enhance antioxidant enzyme activity, and
inhibit MMP activity, thereby limiting collagen
degradation and supporting fibroblast survival [108].
These examples support the rationale for developing
multifunctional peptides that integrate antioxidant, anti-
melanogenic, anti-collagenase, and cytoprotective
activities, in line with the pleiotropic profile observed
for proteins and peptides from BSFL in this study.

The present findings showed that PP from BSFL
counteracts the processes by inhibiting the oxidation
reaction, inhibiting the activity of tyrosinase and
collagenase, and also maintaining cell proliferation
under oxidative stress conditions. Crude PP also has
similar activities to PP, but without cytoprotection
activity. In addition, growing evidence links skin aging
to  microbiome  dysbiosis, with  shifts in
Corynebacterium and Staphylococcus associated with
impaired barrier function and reduced hydration. By
modulating these microbial genera, PP and crude PP
may add a microbiome-mediated mechanism to their
direct antioxidant, anti-melanogenic, and anti-wrinkle
activities, positioning PP as a multi-target candidate for
preventing  ROS-driven  hyperpigmentation  and
structural skin aging.
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Figure 8 Proposed mechanistic pathways underlying premature skin aging induced by free radical species and microbial

dysbiosis, and the modulatory effects of PP and crude PP from BSFL. The scheme integrates in vitro findings (antioxidant,
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The experimental evaluations in this study were
conducted using in vitro and some using cell-free
systems that do not fully recapitulate the complexity of
intracellular ~ signaling  networks and  tissue
microenvironments. Therefore, while the current results
may indicate potential protein targets (MMP9, STAT3
and CASP3), they do not confirm direct modulation of
these proteins by PP. Further validation in relevant
cellular or aged tissue models is essential to substantiate
the mechanistic involvement of MMP9, STAT3, and
CASP3, including assessments at the gene and protein
expression levels, activation status, and functional

downstream effects.

Conclusions

This study provides an integrated in vitro
screening-level evaluation of protein and peptides
derived from Hermetia illucens L. larvae in relation to
pathways associated with premature skin aging. The
protein and peptide fraction 3-30 kDa (PP) exhibited
antioxidant activity, tyrosinase and collagenase
inhibition, protection of NIH/3T3 fibroblasts under
oxidative stress, and selective modulation of
Corynebacterium and Staphylococcus-related bacterial
growth in simplified culture systems. LC-HRMS
identified 261 tryptic peptides, of which 14 were
predicted to be bioactive, and network pharmacology
suggested potential interactions with skin-aging—related
targets, including MMP9, STAT3, and CASP3.
Mechanistically, these findings indicate that PP may
influence interconnected processes, including oxidative
stress regulation, extracellular matrix remodeling,
melanogenesis-related enzyme activity, and
proliferation-associated signaling. Accordingly, the
present findings establish a foundation for further
validation in human skin models and mechanistic

studies.
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  %   tyrosinase   inhibition =   ( A   −   B )   −   ( C   −   D )  ( A   −   B ) × 100 %  


    {[-(ΔA345/ΔT)sample ] - [-(ΔA345/ΔT) blank]}×RV×D   0.53×V


  %   collagenase   inhibition   =   A   −   B A × 100 %


  %   cell   number =   OD 600 sample   −   OD 600 medium  OD 600 cell   control   −   OD 600 medium × 100 %

