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Abstract

We performed a proteomic analysis of the secretome of two stem cell types currently used in topical
skin care product that has proven benefits as evidenced by a double-blinded, randomized, vehicle-
controlled clinical trial. Our analysis was of the whole secretome, not just constituent parts such as
exosomes and/or ectosomes, given the complete secretome compared to only its parts has been found
to be more beneficial to reducing inflammation and eliciting a regenerative state in tissues. While
many protein types were common to the two cell types, adipose mesenchymal stem cells, fibroblasts,
significant differences were found between the two, providing evidence for the mechanisms of
actions of each. The proteome we analyzed in the combination secretome of the two cell types
provides at least 16 major therapeutic pathways comprised of 100s of signaling mechanisms to
provide many benefits to various skin conditions when topically applied.

Keywords: proteomics; stem cells; secretome; fibroblasts; mesenchymal stem cells

1. Introduction

The hoopla of gene therapies using CRISPR is over. 1) (Regaldo, 2026), and associating genetic
variants with a skin disease often leads the clinician astray 2, 3) (Spierings et al., 2017; Joyner and
Paneth, 2019). Indeed, normal skin has more genetic “cancer causing” mutations than many types of
cancer cells and a similar number to cancerous skin. 4) (Martincorena et al., 2015). Genetics is not a
major cause of most diseases, including hereditable diseases. 5) (Rappaport, 2016). The discovery of
so-called monogenic diseases, i.e., one mutation causes one disease, was most often wrong because
those studies were only looking at people with the disorder where one sees gene variants that are
common in people with the disorder. But what you can’t see in these early studies was whether
healthy people also carry the same variants. They did, as ascertained by newer studies that include
genetic analysis of non-diseased individuals. 6) (West et al., 2025).

The “missing heritability” associated with genetics may be largely explained by epigenetics. 7)
(Trerotola et al.,, 2015), underpinned by environmental influences on proteins, microproteins,
peptides, lipids, and RNA, especially ncRNA. Tissue-specific protein repertoires consisting of both
endogenous tissue-produced proteins and proteins that are commonly produced in many different
cells and tissues as part of the mix of all molecule types, largely orchestrate both the tissue-specific
and the basic cellular functions performed in different organs and organ systems. 8) (Malmstrom et
al., 2025).

Further, proteins themselves can be inherited, some of which themselves are epigenetic
regulators (Zhang et al., 2022); this field is in its infancy (Eroglu et al., 2024). As scientists have written,
“Lamark has arisen from his grave” (Wang et al., 2017), meaning heredity can derive from non-
genetic and genetic mechanisms that are dependent on environmental influences. The influence of
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proteins on health and disease can be complex, rapidly acting, long lasting (Dall’ Agnese et al., 2025),
even transgenerational (especially as epigenetic regulatory agents), and profound (Alberts et al.,
2022). For example, chaperones such as Hsp90 (found in the secretome we analyzed) play an
important role in chromatin remodeling and can mediate (Treroltola et al., 2015) and preserve
(Akanaz et al., 2019) epigenetic transgenerational variation. And collagen, with a half-life of 15 years
in the skin, is constantly damaged by oxidation and advanced glycation end products leading to
cumulative damage (Henrotin et al., 2009). The accumulation of damaged collagen and collagen
fragments can lead to senescence and epigenetic changes in surrounding cells, inducing “fibroblast
collapse” (Fisher et al., 2008); the very cells needed to replicate themselves and produce collagen for
regeneration of the skin. For example, down regulation of just a small subset of the matrisome ,
Yap/Taz, within only one cell type in the skin, fibroblasts, revealed substantial downregulation of
matrisome (Hynes and Naba, 2012) genes, including type I (Collal, Colla2) and type III (Colla3)
collagens, which together comprise more than 90% of the skin’s collagen content (Alexandre et al.,
2026). The secretome we analyzed has antioxidants to protect collagen, heat shock proteins to repair
it, and matrix proteins to rebuild it. Understanding the proteomics of health and disease, including
of the skin, is highly valuable in understanding the causes, prevention, treatment, and potential cure
of diseases (Cruchaga, 2025).

1.1. The Journey of Molecules From Donor Cell to Target Cell

Because secretory proteins are essential for signal transduction from one cell to other cells and
tissues to coordinate biological activities, they are broadly and intricately involved in many aspects
of biological regulation. Conventional protein secretion is dependent on the specific cleavage of
signal sequences, but other proteins are secreted by different processes, called unconventional
protein secretion. Among the mechanisms of unconventional secretion (Meldolesi, 2022), some are
based on two families of extracellular vesicles (EVs), expressed by all types of cells: the exosomes
(before secretion called intraluminal vesicles) and ectosomes (average diameters ~70 and ~250 nm,
respectively). Extracellular vesicles are so stable that they can be assayed in people’s blood as a
biomarker for health status (Morales-Sanfrutos et al., 2026) and are being used for the delivery of
drugs (Tenchov et al.,, 2022. It is important to note we describe exosomes that are part of the
secretome, extracellular vesicles, and not the “Exosome Complex” (Kilchert et al., 2016) that is an
intracellular condensate and not a type of extracellular vesicle. All of the secreted proteins
collectively, regardless of the mechanism by which they are released, is called the protein secretome.
All of the secreted molecules, including proteins, lipids, and ncRNA, is called the secretome.

The journey of molecules from the donor cell to the target cell in the exosomal fraction have been
found to penetrate the epidermis and have beneficial effects in the dermis (Kim et al., 2017). As a
superb drug delivery device (Tenchov et al.,, 2022), what makes exosomes and ectosomes able to
penetrate barriers such as the epidermis and the blood-brain barrier involves a number of
mechanisms (Saint-Pol et al., 2020), including proteases and glycosidases on the outer surface of the
exosome or ectosome that allow the EVs to penetrate through matrix barriers (Sanderson et al., 2019).
Molecules in the soluble fraction may attach to the EVs as part of the “coronal layer” surrounding the
EV and thereby penetrate barriers, or penetrate barriers by their close approximation to the opening
in the matrix performed by the exosomal proteases and glycosidases (Hallal et al., 2022).

Exosomes and ectosomes are readily internalized by cells through fusion and endocytosis
processes and can enhance their internalization by inducing filopodia and tunneling nanotubes in
their target cells (McAtee et al., 2026; Mentor and Fisher, 2022), and surfing on the filopodia to enter
the target cell (Heusermann et al., 2016). Unhealthy cells, such as senescent cells, increase their
filopodia numbers (Stanulis-Praeger, 1986) thus facilitating exosome and ectosome uptake in the
unhealthy cell. Filopodia and tunneling nanotubes are an actin-based protrusion of the target cell
from the cell’s cytoskeleton where exosome interactions may have profound effects on the target cell’s
plasma membrane ion channel activity (Maguire et al., 1998); indeed, actin filamentous tubules can
carry ionic signals on their surface throughout the cell (Moshin et al., 2025). Further, filopodia
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formation by exosomes and the resulting mechanical changes in the cell may alter signaling to the
nucleus of the cell through mechanical forces (Maniotis et al., 1997) and may therefore change
epigenetics through a process of mechanical-epigenetic coupling (Yang et al., 2025).

1.2. A Systems Therapeutic Approach Using Whole Secretome from Two Stem Cell Types

The adipose mesenchymal stem whole cell secretome is optimal for therapeutic benefit when
compared to just using exosomes alone (Mitchell et al., 2019), Using the whole secretome or its
constituent, reductionist parts, such as only exosomes, are often used to formulate topical skin care
products given the secretome from these cells have numerous benefits to the skin, acting as
senomorphics (Guo et al, 2020) epigenetic regulators (Dasgupta et al., 2024), skin longevity
promoters (Li et al., 2019), anti-inflammatories (Heo and Kim, 2022), anti-fibrotics (Li et al., 2016) anti-
scar (Wang et al., 2017), and wound healing agents (Silveira et al., 2022), for example. The secretome
from adipose mesenchymal stem cells has been found to be superior compared to other stem cell
types, such as bone marrow mesenchymal stem cells and umbilical cord mesenchymal stem cells, for
use in formulating skin care products (Maguire and Maguire, 2025). And considering platelet extracts
for skin care, beyond their established role in clotting, platelets contribute to immune-mediated tissue
damage in inflammatory and infectious diseases (Kusch et al., 2026).

Likewise, the complete secretome versus only the use of constituent parts, such as exosomes, has
been found to impart greater benefit in reducing inflammation and generating a regenerative state in
various tissues (Maguire and Maguire, 2025). In this manner, we used fresh exosomes, not isolated
and therefore damaged exosomes (Yakubovich et al., 2022; Noguchi et al., 2019) that have been found
to poorly deliver their cargo to recipient cells (Bonsergent et al., 2021). Further, the complete
secretome from these cells has been demonstrated to be safe in a variety of human and animal studies
(Maguire and Friedman, 2020).

Adipose mesenchymal stem cells are located in the skin’s hypodermis and reticular dermis,
within the so-called dermal white adipose tissue (Driskell et al., 2014; Li et al., 2024) and release
hundreds of types of molecules, including proteins, microproteins (Bonilauri et al., 2021), peptides,
noncoding RNA (the best evidence indicates mRNA and DNA are not present in the secretome), and
lipids, that target multiple pathways when simultaneously released from the stem cell. To be clear,
peptides are fundamentally different from microproteins in that they are synthesized as larger
precursor protein molecules and are post-translationally processed and cleaved by proteases to
generate their active peptide product. Microproteins are different, being made by short open reading
frames (sORFs). All of these molecule types can potentially work synergistically at the same target,
in time and in space, especially when the molecule types are packaged together into exosomes and
ectosomes that brings a collection of molecules to the target at the same time, thus producing a
systems-level effect (Maguire, 2014; Maguire, 2019). Fibroblasts are located throughout the dermis,
and release many beneficial signaling molecules, some of which are cargo in exosomes that have been
found to be internalized by surrounding acceptor cells (Marcu et al., 2020). For example, EVs derived
from adipose tissue and fibroblasts contain eNAMPT, important for NAD+ biosynthesis, that are
internalized by neurons and have been found to increase the activity of aged mice and extend their
lifespan (Yoshida et al., 2019).

Shin et al. (2021) found that in the secretome 75% of the proteins are located in the soluble
fraction, not in the exosomes, providing key evidence for one reason why the whole secretome is of
more therapeutic benefit than just the isolated exosomes. Alaniz et al. (2023) have found the set of
molecules present in ADSC secretome is consistent across donors. Thus, this systems-level
therapeutic effect can be achieved with ADSC secretome from all donor tissue, another hallmark in
the superiority of ADSC over other stem cell types for therapeutic development (Zhang et al., 2020;
Dong et al., 2023; Suchanecka et al., 2025).

As a first step in analyzing the key components of the secretome from ADSCs, we focus on the
proteomics in this study, realizing that ncRNA omics and lipidomic studies will be required in the
future for a more thorough understanding of the mechanisms underlying the therapeutic benefit of
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ADSC and FB secretomes to skin care. Our analysis allowed us to detect and characterize only
proteins, therefore smaller microproteins and peptides were not included in this study.

We focus on ADSC and FB secretome and although the ADSC has been relatively well
characterized, FB secretome too has many clinical benefits to the skin (Mehta et al., 2023; Cheng et al.,
2024). In this study we use the same secretome, processed and handled in the same manner as used
in the product, NeoGenesis Recovery, for analysis. NeoGenesis Recovery has been reported to
provide clinical benefit to the skin following dermatological procedures, such as microneedling
(Ngyuen et al., 2026), radiation therapy (Traub et al., 2021), and LASER resurfacing (Maguire et al.,
2021). For example, as shown in Figure 1 from Ngyuen et al. (2026), erythema and inflammation were
significantly (statistically and clinically) reduced compared to vehicle-control following
microneedling for the duration of the study; 30 days following the procedure.
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Figure 1. From Ngyuen et al. (2026). NeoGenesis Recovery, containing the same ADSC and FB secretome as used
in this study, significantly (statistically and clinically) reduces erythema and inflammation for the duration of a
30-day study.

2. Methods

All cells were cultured under hypoxic conditions given that exosomes derived from adipose
mesenchymal stem cells cultured under hypoxic conditions are optimized for tissue regeneration
(Wu et al., 2021) that can, for example, mediate the transfer of microRNAs (miRNAs) to senescent
cells and improve cellular function (Mas-Bargues et al.,, 2020), and prevent frailty, improve health
span, and decrease epigenetic age in old mice (Sanz-Ros et al., 2022).

2.1. Proteomic analysis

Protein digestion was performed using a standardized protocol, and peptide concentration was
measured by a fluorometric assay. The proteomic analysis was conducted on the whole conditioned
media (CM) collected from ADSCs and FBs, doing so separately for each cell type.

Samples were subjected to the TMTpro™ MS3 workflow (Li et al., 2020) provided by Proteome
Sciences USA (San Diego, CA) under an 1SO9001:2015 certificate and Good Clinical Laboratory
Practice certification (ISBN 9781904610007). Dried peptides were resolubilized and loaded onto an
online reversed phase column eluting directly into an Orbitrap Ascend™ Tribrid™ mass
spectrometer for the unbiased relative quantification of total protein levels in different sample types.
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Separation of each fraction occurred over a 120 min linear gradient with FAIMS compensation
voltages (CVs). Acquired spectra were searched against a data of human protein sequences.

3. Results

An analysis of the top 20 up-regulated proteins (Table 1A) across the cells revealed that the
largest number of detectable Proteins were involved in 1. collagen fibril organization, and 2. skin
development. An analysis of the top 20 Pathways (Table 1B) involved in the proteome were 1.
Extracellular matrix organization, and 2. IGF regulation, essential for promoting fibroblast function,
collagen production, and cell proliferation, and maintaining firm, youthful, and healthy skin
(Noordam et al., 2013). “Chylomicron clearance” was one of the most enriched terms in the reactome
pathways. Chylomicrons are large particles that transport dietary fat that can accumulate in the skin,
leading to clinical manifestations known as eruptive xanthomas, particularly in conditions of severe
hypertriglyceridemia. These fatty skin deposits, often yellow or orange in color, are caused by excess
lipids not processed by normal metabolism and being deposited in the dermis (Cabodevilla et al.,
2021).

Table 1. Up-regulated protein level (A) Biological Processes and (B) Pathway Enrichment (Summary). Top 20
significantly enriched terms. Corresponding number of genes and adj. p-values are reported. Terms were sorted

by adj. p-value.

A
Term: GOBP # Genes Adj. p-value
Collagen Fibril Organization 8 6.6e-03
Cartilage Development 5 8.5e-03
Skin Development 5 1.4e-02
Blood Vessel Development 3 1.4e-02
Triglyceride Metabolic Process 3 1.4e-02
Collagen Biosynthetic Process 3 1.4e-02
Supramolecular Fiber Organization 3 1.4e-02
Complement Activation 3 5.2e-02
Visual Perception 3 5.2e-02
Animal Organ Development 3 5.2e-02
Osteoblast Differentiation 4 5.2e-02
Complement Activation, Classical Pathway 3 5.2e-02
Muscle Organ Development 3 5.2e-02
Response To Wounding 3 5.2e-02
Response To Bacterium 3 52e-02
Cellular Response To Amino Acid Stimulus 3 5.2e-02
Release Of Cytochrome C From Mitochondria 2 5.2e-02
Positive Regulation Of Protein Phosphorylation 2 5.2e-02
Negative Regulation Of Cell-Substrate Adhesion 2 5.2e-02
Tendon Development 2 5.2e-02
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B
Term: Pathway #Genes Adj. p-value

Collagen Chain Trimerization 6 3.5e-03
Collagen Biosynthesis And Modifying Enzymes 7 3.5e-03
Ncam Signaling For Neurite Out-Growth 4 7.3e-03
Ncam1 Interactions 4 7.3e-03
Ecm Proteoglycans 7 7.3e-03
Met Activates Ptk2 Signaling 5 7.3e-03
Met Promotes Cell Motility 5 7.3e-03
Collagen Degradation 6 8.0e-03
Collagen Formation 7 8.3e-03
Assembly Of Collagen Fibrils And Other Multimeric Structures 6 8.5e-03
Signaling By Met 5 9.9e-03
Fibronectin Matrix Formation 3 2.4e-02
Degradation Of The Extracellular Matrix 7 2.4e-02
Developmental Lineage Of Pancreatic Ductal Cells 5 25e-02
Integrin Cell Surface Interactions 5 3.0e-02
Developmental Cell Lineages Of The Exocrine Pancreas 5 3.5e-02
Signaling By Pdgf 4 3.6e-02
Regulation Of Insulin-Like Growth Factor (Igf) Transport And Uptake By Insulin- Like Growth Factor a 360-02
Binding Proteins (Igfbps)

Extracellular Matrix Organization 1" 3.6e-02
Immunoregulatory Interactions Between A Lymphoid And A Non-Lymphoid Cell 3 3.9e-02

3.1. ADSC Secretome

The most significantly up-regulated proteins in the secretome of ADSCs relative to FBs, were
“collagen fibril organization”, “cartilage development” and “skin development” related proteins.
Note that cartilage related proteins are important for the organization of the skin’s collagen network
(Agarwal et al., 2012). The role of fibers and their organization have been underappreciated, difficult
to discern, and involved in every disease of the body (Georgiadis et al., 2025). This is particularly true
of the skin where the fiber network regulates the many functions underlying the skin’s homeostasis
(Adamo et al., 2021). Enriched proteins in ADSC relative to FB included myokines, such as FNDC1,
that are important for immunomodulation (Lu et al., 2024) and angiogenesis (Qi et al., 2022); IGFBP-
3 is highly expressed in normal skin acting as a growth inhibitor in basal keratinocytes, and absence
of IGFBP-3 in the tips of rete pegs may contribute to epidermal hyper-proliferation in the psoriatic
lesion (Wraight et al., 1997); and EDIL3 that acts as an endogenous inhibitor of leuco-endothelial
adhesion to restrict the recruitment of inflammatory cells and can impede the progression of
inflammation by inhibiting ICAM-1 receptor binding on DC cells to LFA-1 on T cells (Choi et al,,
2008; Wang et al., 2021). The most significantly up-regulated proteins in ADSC relative to FBs were,
“collagen fibril organization,” including Collagen types 1,2,3. The most enriched reactome pathways

7

were: “Collagen chain trimerization”, “Collagen biosynthesis and modifying enzymes” and “NCAM
signaling.”

Other proteins upregulated in the secretome of ADSCs include SPOCKT1 (also called testican-1),
a protein associated with mitochondria and involved in maintaining normal extracellular matrix
function (Vancza et al., 2022). Further, testican-1 is involved in blood-brain barrier function (O’'Brown
et al.,, 2023), something that may also be important to blood-skin barrier function given the tight-
junctions found in skin blood vessels (Lopez-Ojeda et al., 2022).

Dermatopontin (DPT) is a small, widely distributed extracellular matrix (ECM) protein, also
known as TRAMP (tyrosine-rich acidic matrix protein), crucial for tissue structure, cell adhesion, and
wound healing, particularly by interacting with collagen and regulating TGF-beta. It helps assemble
collagen fibrils, modifies their structure, and influences cell behavior. Decreased expression of
dermatopontin is associated with the pathogenesis of fibrosis in hypertrophic scar and systemic
sclerosis (Kuroda et al., 1999) through a dysregulation of the macrophage niche (Vollmers et al., 2024).
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Table 2. Upregulated proteins in ADSCs relative to FBs are shaded in red, whereas downregulated proteins are

shaded in blue.
UniProfKB Accession Gene Symbol Protein Description NN_Peptide NN_PSM LogeFC pvalue adj. p-value
Q47HGH FNDC1 Fibronectin type |11 domain-containing protein 1 2 2 581 B.44E-07 3.83E-D5
F'I?QSB IGFBP3 Insulin-like growth factor-binding protein 3 2 4 588 &.18E-05 B51E-D4
043854 EDIL3 EGF-ike repeat and discoidin Hike domain-containing protein 3 1 1 548 1.15E-04 1.88E-03
Q08828 SPOCK1 Testican-1 2 5 51 6.20E-04 5.26E-D3
Q13219 PAPPA Pappalysin-1 1 1 5.07 34TEOT 3.38E-05
Q15582 TGFBI Transforming growth factor-beta-induced protein ig-h3 2 7 4.07 5.86E-04 5.12E03
P08476 INHBA Inhibin beta A chain 3 3 4.86 7.20E-06 201ED4
P20008 COL5A1 Collagen alpha-1(V) chain 2 5 4.20 3.78E-06 1.16E-04
FP10000 cLu Clusterin 4 -] 4.06 8.78E-08 2.57ED5
Q07507 DPT Dermatopantin 1 1 3.88 1.88E-07 3.06E-05
PiD124 SRGN Serglycin 2 1" 781 1.73E-05 4 D4E-D4
P47ET2 NPTX2 Neuronal pentraxin-2 1 4 657 547E-07 3.83E-D5
PODT742 F10 Coagulation factor X 1 1 633 6.54E-07 3.83E-D5
PO5087 AFF Amyloid-beta precursor protein 2 5 -5.88 2.08E-07 3.06E-05
P51884 Lum Lumican 3 7 5.82 4.23E-05 TO8E-D4
P31431 SDC4 Syndecan-4 3 7 -5.54 2.52E-04 2T3IED3
QEHCUD CD248 Endasialin 3 10 522 1.70E-05 4.04E-04
QBIXLE FAMZOC Extracellular serine/threcnine protein kinase FAM20C 1 2 5.18 5.32E-05 B8.65E-D4
P17048 FLT1 Vascular endothelial growth factor receptor 1 5 7 -4.50 6.42E-08 2.57ED5
| 000822 CCN1 CCN family member { 1 2 <443 2 868E-07 ‘ 3.38E-D5

Pappalysin-1 is a metalloproteinase that upregulates cellular growth through its action on IGF.
The insulin-like growth factors (IGFs) circulate bound to high-affinity IGF-binding proteins (IGFBPs).
IGFBP4, bound to IGF, can be cleaved by the proteinase pregnancy associated plasma protein-A
(PAPP-A) to release IGF that can then activate its receptor, IGFIR (Barrios et al., 2021).

TGFB-1secreted from ADSCs has been found to be highly immunomodulating, exceeding the
suppressive effect of BMSCs by secreting more anti-inflammatory IL-6 and transforming growth
factor-p1, TGF-f1(Ceccarelli et al., 2020)

3.2. Fibroblast Secretome

The most upregulated proteins in fibroblasts included: Serglycin, which has been found to
facilitate tissue regeneration by increasing angiogenesis-related cell subtypes for endothelial tip cell
sprouting, inhibiting the endothelial-to-mesenchymal transition (EndoMT) population, and
facilitating the differentiation of progenitor cells (Zhang et al., 2023); Neuronal pentraxin 3 (PTX3)
interacts with extracellular matrix components, cross-linking HA chains and participating in tissue
remodeling. PTX3 also induces functional synapse formation (Fossati et al., 2019); Coagulation factor
X and its activated form, FXa, acts as a signaling molecule that promotes fibroblast activation and
tissue repair (Uniprot); Amyloid-beta precursor protein (APP) plays a role in skin homeostasis,
especially within the epidermis. It is primarily expressed in the basal cell layer, where its soluble form
(sAPP) acts as a growth factor, regulating keratinocyte proliferation, differentiation, and migration.
APP also has potential antimicrobial functions and may help with cell attachment (Medline Plus);
Lumican is an ECM matrikine that regulates multiple cellular activities and also has anti-MMP
activity, anti-tumor activity, and promotes wound healing (Uniprot); Syndecan-4 (SDC-4) is
important for fibroblast motility promoting migration into the fibrin-rich provisional matrix. This is
essential for granulation tissue formation and ECM deposition (Lin et al., 2005). SDC-4 also maintains
vascular integrity and barrier function (Park et al., 2025); Endosialin increases a-SMA expression and
collagen production in granulation tissues during the proliferative and remodeling phases of wound
healing, and regulates wound healing through PDGF-BB-mediated signaling pathways in fibroblasts
(Hong et al., 2019); Extracellular serine/threonine protein kinase FAM20C (Fam20C) is a kinase
involved in a broad range of biological processes, including lipid homeostasis, endopeptidase
inhibitor activity, wound healing, and cell adhesion and migration (Tagliabracci et al., 2015); Vascular
endothelial growth factor receptor 1 (VEGFR1) in exosomes plays a significant role in mediating
intercellular communication for angiogenesis in tissue repair (Han et al., 2019); CCN-1 directly and
indirectly regulates the processes of inflammation, angiogenesis, matrix remodeling, and cell-ECM
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interaction during wound repair. It reduces inflammation, inducing IL-6 (Choi et al., 2015) and
promotes an M2 macrophage phenotype (Aliyu et al., 2022).

3.3. Immune Modulating Proteins

A reduction in inflammation was one of the key attributes NeoGenesis Recovery provided to
wounded skin in the double-blinded, vehicle-controlled clinical study of skin that was wounded by
microneedling (Ngyuen et al. (2026). Upon recognizing molecular patterns associated with pathogens
or tissue damage, innate immune cells, such as macrophages, initiate inflammation with the release
of inflammatory mediators. In contrast to specific recognition of antigens by adaptive immunity,
innate immune cells evolved pattern recognition receptors (PRRs) to recognize a wide range of
pathogen-associated molecular patterns (PAMPs), molecular microbial signatures, and damage-
associated molecular patterns (DAMPs) released by injured or dying cells. As an example,
macrophage M1 phenotypes initiate inflammation by releasing pro-inflammatory mediators like
cytokines and chemokines such as TNF-alpha, IL-1beta, and IL-6 and chemokines such as CCL2,
CCL5, CXCL10, and MIP-1p. ADSC secretome has been found to modulate M1 macrophages to an
anti-inflammatory, pro-regenerative phenotype (Heo and Kim, 2022). IL-10 and TSG-6 are key anti-
inflammatory factors expressed in M2 macrophages (Wang et al., 2018). The secretome we analyzed
either contains many immune modulating, anti-inflammatory, proregenerative molecules or cause
their upregulation.

3.4. Examples of Released Proteins

ADAMTS-like protein 4: expression of ADAMTSL proteins is frequently observed in the
context of physiological tissue remodeling and during regeneration and repair after injury (Taye et
al., 2024).

ADP-ribosylation factor-like protein 3: ARL3 is essential for building cilia, hair-like structures
on cells crucial for sensory perception and signaling, and delivering cargo like lipids and proteins to
the cilia supporting their function (NLM).

S-adenosylmethionine synthase isoform type-2: important for producing S-
adenosylmethionine (SAMe), which is a vital molecule for skin health, acting as a methyl donor in
cell processes, supporting antioxidant glutathione production, and involved in collagen/elastin
synthesis, with research exploring its potential in wound healing, anti-aging, and melanoma
treatment (Kim et al., 2017).

Alipoprotein 1: anti-stress proteins (Dassati et al., 2014). It is a potent antioxidant that reduces
lipid hydroperoxides.

1,4-alpha-glucan-branching enzyme (GBE1): crucial in the skin (and all tissues) for creating
branched glycogen, making it soluble and usable for energy storage, with its deficiency causing
severe disorders (Froese et al., 2015).

Alpha-mannosidase 2: is a crucial enzyme for breaking down complex sugars (oligosaccharides)
in various body tissues, including the skin. Deficiency causes alpha-mannosidosis, leading to the
accumulation of these sugars, causing cellular damage (NIH-GARD).

Angiopoietin-related protein 4 (ANGPTL4): is a secreted pleiotropic protein that acts as a
critical regulator of skin wound healing, angiogenesis, and keratinocyte function. It is upregulated in
the epidermis during injury, accelerating re-epithelialization by enhancing cell migration, promoting
angiogenesis, and reducing scar-associated collagen (Goh et al., 2010).

Arginase-1: involved in metabolism and helps reduce inflammation by suppressing T cell and
natural killer (NK) cell proliferation and cytokine secretion (Uniprot)

Basement membrane-specific heparan sulfate proteoglycan core protein, also known as
Perlecan (HSPG2), is a massive, crucial component of basement membranes (BMs) that provides
structural integrity, maintains filtration barriers (like in kidneys), and regulates cell signaling,
adhesion, angiogenesis, and development by anchoring cells and binding growth factors (Kallunki
and Tryggvason, 1992).
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Bone morphogenetic protein 1 (BMP1): an extracellular metalloproteinase that plays many roles
in regulating the formation of extracellular matrix (Hopkins et al., 2007). Broad epidermal activation
of BMP is required for the development of rete ridge networks organized around underlying dermal
papillae; the space beneath the inter-ridge epidermis is occupied by ‘dermal pockets’, a prominently
vascularized region of the papillary dermis (Thompson et al., 2026). Rete ridges increase the contact
between the epidermis and the dermis, where fibers, blood vessels, and nutrients fill the tougher
dermis and support the more superficial epidermis. Because these ridges create extra contact between
the layers, skin can better endure the stretching, pulling, and rubbing it continually experiences.
When rete ridges flatten as we age, the dermis and epidermis do not contact as tightly, and as a result,
the skin becomes thinner, sags more easily, and is more prone to bruises and tears.

Calmodulin-like protein 5: is a calcium-binding protein heavily expressed in the differentiating
epidermis, specifically within the stratum granulosum and lower stratum corneum. It is essential for
keratinocyte differentiation, lipid barrier formation, and acts as a senescence-suppressing factor, and
functions in the terminal maturation of the epidermis, helping maintain skin barrier integrity (NLM).

Carbohydrate sulfotransferase 14 (CHST14/D4ST1): is an enzyme critical for biosynthesizing
dermatan sulfate (DS) in the skin’s extracellular matrix that is essential for collagen fibril assembly.
Deficiency in CHST14 leads to near-total loss of skin DS, causing musculocontractural Ehlers-Danlos
syndrome (mcEDS), characterized by skin hyperextensibility, extreme fragility, and easy bruising
(Kosho, 2015).

Cartilage Acidic Protein 1 (CRTAC1): functions as a modulator of dermal fibroblast activity,
promoting increased cell viability, proliferation, and metabolic activity. It plays a role in skin
regeneration and wound healing by enhancing fibroblast migration and aiding in the restoration of
tissue integrity (Felix et al., 2021).

Caspase-7: important in inflammation acting as a crucial “death facilitator” in normal processes
like immune clearance to remove inflammatory immune cells (Nozaki et al., 2022).

Caspase-14 (CASP14): is a unique enzyme in the caspase family, primarily expressed in skin
keratinocytes, playing a crucial role in epidermal differentiation and skin barrier formation, rather
than typical apoptosis. It's vital for processing filaggrin, maintaining hydration, and protecting
against UV damage, functioning in cornification, a specialized cell death for skin barrier creation. Its
expression and activity are linked to skin health, with dysregulation implicated in various cancers
and skin diseases (Denecker et al., 2008).

Catalase: An antioxidant that Catalyzes the degradation of hydrogen peroxide (H202)
generated by peroxisomal oxidases to water and oxygen, thereby protecting cells from the toxic
effects of hydrogen peroxide. The bacterium called Enterococcus faecalis (E. faecalis) can actively
interfere with wound healing. Tan et al. (2026) found that blocking the key biological effect of the
bacterium, which is rather than just relying on toxins it releases reactive oxygen species (ROS) that
disrupts the normal healing behavior of human skin cells (triggering an unfolded protein response
in epithelial cells, catalase can help skin cells recover and close the wound.

Catenin beta-1 (or beta-catenin, encoded by the CTNNBI1 gene) is a vital protein for linking cells
(cell adhesion) at adherens junctions and acting as a key signal transducer in the Wnt signaling
pathway, controlling cell growth, differentiation, and tissue renewal (Medline Plus).

CD109: is a GPI (Glycosylphosphatidylinositol)-anchored surface glycoprotein highly expressed
in skin keratinocytes, fibroblasts, and squamous cell carcinomas, acting as a crucial negative regulator
of TGF-f signaling. It modulates immune responses, reduces inflammation, and regulates epidermal
proliferation, with its deficiency leading to skin hyperplasia and increased susceptibility to psoriasis-
like inflammation (Murakami, 2025).

Cellular retinoic acid-binding protein 1: (Crbp1) is a protein that chaperones retinol, facilitating
its conversion into other forms such as retinal and all-trans-retinoic acid (ATRA), and delivers ATRA
to nuclear receptors, thus playing a crucial role in the metabolism and specific actions of retinoids
within cells (Napoli and Yoo, 2020).
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Cellular retinoic acid-binding protein 2: (CRABP2) is a crucial cytosolic protein that binds all-
trans-retinoic acid (a form of vitamin A), regulating its transport and delivery to nuclear receptors to
control gene expression, cell growth, differentiation, apoptosis, regulating inflammation and
autoimmunity, and playing vital roles in skin health (Takazawa et al., 2019).

Centromere protein S: Required for the normal activation of the FA pathway, leading to
monoubiquitination of the FANCI-FANCD2 complex in response to DNA damage and prevention
of chromosomal breakage (Uniprot).

Charged multivesicular body protein 5 (CHMPS5): is a key component of the ESCRT-III complex
that regulates endosomal sorting, receptor degradation, and, in many contexts, apoptosis and cell
survival. It is essential for late endosome/multivesicular body (MVB) function, likely playing a crucial
role in skin homeostasis by managing protein trafficking and degradation (Shim et al., 2006).

Chondroitin sulfate proteoglycan 4 (CSPG4): acts as a cell-surface transmembrane
proteoglycan in normal human skin, primarily localized on dermal papilla keratinocytes and outer
root sheath hair follicles, where it supports cell adhesion, growth, and development. It plays a key
role in mediating signaling pathways, acting as an extracellular reservoir for growth factors to
support tissue maintenance and repair (Gunnarsson et al., 2017).

Coiled-coil domain-containing protein 80 (CCDC80): is a secreted extracellular matrix (ECM)
protein involved in cell-substrate adhesion, fatty acid metabolism regulation, and tissue
development. It is widely distributed, including skin tissue, and is known for its role in maintaining
normal dermal structures (NLM).

Collagen alpha-1(XII) chain: is a FACIT collagen (Fibril-Associated Collagens with Interrupted
Triple helices) that acts as a molecular bridge, associating with type I collagen fibrils to regulate skin
tensile strength, structure, and matrix organization. It is crucial for skin homeostasis and repair, with
deficiencies linked to lax skin, joint hypermobility, and abnormal healing (NLM).

Collagen and calcium-binding EGF domain-containing protein 1 (CCBE1): is a secreted
extracellular matrix protein essential for lymphangiogenesis, primarily driving the maturation and
migration of lymphatic vessels (Roukens et al., 2015).

CSF-1 (colony-stimulating factor 1): promotes skin capillary longevity (Mesa et al., 2025). CSF-
1 induces M2 macrophage activation. This activation leads to the secretion of high amounts of IL-10
and low levels of IL-12, thus reducing inflammation (Jones and Ricardo, 2013; Trus et al., 2020).

Corneodesmosin (CDSN): is a secreted, glycine/serine-rich glycoprotein essential for skin
barrier integrity, primarily acting as an adhesive molecule in corneodesmosomes of the upper
epidermis. It binds corneocytes together, and its sequential proteolysis is necessary for skin
desquamation (Garrod and Chidgey, 2008).

Cullin-2: As part of the proteasome system, CUL2 participates in the turnover of proteins, which
is crucial for maintaining proper keratinocyte differentiation and skin barrier function (Cai et al.,
2016).

DDX42 (DEAD-box helicase 42): is an ATP-dependent RNA helicase that regulates RNA
metabolism, splicing, and innate immunity, with potential implications in skin cell homeostasis. It
acts as an intrinsic antiviral inhibitor against viruses such as HIV-1 and SARS-CoV-2 and engages in
cell survival and stress responses (Bonaventure et al., 2022).

Decorin (DCN): Neill et al. (2012) have written, “decorin can be considered a “guardian from
the matrix” because of its innate ability to oppose pro-tumorigenic cues.” Decorin directly binds and
down-regulates several receptor tyrosine kinases that are often overexpressed in cancer cells. The
decorin interactome is a powerful antitumorigenic signal that potently represses and attenuates
tumor cell proliferation, survival, migration, and angiogenesis. Kang et al. (2025) identified DCN as
an essential paracrine factor mediating the antifibrotic effect of ADSCs.

Dermatopontin: an extracellular matrix protein. Decreased expression of dermatopontin is
associated with the pathogenesis of fibrosis in hypertrophic scar and systemic sclerosis (Kuroda et
al., 1999).

Dermcidin: An anti-microbial peptide with broad actions against pathogens (Uniprot).
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Dermokine: a skin-specific, secreted glycoprotein primarily located in the upper epidermis that
plays a critical role in maintaining the skin barrier. Dermokine has also been found to modulate ERK
signaling and influence cell-cell adhesion in keratinocytes, impacting wound edge repair (Naso et al.,
2007).

Desmocollin 1 (DSC1): is a crucial cell adhesion protein in desmosomes, linking epithelial cells
together for tissue strength, especially in skin’s outer layers, and connecting to the cell’s internal
skeleton (intermediate filaments). As part of the cadherin family, DSC1 works with desmogleins (like
Dsgl) to maintain skin barrier function (Uniprot).

Desmocollin-3 (Dsc3): is a transmembrane glycoprotein and calcium-dependent adhesion
molecule (100-110 kDa) that serves as a key component of desmosomes, anchoring intermediate
filaments to the plasma membrane in stratified epithelia. It maintains epidermal integrity and hair
follicle anchorage (NLM).

Desmoglein-1 (Dsgl): is a crucial cell adhesion protein in the epidermis, forming part of
desmosomes that link skin cells (keratinocytes) for structural integrity, especially in upper skin
layers, also playing roles in cell differentiation and signaling (Hammers and Stanley, 2013).

Dickkopf-3: Dkk3 (hrDkk3) was highly protective against oxidative stress in a variety of
cultured cell types (Busceti et al., 2018) and is atheroprotective (Yu et al., 2017).

Disks large homolog 1 (DIgl): is a critical scaffolding protein in the skin’s epidermis, essential
for maintaining epithelial cell polarity, adherens junction integrity, and gap junctional intercellular
communication by stabilizing Connexin 43 (Cx43) at the plasma membrane. It forms part of the
Scribble complex and acts as a tumor suppressor, regulating keratinocyte proliferation (Scott et al.,
2023).

DNA helicase MCMS: usually works in a MCM8/9 complex to repair double-stranded breaks
(Lee et al, 2015). It is a AAA+ ATPase protein essential for DNA repair via homologous
recombination and maintaining genomic integrity. It acts as a heterohexameric helicase to stabilize
and restart stalled replication forks (Griffin et al., 2022).

DNAJC3 (DnaJ homolog subfamily C member 3: is a human protein-coding gene that acts as
an essential endoplasmic reticulum (ER) co-chaperone for HSPA8/HSC70. It plays a critical role in
the unfolded protein response (UPR) by preventing protein aggregation and inhibiting
EIF2AK2/PKR, thereby regulating protein synthesis during ER stress (UniProt).

Drebrin: is an actin-binding protein found in human skin, particularly concentrated in hair
follicles and eccrine sweat glands (Peitsch et al., 2005).

Dual specificity mitogen-activated protein kinase kinase 2: Involved in post-translational
modifications of proteins, enabling proteins to function normally (Juyoux et al., 2025).

Echinoderm microtubule-associated protein-like 4 (EMLA4): is a crucial protein that maintains
skin homeostasis by stabilizing microtubules, which are essential for cellular structure, division, and
function. It regulates keratinocyte migration and proliferation, which are critical processes for re-
epithelialization and wound healing in the skin. EML4 also organizes the mitotic spindle, ensuring
proper cell division

EGF-containing fibulin-like extracellular matrix protein 2: is necessary for elastic fiber
formation in skin and blood vessels (McLaughlin et al., 2006).

EMILIN-1 (Elastin Microfibril Interfacer-1): is a cysteine-rich extracellular matrix glycoprotein,
encoded by the EMILIN1 gene, that acts as a structural component of elastic fibers and a key regulator
of tissue homeostasis. It also plays a role in tumor suppression (NLM).

EMILIN-2: is an extracellular matrix (ECM) glycoprotein, part of the FEBS Press elastin-fibrillin
microfibril system, crucial for maintaining skin architecture and structural integrity. It is primarily
deposited in the reticular dermis, perivascular regions, and around hair follicles (Schiavinato et al.,
2016).

Endothelial cell-specific molecule 1 (ESM-1); is a 50 kDa soluble proteoglycan secreted
primarily by vascular endothelial cells, acting as a key regulator of angiogenesis, cell adhesion, and
inflammation. In normal skin, it helps maintain vascular homeostasis
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Epiplakin (EPPK1): is a large cytoplasmic protein in the plakin family, crucial for cytoskeleton
organization, especially connecting keratin intermediate filaments in epithelial tissues like skin and
hair. Links to keratin networks under stress, protecting them from damage (Goto et al., 2006).

Endoplasmic reticulum (ER) chaperone BiP (Binding immunoglobulin Protein): also known
as GRP78, is a crucial Hsp70 family protein that manages protein folding, assembly, and quality
control in the ER lumen, helping new proteins fold correctly, maintaining calcium homeostasis, and
sensing ER stress to activate the Unfolded Protein Response (UPR). Working with co-chaperones like
ERdjs, BiP ensures proteins are correctly processed or targeted for degradation, playing a vital role
in overall ER function and cellular survival, especially under stress (Probe et al., 2019).

Endoplasmic reticulum mannosyl-oligosaccharide 1,2-alpha-mannosidase: Involved in
glycoprotein quality control targeting of misfolded glycoproteins for degradation (Uniprot).

Envoplakin (EVPL): is a vital structural protein in the epidermis acting as a linker between
intermediate filaments (like keratins) and cellular junctions (desmosomes) and serving as a precursor
for the protective cornified envelope (CE) that forms the skin’s outer barrier. It is significant in
autoimmune conditions like paraneoplastic pemphigus (PNP), where antibodies target it, making it
a diagnostic marker (NLM).

Epiplakin: Epiplakin is important linker protein important for maintaining keratin organization;
expression is lost in psoriatic skin lesions (Kiihtreiber et al., 2025)

Ethylmalonyl-CoA Decarboxylase: an enzyme Involved in metabolite proofreading, for
example, it corrects a side activity of acetyl-CoA carboxylase, the production of ethylmalonyl-CoA, a
potentially toxic metabolite formed at a low rate from butyryl-CoA by acetyl-CoA carboxylase and
propionyl-CoA carboxylase, two major enzymes of lipid metabolism, and suggest that its dysfunction
may be involved in the development of certain forms of ethylmalonic aciduria (Linster et al., 2011).

E3 ubiquitin-protein ligase ARIH1: Important for clearance of dysfunctional proteins (Purser
et al., 2023).

Eukaryotic initiation factor 4A-III: crucial for mRNA quality control (NLM)

Eukaryotic translation initiation factor 4 gamma 1 (eIF4G1): is a crucial scaffolding protein that
builds the elF4F complex, essential for cap-dependent mRNA translation by linking mRNA to
ribosomes, regulating protein synthesis (NLM).

Eukaryotic translation initiation factor 6 (eIF6): is a vital protein regulating ribosome assembly
and protein synthesis, preventing premature joining of 60S and 40S ribosomal subunits in the
cytoplasm while promoting 60S maturation in the nucleus, acting as a crucial link between ribosome
biogenesis and translation, and playing roles in cell growth, metabolism (Miluzio et al., 2009).

Eukaryotic translation initiation factor 2-alpha kinase 3 (EIF2AK3): is a type I transmembrane
protein located in the endoplasmic reticulum (ER) that acts as a sensor for ER stress, facilitating the
translation of specific stress-response proteins like ATF4 that helps manage cellular stress (Baird et
al., 2012).

Extracellular matrix protein 1: interacts with a variety of extracellular and structural proteins,
contributing to the maintenance of skin integrity and homeostasis (NLM).

Extracellular serine/threonine protein kinase FAM20C (Fam20C): generates the majority of the
extracellular phosphoproteome. The secreted phosphoproteome in skin consists of extracellular
proteins modified by phosphorylation dependent on the kinase Fam20C that play crucial roles in
maintaining epidermal homeostasis, promoting wound healing, and regulating cell-cell
communication. These proteins are vital for extracellular matrix (ECM) remodeling, mediating cell
adhesion and migration (Tagliabracci et al., 2015).

Extracellular sulfatase Sulf-2 (SULF2): an enzyme that acts on the extracellular matrix. Its
primary function is to remove specific sulfate groups (6-O-sulfates) from heparan sulfate
proteoglycans (HSPGs) on cellular surfaces. By modifying these structures, SULF2 mobilizes growth
factors (such as Wnt proteins and FGF) that are normally tethered to the matrix, allowing them to
bind their receptors and activate signaling pathways involved in tissue repair (El Masri et al., 2017).
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FAS-associated factor 1 (FAF1): acts as a scaffold protein that regulates apoptosis, reducing NF-
kappaB activity (Park et al., 2004) and therefore reducing senescence, and protein degradation,
essential for maintaining skin homeostasis and cellular turnover. It facilitates the Fas death-inducing
signaling complex and helps regulate keratinocyte apoptosis and immune responses, contributing to
proper skin cell turnover and damage management (Menges et al., 2009).

Fatty acid-binding protein 5 (FABP5): acts as an intracellular chaperone, binding and
transporting hydrophobic fatty acids like DHA and retinoic acid to specific cellular locations, playing
key roles in lipid metabolism, signaling, and transport across the blood-brain barrier (BBB). Its normal
functions include delivering lipids for membrane synthesis, activating nuclear receptors (PPARB/d)
for gene regulation (like cell growth/survival), modulating inflammation, and facilitating crucial
nutrient transport (Pan et al., 2015; Figueroa et al., 2016).

FERM, ARHGEF and pleckstrin domain-containing protein 1: synaptogenic protein Farpl
links postsynaptic cytoskeletal dynamics and transsynaptic organization, supporting neuronal
function.

FNDC1: promotes cardiotoxin (CTX)-induced muscle regeneration in adult mice. Furthermore,
recombinant FNDC1 treatment ameliorated pathological muscle phenotypes in the mdx mouse
model of Duchenne muscular dystrophy. Mechanistically, FNDC1 bound to the integrin a5p1 and
activated the downstream FAK/PI3K/AKT/mTOR pathway to promote myogenic differentiation
(Zhang et al., 2025).

Fibrillin-2: is a crucial extracellular matrix protein that forms microfibrils, acting as a scaffold
for elastic fiber assembly during development and providing structural support and elasticity to
connective tissues like skin, blood vessels, and ligaments. Fibrillin-2 forms microfibril scaffolds for
elastic fibers in the skin, providing elasticity and strength, and regulating growth factors like TGF-3
(Brinkman et al.

Fibroblast growth factor 2 (FGF2): Fibroblast growth factor-2 (FGF2) has multiple roles in
cutaneous wound healing but its natural low stability typically prevents the development of its use
in skin repair therapies. Petit et al. (2022) found that FGF2 binds the outer surface of dermal fibroblast
(DF)-derived extracellular vesicles (EVs) and this association protects FGF2 from fast degradation
allowing it to have pleiotropic effects in wound healing.

Fibulin-2 (FBLN2) is a secreted extracellular matrix (ECM) glycoprotein that acts as a crucial
scaffold, bridging various ECM components like fibronectin, collagen, and elastin, vital for tissue
structure and critical for basement membrane integrity (Ibrahim et al., 2018)

Filaggrin-2 (FLG2): is a 248 kDa crucial for maintaining epidermal barrier function, hydration,
and terminal differentiation of keratinocytes. Expressed in the upper epidermis, it produces natural
moisturizing factors, protects against infections, and its deficiency is linked to conditions like atopic
dermatitis and peeling skin syndrome (Panderies et al., 2015).

Four-jointed box protein 1 (FJX1): it is part of the Fat-Dachsous-Four-jointed (Ft-Ds-Fj) signaling
pathway that is critical for planar cell polarity (PCP), which regulates tissue homeostasis and
structure (Buttler and Wallingford, 2017).

14-3-3 protein sigma: 14-3-3 protein sigma (also called Stratifin or SFN) is a crucial cell cycle
regulator and tumor suppressor, acting as an adaptor protein that binds to other proteins (like p53)
to control cell division, promote DNA repair (G2/M checkpoint), and trigger apoptosis, often lost in
cancers (Yang et al., 2003).

Galectin-1: Galectin-1 (Gal-1) exerts immune-regulatory and anti-inflammatory actions in acute
and chronic inflammation. Its release into the extracellular milieu often correlates with the peak of
inflammation, suggesting that it may serve a pro-resolving function. Gal-1 inhibits neutrophil
recruitment and induces surface exposure of phosphatidylserine (PS), an “eat me” signal on the
surface of neutrophils and reduces neutrophil numbers during inflammation (Law et al., 2020) and
polarizes macrophage into an anti-inflammatory type (Yaseen et al., 2020). Further, Gal-1 controls T
cell and B cell compartments by modulating receptor clustering and signaling that serves as a
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negative-regulatory checkpoint to reprogram cellular activation, differentiation, and survival
(Sundblad et al., 2017).

Galectin-3: In normal adult human skin Gal 3 is expressed in the cytoplasm of keratinocytes in
the basal and particularly in the supra-basal layers, in hair follicles, sweat and sebaceous glands, in
the extracellular matrix of the dermis, in proliferating fibroblasts, Langerhans cells, mast cells, and
melanocytes. Loss of Galectin-3 expression may play a role in the genesis of epithelial skin cancer.
This is supporting evidence that Galectin-3 can exert tumor-suppressive effects (Mollenhauer et al.,
2003; Pasmatzi et al., 2019).

Gamma-glutamyl hydrolase (GGH): is a lysosomal enzyme that plays a critical role in folate
homeostasis by breaking down (hydrolyzing) polyglutamylated folate into monoglutamate forms.
This process reduces intracellular folate retention, allowing it to be exported from the cell, and
maintains the balance between different folate forms. Folates play in purine and pyrimidine
nucleotide biosynthesis to supply precursors for DNA repair and synthesis (Williams et al., 2012).

Gasdermin-A: important for tight junction formation and stratum corneum maturation and
homeostasis (Huang et al., 2023).

Glutaredoxin-1 (Grx1) is a crucial, small protein that maintains cellular redox balance by using
glutathione to reduce protein disulfide bonds and regulate protein function through reversible
glutathionylation, protecting cells from oxidative stress (Sun et al., 2017).

Glutathione S-transferase omega-1 (GSTO1): functions to protect cells from oxidative stress
and toxic compounds by regulating protein function through glutathionylation/deglutathionylation,
playing roles in detoxification, immunity, cancer survival, and metabolism by removing glutathione
from proteins, controlling redox signaling, and influencing inflammation pathways like NF-kB,
acting as a critical cellular regulator of protein activity and stress response (Board and Anders, 2007).

Glypican-1: GPC-1 in skin is significantly decreased with the age and regulates cellular growth
through modulation of FGF2 (Perrot et al., 2019).

Growth arrest-specific protein 6: protein GAS6 skewed wound healing towards the
regenerative phenotype, leading to faster healing and less severe scarring (Griffen et al., 2025).

Growth Factor Receptor-Bound Protein 2 (GRB2), is a crucial signaling adaptor protein that
plays a pivotal role in intracellular signal transduction pathways. It is particularly important piece
RTK signaling, which is integral for cellular processes such as cell growth, differentiation, and
survival, as well as in the transduction of other important physiological and molecular pathways
with crucial role for cell homeostasis (Malagrino et al., 2024).

Guanylate-binding protein 6 (GBP6) is an interferon-induced GTPase expressed in human skin,
where it acts as a mediator of innate immunity against pathogens. Studies indicate GBP6 is present
at relatively high levels in normal human skin tissue, playing a potential role in surveillance and anti-
microbial defense (Kirby et al., 2023).

Heparan sulfate glucosamine 3-O-sulfotransferase 3A1: is a Golgi-resident enzyme that adds
a specific 3-O-sulfate group to heparan sulfate (HS) chains. It is part of the mechanism creating the
specialized HS structural diversity necessary for cellular regulation, tissue development, and
maintaining extracellular matrix (ECM) integrity in tissues like the skin (Uniprot).

HDF2: essential for DNA repair, telomere maintenance, and gene silencing (Uniprot).

Heat shock protein beta-1: HSPB1 is a small HSP that helps protect cells that are under stress
from factors such as infection, inflammation, exposure to toxins, elevated temperature, injury, and
disease. Heat shock proteins block signals that lead cells to self-destruct (undergo apoptosis). In
addition, they appear to be involved in cell movement, stabilizing the cell’s structural framework (the
cytoskeleton), folding and stabilizing newly produced proteins, and repairing damaged proteins.
Heat shock proteins also play a role in the tensing of muscle fibers, muscle contraction (Medline Plus).
HSPB1 also stimulates the production of IL-10 in monocytes and thus can suppress the immune
response. Extracellular HSPB1 inhibits the differentiation of monocytes towards macrophages and
dendritic cells and blocks their maturation. In addition, extracellular HSPB1 was found to induce T-
cell anergy and to secrete anti-inflammatory mediators (Kolinski et al., 2016).
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Heat shock 70 kDa protein: HSP70, which has been linked to proper folding and transport of
newly synthesized proteins, anti-inflammatory processes, and protection against photodamage.
HSP70 and HSP90, act as molecular chaperones that influence macrophage polarization by stabilizing
signaling molecules, such as STAT6, and transcription factors that promote the anti-inflammatory,
tissue-repairing M2 phenotype. HSPs are involved in the epigenetic control of M1 to M2 switching,
with elevated expression often associated with the M2-type activation in tissue regeneration. Heat
shock proteins found in the secretome help facilitate this, for example, by maintaining and biasing T-
cells towards the anti-inflammatory Treg subtype (Kolinski et al., 2016).

Heat Shock Protein 90: The molecular chaperone heat shock protein 90 (Hsp90) facilitates
metastable protein maturation, stabilization of aggregation-prone proteins, quality control of
misfolded proteins, and assists in keeping proteins in activation-competent conformations (Zuehlke
etal., 2018). Involved in epigenetic regulation through actions on chromatin; Hsp90 has a strong effect
on the histone code via stabilization of KDM4B, which demethylases H3K9 (Trerotola et al., 2015).

Hepatoma-derived growth factor-related protein-3: a neurotrophic and neurite outgrowth-
promoting factor that protects and rescues neurons (Abouzied et al., 2010).

Heterogeneous nuclear ribonucleoprotein U (HNRNPU): is a crucial RNA-binding protein
essential for proper skin development, influencing epidermal stem cell maintenance, differentiation,
and formation of structures like hair follicles, with recent research highlighting its role in preventing
premature skin cell aging and ensuring skin barrier integrity (Hong et al., 2025).

Histone-binding protein RBBP7: RBBP7, often working with RBBP4, ensures accurate histone
modifications, such as managing histone acetylation levels, which is crucial for processes like meiosis,
development, and in tissue remodeling (Xiao et al., 2022).

Hornerin (HRNR): is localized in the stratum granulosum and stratum corneum and forms high
molecular weight multimeric HRNR fragment complexes. HRNR contributes to the cornified
envelope and HRNR fragments have antimicrobial and protective functions in healthy skin. The full-
length HRNR protein is auto-processed by an unknown mechanism into multiple novel fragments
with antimicrobial activity to gram-negative bacteria and fungi. A reduction in HRNR expression is
associated with epidermal barrier defects, which have been observed in patients with atopic
dermatitis, a common chronic inflammatory skin disease (Garrels et al., 2017).

Hydroperoxide isomerase ALOXE3: ALOXES3 is a non-heme iron-containing enzyme, primarily
expressed in the skin, that acts as a hydroperoxide isomerase to maintain the skin barrier. Working
downstream of ALOXI12B, it converts fatty acid hydroperoxides (like 12R-HPETE) into
epoxyalcohols, crucial for cementing lipids to proteins in the epidermis. Mutations cause autosomal
recessive congenital ichthyosis (Yu et al., 2003).

Hypoxia up-regulated protein 1 (HYOU1): is a molecular chaperone located in the endoplasmic
reticulum (ER) that maintains cellular homeostasis under stress. It acts as a critical cytoprotective
protein, upregulated in hypoxic and ER-stressed cells, facilitating protein folding and mediating the
unfolded protein response. HYOUI also mediates hypoxia-induced TGF-beta3 expression, a potent
anti-scarring cytokine (Scheid et al., 2002).

Insulin-like growth factor-binding protein 3 (GFBP-3): plays a crucial role in skin health by
binding to IGFs, regulating their activity, and influencing skin cell (keratinocyte) proliferation,
differentiation, and survival, acting as a key modulator of epidermal homeostasis, with roles in
wound healing (Edmundson et al., 1999).

Integrin Alpha 4: ECM protein that helps bind cells to matrix (Gailit et al., 1993).

Inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4): is a glycoprotein, part of the inter-alpha
inhibitor family, involved in regulating inflammation and stabilizing the extracellular matrix (ECM).
In skin, ITIH4 promotes collagen synthesis (COL1A1) and fibroblast migration, playing a crucial role
in wound healing and tissue repair (Bost et al., 1998).

Keratin 17 (KRT17) is a Type I cytoskeletal protein crucial for skin structure, especially in
appendages like hair follicles, nails, and sebaceous glands, forming strong intermediate filaments
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with keratin 6 to provide resilience against friction. It increases barrier function and is important for
normal hair follicle function (Pang et al., 2022).

Keratin, type II cytoskeletal 73 (KRT73) is a basic-neutral protein encoded by the KRT73 gene
in humans (located on chromosome 12q13) and mice. As an intermediate filament protein, it plays a
key role in the structural integrity of the inner root sheath (IRS) of hair follicles. It is also known as
cytokeratin-73 or Ké6irs3 (Uniprot).

Keratinocyte proline-rich protein (KPRP or hKPRP) is a marker of terminal keratinocyte
differentiation in human stratified squamous epithelia. It is primarily expressed in the upper granular
layers of the skin, contributing to cornified cell envelope formation and skin barrier integrity (Suga
et al., 2019).

Kinesin-like protein KIF13A: a microtubule-based motor critical for intracellular transport,
particularly in skin melanocytes, where it facilitates melanosome maturation and pigmentation. It
acts by transporting melanogenic enzymes from recycling endosomes to peripheral maturing
melanosomes, cooperating with the AP-1 complex to maintain skin pigmentation. Melanosomes are
specialized, membrane-bound organelles (\ (~500\ text{nm}\)) found in melanocytes, retinal pigment
epithelial (RPE) cells, and lower vertebrate melanophores, responsible for the synthesis, storage, and
transport of melanin. They provide vital photoprotection against UV radiation and determine skin,
hair, and eye pigmentation. Defects in their biogenesis lead to disorders like albinism, while their
dysfunction is linked to melanoma progression (Wiriyasermkul et al., 2020).

Lactadherin: (MFG-E8) is a glycoprotein crucial for skin health, specifically in promoting
cutaneous wound healing, angiogenesis (blood vessel formation), and tissue remodeling. It supports
healing by regulating the migration of fibroblasts and pericytes into wound areas. Additionally, it
aids in clearing apoptotic cells, which helps reduce inflammation (Uchiyama et al., 2014).

Latent-transforming growth factor beta-binding protein 1: connective tissue structure protein
that serves as a force bearing element and scaffold for elastin deposition in the dermis, but also as an
important repository for latent TGF-f in the skin (Raghunath et al., 1998).

Lumican: Chakravarti et al. (1998) established a crucial role for lumican in the regulation of
collagen assembly into fibrils in various connective tissues, including the skin.

Lysal Oxidase Type 1: is essential to the biogenesis of connective tissue, encoding an
extracellular copper-dependent amine oxidase that catalyzes the first step in the formation of
crosslinks in collagen and elastin (NLM)

Lysyl oxidase homolog 2 (LOXL2): is a copper-dependent amine oxidase enzyme that catalyzes
the cross-linking of collagen and elastin in the extracellular matrix, playing a critical role in tissue
remodeling.

Lysyl Oxidase Homolog 3 (LOXL3) is a copper-dependent enzyme crucial for forming stable
connective tissues by catalyzing cross-links in collagen and elastin, and it also has unique roles,
including modifying fibronectin and regulating immune cell differentiation via STAT3 (Lee et al,,
2006), and Is required for ordered collagen fibrillogenesis (Herchenhan et al., 2015).

Mannosyl-oligosaccharide 1,2-alpha-mannosidase IA: MAN1A1 regulates sugar molecules in
the body, acting as a specific pair of “scissors” in the cell’s sugar-processing factory (Golgi). When
skin cancer develops, for example, these scissors are often missing or less active, causing a buildup
of specific sugar chains that can make cancer cells grow and spread faster (Chatterjee et al., 2021).

Matrix metalloproteinase-19 (MMP-19) is a secreted enzyme constitutively expressed in healthy
human skin, specifically within basal keratinocytes, hair follicles, and sweat glands, where it
functions in tissue remodeling and cell migration. It maintains normal skin homeostasis by degrading
extracellular matrix (ECM) components like collagen IV and collagen I, playing a key role in wound
healing (Sadowski et al., 2003).

Matrix-remodeling-associated protein 5 (MXRAS5), is an adhesion proteoglycan involved in
extracellular matrix (ECM) remodeling, cell-cell adhesion, and anti-inflammatory and anti-fibrotic
processes (Poveda et al., 2017).
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Metalloproteinase inhibitor 1: TIMP-1 has been implicated in a number of biological processes,
including growth factor activity, tissue remodeling, inhibition of angiogenesis, changes in cell
morphology (Gomez et al., 1997).

Meteorin-like protein (Metrnl, or Meteorin): is a secreted immunoregulatory protein expressed
in skin and barrier tissues, acting as a crucial mediator for maintaining normal skin homeostasis. It
promotes wound healing by stimulating angiogenesis and epithelialization, while also serving as an
anti-inflammatory modulator that suppresses allergic skin inflammation, such as in atopic dermatitis
(Ushach et al., 2015).

Microtubule-actin cross-linking factor 1 (MACF1) is a large, versatile cytoskeletal protein
expressed in skin, where it crucial for organizing actin and microtubule networks, influencing cell
migration, adhesion, and epidermal tissue integrity. MACFlal (ACF7) is highly expressed in skin
tissue, while multiple isoforms help regulate skin stem cell dynamics and F-actin organization
(Goryunov and Liem, 2016).

NAD(P)H-hydrate epimerase: Encoded by the NAXE gene, formerly APOA1BP. Damage and
repair of metabolites has become an emerging field of research. Aberrant metabolites can arise either
spontaneously or by enzymatic side reactions and can result in neutral or harmful species. To prevent
toxic effects on the cell, damage-control systems have developed that either remove or recycle the
aberrant metabolite, such as metabolite NADHX and NADPHX (Kremer et al., 2016). Deficiencies in
this enzyme lead to inflammation and erosive plaques in the skin (Abdulkarim et al., 2025).
Detoxification of endogenous and exogenous metabolites in the skin decreases oxidative stress in the
skin that may then reduce insulin resistance (Liu et al., 2012).

N6-Methyl-AMP deaminase: enzyme necessary for clearing RNA degradation products (Chen
et al., 2018).

Neuron-derived neurotrophic factor (NDNF): A neurotrophin involved in the maintenance of
nerves in the CNS and periphery, including the skin. Neurotrophins also protect cell types other than
neurons in the skin (Botchkarev et al., 2006).

Sorting nexin-6 (SNX6): Regulation of protein sorting and prevention of amyloid (3-peptide (Af3)
accumulation (Okada et al., 2010).

Nidogen-2 (NID2): is a crucial, widely expressed basement membrane (BM) protein in the skin
that supports structural integrity and promotes the development of a functional skin-organotypic
basement membrane. It acts as a key component in the dermal-epidermal junction (Bechtel et al.,
2012).

Olfactomedin-2 (OLFM2) is a pleiotropic, secreted glycoprotein emerging as a regulator of
energy homeostasis. The expression of OLFM2 is inversely associated with obesity. OLFM2 levels
increase during adipogenesis and are suppressed in inflamed adipocytes (Lluch et al., 2025).

Pappalysin-1 (PAPP-A): is a zinc-dependent metalloproteinase found in human skin,
particularly in the epidermis, sebaceous glands, and hair follicles, where it plays a role in wound
healing and tissue remodeling. It regulates IGF-1 bioavailability by cleaving IGFBPs, promoting
growth and repair (Chen et al., 2003).

Patatin-like phospholipase domain-containing protein 2 (PNPLA2): is critical for lipase
activity and lipid degradation in various tissues, including skin cells, making it vital for maintaining
normal lipid metabolism and preventing fat accumulation in the epidermis and therefore preventing
barrier disruption (Janssen et al., 2013).

PD-L1 Ligands: Important anti-inflammatory ligands that control T-cell mediated inflammation.
This is important for driving the anagen phase of the hair follicle where immunoprivilege is critical
(Severino et al., 2025).

Peroxidasin: creates sulfilimine cross-links that are essential for growth factor-induced cell
proliferation and survival in endothelial cells, an event essential to basement membrane integrity
(Lee et al., 2020).

Peroxiredoxin-2: (Prx II) in the skin is a crucial antioxidant enzyme that protects cells from
oxidative stress by reducing peroxides, regulating cell proliferation, differentiation, and apoptosis,
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and plays a key role in skin health, wound healing, aging. Han et al. (2005) have found that Prx II
may function as an enzymatic antioxidant to prevent cellular senescence and skin aging.

Peroxiredoxin 6 (PRDX®6) is a vital, multifunctional antioxidant enzyme found in all human
tissues, especially abundant in the lungs, acting as a first line of defense against oxidative stress by
neutralizing harmful peroxides, including those in cell membranes. It uniquely possesses both
glutathione peroxidase (reducing hydroperoxides) and phospholipase A2 (repairing oxidized lipids)
activities, playing crucial roles in cell survival, lung health, lipid metabolism, and signaling
pathways, with its deficiency linked to various diseases like diabetes, cataracts, and cancer (Fisher,
2011).

Peroxisomal biogenesis factor 19: Important for the biogenesis of peroxisomes that are involved
in lipid metabolism (Wanders et al., 2023). Peroxisomes also counteract the compromising effects of
ROS by antioxidant enzymes. Among these are peroxisomal catalase, glutathione peroxidase,
peroxiredoxin I and Pmp20p to degrade hydrogen peroxide and CuZnSOD and MnSOD to detoxify
superoxide anions and provide benefit to aging cells (Manivannan et al., 2012).

Phospholipid hydroperoxide glutathione peroxidase 4: (GPX4) is a vital antioxidant enzyme
protecting cells from lipid peroxidation and oxidative stress, uniquely reducing lipid hydroperoxides
directly, and is crucial for preventing ferroptosis (a form of cell death) and ensuring functions like
sperm development and neuronal survival. As a selenoprotein, it works in the cytosol, mitochondria,
and nucleus, existing in different isoforms, and its dysfunction links to cancer, aging, and
neurodegenerative diseases (Borchert et al., 2006).

Pigment epithelium-derived factor: (PEDF) is a multifunctional protein crucial in skin, acting
as a potent anti-angiogenic agent (inhibiting new blood vessel formation), regulating wound healing
by promoting vessel regression and collagen maturation, and influencing melanocyte function, with
lower levels potentially linked to melanoma and altered levels seen in conditions like diabetes and
psoriasis (Michalzyck et al., 2018)

Plakophilin 1 (PKP1): is an important plaque component of desmosomes, major intercellular
adhesive junctions that function as anchorage points for intermediate filaments. PKP1 is a novel
tumor suppressor (Haase et al., 2019).

Plectin is a massive (500 kDa) cytolinker protein essential for maintaining skin mechanical
stability by connecting intermediate filaments (keratin) to hemidesmosomes, which anchor basal
keratinocytes to the basement membrane. Mutations in the PLEC gene cause severe, inherited skin
blistering disorders, such as epidermolysis bullosa simplex with muscular dystrophy (EBS-MD), and
contribute to skin fragility (Kiritsi et al., 2021).

Plexin-B3: Controls cellular migration, invasiveness, and colony formation in three-dimensional
culture, thus normalizing cellular motility (Saxana et al., 2021).

Polycomb repressive complex 1 (PRC1): a critical chromatin regulator, is essential for skin
epithelium morphogenesis and stem cell specification, and controls skin development through
regulation of silent and active genes (Cohen et al., 2018).

Polypeptide N-acetylgalactosaminyltransferase 2 (GALNT2): is an enzyme that initiates
mucin-type O-glycosylation, a critical post-translational modification, and is widely expressed in
tissues, including basal keratinocytes in the skin. It is involved in glycoprotein folding and stability,
playing a role in regulating skin barrier functions (Mercanoglu et al., 2024).

Polypeptide N-acetylgalactosaminyltransferase 10: involved in glycosylation of proteins that
expand the structural diversity of the proteome, affecting protein folding, stability, processing,
trafficking, immune recognition, and biological activity (Nielson et al., 2022).

POF1B (Premature Ovarian Failure 1B): is an actin-binding protein predominantly expressed
in epithelial tissues, with its highest expression in the epidermis, oropharyngeal, and gastrointestinal
tracts. It plays a crucial role in skin structural integrity by localizing to desmosomes in the granular
layers of the epidermis, regulating cell adhesion, and strengthening the cytoskeleton (Crespi et al.,
2015).
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Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1: Predicted to enable several functions,
including L-ascorbic acid binding activity; ferrous iron binding activity; and procollagen-lysine 5-
dioxygenase activity. Predicted to be involved in collagen fibril organization; epidermis
development; and peptidyl-lysine hydroxylation. Located in collagen-containing extracellular matrix
(NLM).

Prolifin-1: PEN1 helps build the skin’s structure, influences immune responses (like suppressing
inflammation in psoriasis), and its dysfunction links to skin issues and cancer progression (Mok et
al., 2022).

Prolyl 3-hydroxylase 1: localized to the endoplasmic reticulum and required for proper collagen
synthesis and assembly (NLM).

Protein-glutamine gamma-glutamyltransferase E (TGase E), also known as Transglutaminase
3 (TGM3), is a crucial skin enzyme that forms strong protein cross-links (isopeptide bonds) in
terminally differentiating skin cells (keratinocytes) and hair, providing structural integrity,
particularly in the protective cornified envelope (NLM).

Protein OS-9: is crucial for maintaining cellular health by clearing damaged or misfolded
proteins (Ward et al., 2018).

Protein scribble homolog: The SCRIB protein critical for skin epidermal development, polarity,
and adhesion. As a tumor suppressor, it localizes to the basolateral membrane of skin cells, where it
controls cell proliferation, differentiation, and barrier function. Loss of SCRIB leads to skin tissue
disorganization and increased susceptibility to tumor progression (Pearson et al., 2015).

Protein SET: is a versatile, multifunctional protein (encoded by the SET gene) involved in critical
cellular processes like transcription, DNA repair, cell cycle, and apoptosis (Yau et al., 2024).

Protein subunits for collagen, laminin, fibronectin, keratin: key components of the skin
extracellular matrix in the dermis and epidermis.

Protocadherin gamma-C3: Important for skin innervation and reinnervation following injury
(Lon et al., 2023)

26S proteasome non-ATPase regulatory subunit 8: Essential for proteasome activity and
decreases with age. impaired proteasome may inhibit clearance of aberrant proteins and disrupt cell
cycle control (Ishii et al., 2018).

Proteasome subunit beta type-6: essential for the regulated turnover of proteins and for the
removal of misfolded proteins (Uniprot).

RNA polymerase-associated protein LEO1: is a crucial regulator of transcription elongation,
chromatin modification, and DNA repair. In human cells, including fibroblasts relevant to skin
biology, LEOL1 is essential for maintaining proper gene expression, aiding in the recovery of RNA
synthesis after DNA damage (Tiwari et al., 2021).

Protein-tyrosine sulfotransferase: facilitating the proper secretion and localization of collagen
(Kim et al., 2010).

Retinoblastoma-binding protein 5 (RBBP5): acts as a tumor suppressor in skin, specifically
inhibiting melanoma progression by enhancing H3K4 methylation (Yang et al., 2023).

Samaphorin 7A: contributes to T-cell downmodulation and reduction of T cell
hyperresponsiveness. These results demonstrate an important role of Sema7A in limiting
inflammation and autoimmune responses (Czopik et al., 2006).

SERPINBI12: is a member of the clade B/intracellular serpin family that functions as a wide-
tissue inhibitor of trypsin-like serine proteinases, such as granzyme A and hepsin. It protects cells
from protease-mediated damage and is involved in regulating protein catabolic processes. It acts as
a protective mechanism for skin barrier integrity by inhibiting trypsin-like peptidases and granzyme
A (Niehaus et al., 2015).

Serine/threonine-protein kinase WNK1: is expressed in human skin, specifically localizing to
the basal layers of the epidermis and in sweat ducts, where it plays a role in regulating ion
homeostasis, potentially through WNK-SPAK/OSR1 signaling. It responds to hyperosmotic stress
(such as dehydration or sweat production) by promoting ion influx to maintain cell volume (Uniprot).
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SPRR-1A (Cornifin-A): cells expressing Sprrla exhibit significant protection from senescence-
inducing factors (Hong et al., 2023).

Stress-70 protein, mitochondrial OS: Mitochondrial chaperone that plays a key role in
mitochondrial protein import, folding, and assembly. Plays an essential role in the protein quality
control system, the correct folding of proteins, the re-folding of misfolded proteins, and the targeting
of proteins for subsequent degradation.

Sushi, von Willebrand factor type A, EGF and pentraxin domain-containing protein 1: plays a
critical role in epidermal differentiation (Samuelov et al., 2017).

Ras-related protein Rab-2A (Rab2A) is a crucial small GTPase protein regulating membrane
traffic, primarily between the ER and Golgi, and involved in autophagy, the clearance of cellular
debris (Sugawara et al., 2014).

Regulator of nonsense transcripts 1: Eliminates the production of nonsense-containing mRNAs
(Uniprot).

Reticulocalbin-1 (RCN1): is a calcium-binding protein located in the endoplasmic reticulum
(ER) that acts as a key regulator of calcium homeostasis, secretory cargo sorting, and ER stress
management. In normal skin, it supports cellular functions like keratinocyte differentiation and is
associated with healthy tissue, while its downregulation can impair skin cell viability. RCNT1 is critical
for maintaining endothelial function and promoting healing of ulcers (Weng et al., 2025).

Reticulocalbin-3: Has anti-fibrotic activity by negatively regulating the secretion of type I and
type III collagens (Martinez-Martinez et al., 2017).

Secl family domain-containing protein 1 (\(SCFD1))) is a protein that is highly expressed in
various human tissues and is essential for collagen trafficking in extracellular matrix formation
(Uniprot).

Secretogranin 2: SglI counteracts nitric oxide toxicity (Li et al., 2008)

Serine protease HTRAI: acts as a crucial regulator of skin homeostasis by modulating
extracellular matrix (ECM) remodeling, cell proliferation, and wound healing. It is widely expressed
in normal human tissues, including the epidermis, where it regulates keratinocyte differentiation and
degrades ECM components like fibronectin, contributing to tissue structural integrity. Recognizes
and degrades misfolded proteins, acting as a chaperone and protease (De Luca et al., 2003).

Serpin H1 (SERPINH1), also known as Heat Shock Protein 47 (HSP47), is a crucial chaperone
protein in the endoplasmic reticulum (ER) that specifically binds to and helps fold procollagen,
ensuring its proper assembly and secretion (Widmer et al., 2012).

SRSF protein kinase 2 (SRPK2) is a serine/threonine kinase that phosphorylates
Serine/Arginine-rich splicing factors (SRSFs) and other proteins, regulating crucial cellular processes
like alternative splicing, transcription, and DNA repair (NLM).

Structural maintenance of chromosomes protein 5 (SMC5): is a key component of the highly
conserved SMC5/6 complex, which is essential for maintaining genome stability, DNA repair, and
chromosome organization. It functions as a tumor suppressor and acts in DNA damage repair,
particularly in homologous recombination and replication fork stability (NLM). This protein may
also be involved in reducing senescence (Meng et al., 2018).

Sulfiredoxin-1 (SRXN1): is an antioxidant protein that protects skin cells from oxidative damage
by reducing over-oxidized peroxiredoxins (Prxs), restoring their activity. It is heavily involved in
regulating skin cell survival, particularly under stress (Kim et al., 2025).

SUN domain-containing ossification factor (SUCO): is a transmembrane protein that regulates
type I collagen synthesis, and connective tissue maintenance, as it participates in regulating structural
collagen (NLM).

Thiroredoxin: involved in cellular redox homeostasis, the dynamic, essential balance between
oxidizing agents (reactive oxygen species, ROS) and antioxidants, maintaining an optimal
environment for cellular signaling, metabolism, and survival (Liyanage et al., 2019).

Transaldolase: Involved in glycolysis and protecting against oxidative stress. Deficiency
(TALDOD) significantly impacts the skin, causing characteristic features like thin, loose, and
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wrinkled skin (cutis laxa), prominent blood vessels, spider angiomas, and multiple hemangiomas
(Tylki-Szymanska et al., 2014).

T-complex protein 1 subunit beta (TRiC/CCT): is required for the folding of many essential
proteins. As a multifunctional protein, TRiC/CCT associates with numerous proteins to execute
diverse functions. TRiC/CCT plays a critical role in regulating the cell cycle, transcription and
translation initiation, cellular immortality, epigenetic changes, T-cell immunity, autophagy and
signal transduction (Zeng et al., 2024).

Triosephosphate isomerase (TPI or TIM): A crucial enzyme in glycolysis, catalyzing the
reversible conversion between dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-
phosphate (G3P) to ensure efficient energy production from sugar, preventing metabolic waste. A
highly efficient enzyme that facilitates the continuation of the glycolytic pathway, and its deficiency
leads to severe metabolic disorders, particularly hemolytic anemia and neurological problems,
highlighting its vital role in cellular energy and function (Roland et al., 2013).

Tyrosine-protein kinase CSK: inhibits SFKs (like Src) by phosphorylating a specific tyrosine
residue, preventing them from becoming overly active, which is vital for preventing uncontrolled
cell growth (cancer) and maintaining normal cell function (Okada, 2012).

U6 snRNA-associated Sm-like protein: is a critical component of the LSm2-8 complex, which is
essential for pre-mRNA splicing, U6 small nuclear RNA (snRNA) stability, and nuclear localization.
It acts as an RNA chaperone in processing and splicing, leading to mRNA maturation (Uniprot).

UV excision repair protein RAD23 homolog A (RAD23A): is a crucial protein in the nucleotide
excision repair (NER) pathway, responsible for fixing damaged DNA, especially from UV light, by
acting as a shuttle, linking damaged DNA repair machinery (like XPC) to the proteasome for
degradation of damaged components, and has roles in general protein quality control and viral
defense pathways (NLM).

Vascular Endothelial Growth Factor C (VEGF-C): is crucial in the skin for promoting
lymphangiogenesis (new lymphatic vessel formation), improving lymphatic drainage, aiding wound
healing, and regulating inflammation (Hagura et al. 2014; Schwager et al., 2018).

Vimentin: An intermediate filament that participates in wound healing and multiple cellular
activities supporting growth, proliferation, migration, cell survival, and stress resilience (Coelho et
al., 2024).

Xylosyltransferase 1 (XT-I): is a critical enzyme that catalyzes the initial, rate-limiting step in
proteoglycan biosynthesis within the extracellular matrix (ECM), essential for maintaining normal
skin structure, fibroblast function, and structural integrity. It acts as a key biomarker for
myofibroblast differentiation and is involved in tissue remodeling and wound healing (Kleine et al.,
2024).

Zinc-alpha-2-glycoprotein (ZAG) is a protein that has potential roles in skin health, including
anti-aging effects like improving density and elasticity and reducing wrinkles. It is also involved in
regulating the skin barrier function and has been studied for its potential benefits in conditions like
atopic dermatitis, where it can help restore the barrier, and for its effects on scar tissue, where it may
help prevent excessive collagen buildup. Additionally, ZAG levels have been shown to be lower in
patients with vitiligo (Lee et al., 2024).

Zinc finger FYVE domain-containing protein 26: Involved in skin autophagy, crucial for
cellular “cleanup” process that removes damaged components, promoting skin health, repair, and
defense against aging, UV damage, and infections; it’s vital for skin regeneration, maintaining barrier
function, regulating pigmentation, and healing wounds, but its decline with age can lead to issues
like wrinkles, spots, and disease susceptibility (Eckart et al., 2019).

Xylosyltransferase 2 (\(XYLT2))) is a key enzyme in skin, initiating glycosaminoglycan
biosynthesis for proteoglycans and contributing to Notch signaling, essential for tissue homeostasis.
Its deficiency causes multisystem disorders, including skin lesions and papules (Uniprot).
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4. Discussion

4.1. Functional Attributes of the ADSC - FB Combinatorial Secretome

Our analysis of the secretome from ADSCs and FBs used in our topical skin care product,
NeoGenesis Recovery, revealed a rich spectrum of proteins involved in, 1. Reducing inflammation
and biasing the immune system to a regenerative state (immune modulators), 2. Preventing and
reducing cellular senescence (senomorphics), 3. Protecting and repairing other proteins, and when
needed, shuffling damaged proteins for lysosomal recycling (Chaperones and heat shock proteins),
4. Cellular debris removal (autophagy), 5, lymphangiogenesis (new lymphatic vessel formation),
improving lymphatic drainage, aiding wound healing, and regulating inflammation, 6. DNA repair,
7. Antioxidants, 8. Facilitating normal metabolism, 9. Reducing errors during RNA production, 10.
Protecting mitochondrial function, 11. Epigenetic regulators, 12. Growth factors, 13. Normalizing
metabolite structure and function, 14. Maintaining vascular homeostasis, and 15. Rebuilding normal
extracellular matrix, dermal ECM and basement membrane, without fibrosis, 16. Inhibiting advanced
glycation end-products (AGEs).

Recent data and their resulting molecular models suggest that secreted extracellular vesicles
exhibit substantial variability, with each vesicle carrying a unique combination of proteins by
incorporating a ubiquitination protein sorting process (Morales-Sanfrutos et al., 2026). Furthering the
complication of defining the secretome beyond the soluble fraction and EVs, recent studies have
discovered new non-membranous vesicle types, nanoparticles, exomeres and supermeres, that carry
protein cargo (Jeppesen et al.,, 2023). Exomeres and supermeres, and their cargo, have yet to be
defined in most cells, including ADSCs and FBs. While this study sought to measure proteins in the
complete secretome, we have likely missed a number of proteins that may be smaller and/or
associated with and unseparated from vesicles and nanoparticles and therefore immeasurable with
the mass-spec technology used in the present study. Nonetheless, we found many types of proteins
in the secretomes that mechanistically underly the benefits observed in the clinical trial using the
same set of molecules discovered in this proteomic study.

That DNA mutations are a major driver of aging has been found to be false (Yang et al., 2023).
Many old cell types have few mutations (De Majo et al., 2021; Kaya et al., 2015), mice and humans
with higher mutation rates have little to no evidence of premature aging (Robinson et al., 2021), and
mammals can be cloned from aged somatic or gamete cells to produce offspring with normal
lifespans (Burgstaller and Brem, 2017). Rather, damage to proteins, sometimes called “proteostasis
collapse” (Taylor and Dillin, 2011) and a loss of epigenetic information has been found to be a major
cause of aging (Kennedy et al., 1997; Sinclair et al., 1997; Yang et al., 2023; Sagy et al., 2025).

Maintenance of life, so-called longevity, requires renewal of proteins, and the renewal of cells
maintains functional organs that make up healthy organisms. In this hierarchy the lifetime of proteins
is generally much shorter than the lifetime of cells and organisms, therefore maintenance of protein
activities underlies maintenance of life. Phenotypic change is largely due to altered protein activity
that can be affected directly at the protein level by physiological and non-physiological modifications,
such as oxidation. The vast array of proteins measured in our study translates to a therapeutic
product that can substantially return to the skin that vast number of proteins to facilitate proteostasis
of the skin, even in aged and diseased skin states. For example, lysosomal dysfunction is a central
driver of stem cell aging, and reversing lysosomal dysfunction restores a youthful state in aged
hematopoietic stem cells (Arif et al., 2025). The proteins found in the secretome analyzed in this paper
help to regulate lysosomal function through a process of protein quality control and elimination of
protein waste (Amm et al., 2014).

The epigenetic changes associated with longevity can be regulated by proteins and ncRNA (Yu
et al.,, 2025), many of which are found in the secretome of stem cells (Zhao et al., 2023). Further, aging
is associated with the damage accumulated by cells and tissue matrix, especially their proteins,
where, for example, long-lived collagen proteins in the skin with a half-life of about 15 years (Lynch
et al, 2022) can accumulate much damage. Secretome from mesenchymal stem cells and FBs
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characterized in this study likely helps to prevent and repair this collagen damage (Maguire and
Maguire, 2025).

The human proteome can be beneficially modified by a number of factors, including exercise
(Walzik et al., 2026) and diet (Rangel-Zuniga et al., 2015). Protecting the proteome is an important
means of achieving and maintaining skin health (Dreno et al., 2024). Proteomic analysis of enhanced
wound healing has revealed key temporal pathways and some of their underlying proteins involving
immunity, keratinization, muscle system process, and ECM reorganization) mediated by
biomaterials that affect tissue structure and underly wound healing (Suarez-Arnedo et al., 2025). For
example, Suarez-Arnedo et al. (2025) found upregulation of many collagen proteins, including
Col141al, Collal, Colla2, Col2al, Col5a2, Col3al, Col5al, Colllal. Collal and Colla2 together
represent Collagen I (NCBI), an essential component of the skin that maintains skin structure and
integrity and accounts for up to 80% of the total collagen present in skin.

Many skin diseases involve non-druggable targets, where so called “molecular glues” or
“protein degraders” can utilize the proteasome to clear dysfunctional proteins underlying the disease
that no contain no binding pockets. These PROTACS are currently being developed for topical use
(Gioiello et al.,, 2025). Our study found a number of proteins (molecular glues) involved in
proteasome function and the clearance of dysfunctional proteins; thus, this may be one of the many
therapeutic mechanisms contained within the whole secretome of stem cells. Many inflammatory
diseases, such as fibrosis, may benefit from these proteasome actions (Meiners et al., 2018) found in
the secretome.

ECM and collagen components were predominant in the current, initial proteomic analysis of
the ADSC-FB secretome, suggesting that the ECM components in the ADSC-FB secretome are an
important part of the molecules underlying the significant clinical benefits observed in several studies
(Ngyuen et al., 2026; Traub et al., 2021; Maguire et al., 2021). The extracellular matrix (ECM), such as
the dermal matrix and basement membrane, are dynamic structures that surround and anchor
cellular components in tissues. In addition to functioning as a dynamic structural scaffold for cellular
components, ECM also regulates through many signaling mechanisms diverse biological functions,
including cell adhesion, proliferation, differentiation, inflammation, migration, cell-cell interactions,
and intracellular signaling events. Clearly, the diverse set of molecules related to ECM structure and
signaling in our secretome analysis reveals the whole secretome to be an ECM proteostasis. Further,
as Mina Bissell has taught us, without the ECM cells lose their normal function (Leslie, 2006), have
an increased probability of becoming cancerous (Bissell, 2007), which was further postulated to
underly many diseases as a primary or early event in disease etiology (Maguire, 2018).

4.2. Skin Longevity- Protection From Senescence - Senomorphics

Senescence is a cellular process in which the cell cycle becomes arrested, thereby inhibiting cell
division, proliferation, and growth. Cellular stresses, such as DNA damage, telomere shortening, and
oxidative stress, can trigger cellular senescence (Ajoolabady et al., 2025). One type of senotherapeutic
are the Senomorphics; molecules that promote skin longevity by suppressing senescence in cells,
including the harmful, pro-inflammatory Senescence-Associated Secretory Phenotype (SASP) of aged
cells, without killing the senescent cells. However, senolytics destroy these cells and that’s not what
the senomorphics on our secretome are performing. Senomorphics target signaling pathways such
as mTOR and NF-«B to reduce wrinkles and photoaging.

The secretome we analyzed contains a combination of known senomorphics, including: 1.
Calmodulin-like protein 5; 2. FAS-associated factor 1 (FAF1); 3. Peroxiredoxin-2; 4. SPRR-1A
(Cornifin-A); and 5. Structural maintenance of chromosomes protein 5 (SMC5). Further, because
DNA damage is a causative factor in senescence, the following DNA repair molecules are also
senomorphic: 1. DNA helicase MCMS; 2. 14-3-3 protein sigma; 3. Gamma-glutamyl hydrolase (GGH);
4. HDF2; 5. Protein SET; 6. RNA polymerase-associated protein LEO1; 7. SRSF protein kinase 2
(SRPK?2); 8. Structural maintenance of; 9. chromosomes protein 5 (SMC5); and 10. UV excision repair
protein RAD23 homolog A (RAD23A.
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It is important to note that, although the cytokines, including chemokines, component of the
SASP is mostly regarded as a transient phenomenon that ends with the elimination or rescue of the
senescent cell, the more stable and localized modifications to the ECM brought on by the
inflammatory SASP components add potential long-term consequences to long-lived proteins, such
as collagen, in the ECM. That is, the ECM, which is characterized by very slow turnover (half-life =
15yrs), provides, after SASP modification, a surface that distorts immune responses, tissue
regeneration and differentiation of resident cells and thus may contribute to an aging phenotype and
reduce longevity (Jelleschitz et al., 2026).

Additionally, the secretome we assayed contain FGF2, similar to aFGF, which has been found to
rescue skin fibroblasts from senescence (Wang et al., 2026). Collectively, this group of molecules in
the secretome we assayed likely play an important role in the secretome from ADSCs ameliorating
human skin fibroblast senescence (Zhang et al., 2026).

Further, because oxidative stress is an inducer of premature senescence, much research finding
beneficial effects of antioxidants (AOs) has been performed both in vitro and in vivo, with the notable
exception that high amounts of synthetic antioxidants can induce premature senescence (Kornienko
et al, 2019). Our analysis found many natural antioxidants in the secretome, including: 1.
Thiroredoxin; 2. Transaldolase; 3. Alipoprotein 1; 4. Dickkopf-3; 5. Glutaredoxin-1 (Grx1); 6.
Glutathione S-transferase omega-1 (GSTO1); 7. Peroxiredoxin-2; 8. Peroxiredoxin 6 (PRDX6); 9.
Phospholipid hydroperoxide glutathione peroxidase 4; and 10. Catalase. Therefore, working
together, collectively these molecules provide an antioxidant cascade, also referred to as an
“antioxidant network” or “redox hub,” whereby a system of antioxidants work together
synergistically to neutralize free radicals and regenerate each other, making the combined effect
greater than the sum of their individual actions. Mechanistically, when one antioxidant neutralizes a
free radical, it becomes oxidized itself and the cascade allows for this spent (oxidized) antioxidant to
be restored (reduced) to its active form by another antioxidant, ensuring continuous protection.

As one can see, a number of molecule types are used collectively in the secretome to deliver a
systems therapeutic (Maguire, 2014) in a senomorphic approach to prevent and rescue cells and
tissues, including rescue of the dermal matrix from senescence (Jelleschitz et al., 2026), thus enhancing
skin longevity at the cellular and tissue levels.

4.3. Inhibiting Advanced Glycation End-Products (AGEs)

Advanced glycation end products (AGEs) are formed through the nonenzymatic reaction of
reducing sugars with the side-chain amino groups of lysine or arginine in proteins, followed by
further glycoxidation reactions under oxidative stress conditions. AGEs also bind to receptors, called
RAGE, activating the RAGE pathway that plays an integral role in skin homeostasis and is implicated
in a variety of dermatological conditions, particularly those associated with immune dysregulation,
such as psoriasis and atopic dermatitis (Radziszewski et al., 2024). Acting through a combination of
heat shock proteins to protect protein stability, antioxidants that neutralize free radicals thus
inhibiting the formation of AGEs, and proteins that regulate metabolism and breakdown sugars, the
secretome we analyzed can inhibit AGEs and their detrimental effects in the skin, whether it is the
formation of AGEs or their activation of RAGE (Dubey et al., 2019).

4.4. Autoimmune and Inflammatory Skin Diseases

Pathogens, such as bacteria, viruses, and fungi, trigger inflammation to fight infection.
inflammation as a protective immune response can also be triggered by cellular or tissue damage that
the immune systems sense as a pathogen, and can then induce acute or chronic, local, or systemic
inflammation. Chronic low-grade inflammation is associated with aging and a wide range of skin
diseases. Autoimmune diseases arise from the breakdown of immunological tolerance, leading to
aberrant activation of autoreactive T and B lymphocytes against self-antigens (Theofilopoulos et al.,
2017). These conditions result from complex interactions between environmental exposures, immune
dysregulation, epigenetic mechanisms, and to a small degree, genetic susceptibility. Epigenetic
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alterations can either amplify or suppress inflammatory responses by modulating transcriptional
programs in immune cells. In order to be reprogrammed from inflammatory to anti-inflammatory
subtypes, the process of epigenetic regulation of immune cells must remain intact; heat shock proteins
found in the secretome help facilitate this, for example, by maintaining and biasing T-cells towards
the anti-inflammatory Treg subtype (Kolinski et al., 2016).

Likewise, heat shock proteins (HSPs), including HSP70 and HSP90, function as molecular
chaperones that influence macrophage polarization by stabilizing signaling molecules, such as
STAT6, and transcription factors that promote the anti-inflammatory, tissue-repairing M2 phenotype.
HSPs engage in the epigenetic control of M1 to M2 switching, with elevated expression often
associated with the M2-type activation in tissue regeneration.

Recent studies find bidirectional communication between the brain and immune system (Oh et
al., 2025), including the skin (Tan et al., 2026), in aging and associated diseases, such as chronic stress,
atherosclerosis, infection, and skin cancers. Proteomic analysis indicates that a dysregulated
proteome in the brain and immune system are the most significant predictors of healthspan and
longevity and associated diseases (Oh et al., 2015). Thus, restoring a normal proteome in the skin is
an important therapeutic strategy, especially given the skin’s rich innate and adaptive immune
systems, rich lymphatic pathways (Johnson, 2021), and its peripheral nerve-based bidirectional
communication with brain means that immune dysregulation will affect the brain and nervous
system. Furthermore, inflammation localized in the skin is not only signaled to the CNS, but
inflammation, cytokines (Parenteau et al., 2025) and possibly immune cells, will be found in the blood
as a result, thus signaling the inflammation systemically. Therefore, topical application of a normal
complement of proteins from ADSCs and FBs helps to reduce inflammation (Ngyuen et al., 2026)
through partial restoration of the skin’s proteome, likely renormalizing immune function and
bidirectional signaling with the CNS and positively contributing to healthspan and longevity.

4.5. Heat Shock, Chaperone Proteins, and Immune Modulators Protect During Skin Inflammation

Inflammation, particularly chronic inflammation, triggers protein misfolding and aggregation
by inducing cellular stress, reactive oxygen species (ROS), and nitric oxide (NO) production, which
overwhelm the cellular proteostasis network (chaperones, UPR, and degradation systems). This
process results in toxic protein aggregates that can spread in a prion-like manner, causing cellular
damage and contributing to degenerative diseases (Lipton et al., 2007). Multiple misfolded proteins,
including a-synuclein, tau, and A, are deposited not only in the brain but also in skin tissue (Zhu et
al., 2025).

ADSC-derived secretome can inhibit scar formation by affecting angiogenesis-related and
antifibrotic pathways that reduce inflammation and promote macrophage polarization, wound
angiogenesis, cell proliferation, and cell migration, and by inhibiting excessive extracellular matrix
production.

Although the secretome analyzed here was used in clinical studies of 30 days duration, the long-
term benefit of these molecules has been demonstrated in numerous studies. The long-term benefits
can reflect T-cell, B-cell, and macrophage biasing by the secretome. The mechanisms can be manyfold,
including the possibility that the secretome may bias pathogenic IgE-fated memory B cells that retain
functional plasticity (Brutton et al., 2026) and may respond favorably to the ADSC-FB secretome.

4.6. Growth Factors and Oncogenesis

Some have expressed concern that the topical use of growth factors may induce oncogenesis
(Berlanga-Acosta et al., 2009). Oncogenesis, or carcinogenesis, is biologically complex and
heterogeneious wherein normal cells transform into cancer cells through a combination of
mechanisms, including epigenetic, genetic, and matrix/microenvironment dysfunction, leading to
uncontrolled proliferation (Pradeu et al., 2023). Rebuilding the matrix as our secretome does, has been
found to induce tumor reversion; that is, a cancerous cell that is returned to a normal matrix reverts
back to a normal, non-cancerous cells (Kenny and Bissell, 2003). Second, not all growth factors induce
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proliferation (mitogenic), but can be involved in differentiation, migration, survival, or growth in
size, and even tumor suppression, e.g., TGF- (Seoane and Gomis, 2017). The secretome we analyzed
contains many tumor suppressive proteins, repairs DNA mutations, and rebuilds the matrix and
renormalizes the microenvironment to reduce inflammation; thus, all of these factors that are drivers
of oncogenesis (Bhat and Bissell, 2014) are renormalized by the secretome herein studied. The
secretome in this study has been found not to be oncogenic (Maguire and Friedman, 2020) and a
number of studies have found ADSC secretome to inhibit cancer (e.g., Nadesh et al., 2021).

4.7. Proteins Present in Other Studies of ADSC and FB But Not Measured in Our Analysis

There are a number of reasons why some proteins were undetectable in our analysis. Highly
glycosylated proteins are harder to detect and analyze in mass spectrometry (MS) due to several key
factors. The attached carbohydrates introduce significant challenges related to their physical
properties, structural complexity, and behavior during the MS workflow

IL-10 is a small protein, and after enzymatic digestion for MS analysis, it produces very few
peptides. This makes it difficult to detect, especially when using a data-dependent acquisition (DDA)
method, which selects only the most intense peptides for fragmentation and identification.

TSG-6: Our proteomic analysis of the secretome missed detecting TSG-6 because a significant
portion of this protein is not free-floating but instead associated with extracellular vesicles (EVs). Our
standard secretome analysis methods, which primarily focus on the soluble fraction of secreted
proteins, can easily miss EV-associated cargo. Further, TSG-6 is a glycoprotein, which is highly
glycosylated (Kim et al., 2016) and therefore hard to detect in our analysis.

5. Conclusions

The secretome from ADSCs and FBs used in the topical skincare product NeoGenesis Recovery
contain hundreds of proteins that have been found to reduce both acute and chronic skin
inflammation (Nguyen et al., 2026) through a systems-therapeutic strategy centered on “proteome
renormalization” using the proteins identified in our analysis. This systems therapeutic approach
engages at least 16 major pathways, encompassing hundreds of mechanistic interactions, to: (1)
reduce inflammation and bias immune responses toward regeneration (immune modulators); (2)
prevent and attenuate cellular senescence (senomorphics); (3) protect and repair proteins and target
damaged proteins for lysosomal recycling (chaperones and heat shock proteins); (4) clear cellular
debris (autophagy); (5) promote lymphangiogenesis and improve lymphatic drainage, thereby aiding
wound healing and regulating inflammation; (6) support DNA repair; (7) provide antioxidant
defenses; (8) sustain normal cellular metabolism; (9) reduce errors during RNA synthesis; (10)
preserve mitochondrial function; (11) modulate epigenetic regulation; (12) deliver a normal mix and
levels of many growth factors; (13) normalize metabolite structure and function; (14) maintain
vascular homeostasis; (15) rebuild healthy extracellular matrix, including dermal ECM and basement
membrane, without inducing fibrosis, and 16. Inhibiting advanced glycation end-products (AGEs).
Future studies will need to be multiomic to analyze the therapeutic contributions of microproteins,
peptides, lipids, and ncRNA that were not included in the present study.
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