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Abstract 

Skin aging is fundamentally a breakdown in cellular quality control rather than a strictly 
aesthetic phenomenon. To address this, the present conceptual review provides an 
interdisciplinary analysis of the biological foundations of skin aging, spotlighting 
ubiquitination as the master regulator of proteostasis. Complex, interdependent 
mechanisms are responsible for protecting skin cells, mediating crucial interplay between 
the ubiquitin-proteasome system (UPS), autophagy, and molecular chaperones. By 
examining how the UPS governs proliferation, oxidative stress responses, and 
inflammation, the consequences of its age-related dysregulation become evident. Bridging 
advanced cell biology with regenerative dermatology, the presented analysis pivots away 
from direct pharmacological modulation. Instead, it emphasizes biologically grounded 
strategies to protect and stabilize the cellular environment. In conclusion, the review 
establishes a “well-aging” paradigm that integrates cutting-edge proteostasis research 
with practical applications for cosmetic formulation design and proactive skincare. 

Keywords: ubiquitination; ubiquitin-proteasome system (UPS); proteostasis; well-aging; 
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1. Introduction 
Modern cosmetology has decisively shifted away from marketing promises, entering 

an era of science-backed skincare where the boundary between traditional cosmetics and 
dermocosmetics is rapidly blurring. Contemporary formulations align closely with 
pharmacology and cutaneous biology, driven by a preference for evidence-based 
ingredients such as small-molecule signal peptides [1,2], biomimetic ceramides [3,4], 
stable forms of vitamins [5], and new-generation retinoids [6]. Their efficacy is further 
maximized by advanced delivery systems, including liposomes, niosomes, 
nanoemulsions, and polymer carriers, which safely enhance bioavailability through 
controlled release [7–10]. The market is increasingly interested in minimal formulation 
from multifunctional raw materials [11] to generate highly efficient formulas free of 
unnecessary additives. 

Beyond the components of modern cosmetic formulation, the cosmetic industry is 
being profoundly shaped by EU regulations [12], which emphasize sustainable 
development. Biotechnological sourcing of active ingredients [13] and AI tools [14] are 
pioneering the personalization of cosmetics based on lifestyle and skin type. In the context 
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of the discussed topic, a clearly established trend is supporting the skin�s microbiota, not 
by bacterial destruction but through developing cosmetics that use pre- and postbiotics 
[15] to protect the epidermal barrier. Modern daily care aims to be less aggressive, 
supporting skin physiology and modulating oxidative stress. This shift in the narrative 
from “anti-aging” to “well-aging” or “pro-aging” (pro-longevity) aims to address the 
cellular level of skin biology. In this article, the discussed evolution parallels a 
fundamental paradigm shift in topical care: moving from conventional, invasive “anti-
aging” stimulation toward a “well-aging” or “pro-longevity” concept that actively 
supports skin physiology and modulates oxidative stress [16,17]. Because the structural 
integrity of the skin, from extracellular matrix collagen to vital cellular enzymes, relies 
entirely on protein health, modern well-aging strategies must prioritize proteostasis 
process. As a result, the cellular quality control, particularly the ubiquitin-proteasome 
system (UPS) responsible for proteostasis, is becoming a key issue in skin biology [18–20]. 
Efficient ubiquitination mitigates proteostatic decline, providing the biological foundation 
for tissue regeneration and overall structural balance. 

While the molecular pathways of the UPS are well-documented in systemic aging 
and oncology, their systematic translation into non-pharmacological, preventative 
dermatology and cosmetic formulation remains fragmented. Therefore, the primary 
objective of this conceptual review is to bridge this gap by establishing a comprehensive, 
cell-biology-based framework that links progressive UPS dysregulation directly with 
skin-layer phenotypes. Furthermore, this paper evaluates the critical crosstalk between 
the UPS, autophagy, and molecular chaperones under environmental stress, providing 
cosmetic formulators and dermatologists with biologically grounded, environment-
modulating strategies to mitigate proteostatic overload and preserve cutaneous longevity 
within the framework of cellular quality control. 

2. From Superficial Aesthetics to Cellular Homeostasis 
For decades, cosmetology and aesthetic dermatology have focused primarily on the 

superficial signs of skin aging, such as wrinkles (rhytides, creases, or folds), loss of 
firmness, and uneven skin tone (dyspigmentation). While certain early interventions, 
most notably topical retinoids [6], successfully targeted cellular turnover, traditional 
strategies relied heavily on masking symptoms or mechanically resurfacing the skin, 
offering short-term aesthetic gains without addressing the biological root causes of 
senescence at the cellular level. 

Today, innovative cosmetology is pivoting decisively from surface toward cellular 
homeostasis [17,21], defined as the ability of skin cells to maintain metabolic, structural, 
and functional balance. In this approach, youthful skin appearance is no longer an isolated 
goal but rather a phenotypic reflection of biological processes such as protein quality 
control, regulation of the inflammatory response, redox balance, and proper cell 
differentiation. 

As a result, skin aging is increasingly defined as a process of gradual loss of cellular 
balance [22]. The accumulation of damaged proteins, chronic oxidative stress, and 
persistent low-level inflammation lead to the disorganization of cellular functions, which, 
in the long term, manifests as structural and aesthetic changes in the skin. The objective is 
not to artificially “stop time,” but to sustain the functional efficiency of skin cells as 
biological age advances. Consequently, modern cosmetics are now designed to gently but 
effectively modulate the cellular environment rather than force aggressive, short-term 
remodeling, treating aesthetic appearance as a natural outcome of long-term biological 
balance. 

This evolution reflects cosmetology�s maturation into a functional, interdisciplinary 
science bridging cell biology, pharmacology, and regenerative medicine [23]. 
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3. Skin Aging as a Cellular and Molecular Process 
Skin aging is a complex, multi-stage biological process where clinical aesthetic 

changes serve as visible manifestations of underlying homeostatic disruption. At the 
cellular level, the aging process primarily disrupts epidermal keratinocytes and dermal 
fibroblasts. As we age, their capability to proliferate, differentiate, and regenerate is 
reduced, which is associated with factors such as telomere shortening, cell cycle 
disruptions, and accumulating DNA and protein damage. When cellular repair 
mechanisms are overwhelmed, these damaged cells do not simply undergo apoptosis; 
instead, many enter a state of cellular senescence. While permanently exiting the cell cycle, 
these senescent cells remain metabolically active and secrete a potent array of pro-
inflammatory cytokines, chemokines, and matrix-degrading enzymes—a phenomenon 
known as the senescence-associated secretory phenotype (SASP) [24,25]. This chronic, 
low-grade inflammation further depletes cellular adaptability, leaving the skin highly 
susceptible to environmental stress. 

In young skin, protein quality control systems, including molecular chaperones, the 
UPS, and autophagy, effectively eliminate damaged, misfolded, or redundant proteins. 
With age, the efficiency of these mechanisms deteriorates, leading to the toxic 
accumulation of defective proteins and disruption of cellular function [26,27]. 

In this context, aging is increasingly defined not merely as the passage of biological 
time, but as the gradual loss of a cell�s ability to maintain its internal molecular balance. 
Age-related decline of the UPS affects skin layers. In the epidermis, impaired proteostasis 
in keratinocytes contributes to barrier dysfunction and altered epidermal renewal. In the 
dermis, reduced protein quality control in fibroblasts diminishes the structural integrity 
of the extracellular matrix, directly causing the loss of skin firmness and elasticity [28,29] 
(Figure 1). 

 

Figure 1. Interconnected cellular mechanisms involved in skin ageing (Skin ageing is associated 
with a network of processes, including telomere shortening, oxidative stress, accumulation of DNA 
and protein damage, cellular senescence, and the UPS dysfunction. Together, these changes impair 
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keratinocyte and fibroblast function, contributing to skin barrier dysfunction, extracellular matrix 
alterations, and visible signs of skin ageing). 

4. The Ubiquitin-Proteasome System: Molecular Mechanisms 
The UPS is a highly specialized, precisely regulated cellular mechanism that controls 

the quality, quantity, and function of proteins. As a central element of the proteostasis 
network, it enables the dynamic adaptation of the cellular proteome to changing 
physiological and environmental conditions. Unlike non-selective degradation, UPS is 
characterized by strict substrate specificity, enabling it to act as a regulator of key 
biological processes rather than merely a degradative system [18,20]. 

The UPS primarily functions through ubiquitination—an enzymatic, post-
translational modification in which ubiquitin, a small 76-amino acid protein, is covalently 
attached to lysine residues of the target protein. This process occurs via a three-step 
enzymatic cascade involving a ubiquitin-activating enzyme (E1), a transfer enzyme (E2), 
and a ubiquitin ligase (E3). Among these, E3 ligases play a key biological role, as they are 
responsible for substrate recognition and determine the selectivity of the entire system. 
The wide diversity of E3 ligases in eukaryotic cells enables precise control of the fate of 
individual proteins, which is fundamental for regulating the cell cycle, stress response, 
and skin cell differentiation [18]. 

Ubiquitination is not a uniform process; the way ubiquitin molecules are linked 
determines the protein�s fate. Monoubiquitination typically functions as a regulatory 
signal, while polyubiquitination can lead to both protein degradation and modulation of 
its activity. Classic polyubiquitin chains linked by lysine 48 residues act as signals 
directing proteins for degradation in the proteasome, while other linkages participate in 
the regulation of signaling pathways, the inflammatory response, and repair mechanisms. 
In this view, ubiquitin serves as a complex molecular code controlling the fate of proteins 
in the cell [19,20,30]. 

The target degradative element of the UPS is the 26S proteasome—a massive, multi-
subunit protein complex composed of a 20S catalytic core and two 19S regulatory 
molecules responsible for substrate recognition, unfolding, and translocation. The 
proteasome degrades the marked proteins into short peptides that can be further utilized 
in metabolic or immunological processes. A defining feature of the proteasome is its 
capacity to execute rapid and tightly controlled degradation, enabling the immediate 
modulation of key regulatory protein levels [18,30,31] (Figure 2). 

 

Figure 2. Structure of the 26S proteasome and mechanism of ubiquitination. 
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The UPS plays a central role in maintaining cellular homeostasis not only by 
removing damaged proteins, but also by regulating proteins that control cell cycle 
progression. One of the critical regulatory proteins controlled by the UPS is p53, which, 
under physiological conditions, is maintained at low levels through its interaction with 
the E3 ubiquitin ligase Mdm2, which marks it for proteasomal degradation [18,19,32]. In 
response to cellular stress, such as oxidative stress, this interaction is disrupted, leading 
to stabilization and accumulation of p53, followed by activation of signaling pathways 
involved in cell cycle arrest. When this arrest persists, cells transition into a senescent state 
characterized by permanent loss of proliferative ability and the development of a distinct 
secretory phenotype, linked to chronic inflammation. Although UPS does not directly 
eliminate senescent cells, it plays a crucial role in regulating their formation by controlling 
regulatory proteins such as p53 [33]. Age-related decline in UPS efficiency impairs the 
degradation of regulatory and damaged proteins, leading to disrupted cellular signaling 
and increased proteostatic stress. This dysfunction prolongs p53-dependent signaling 
activation, facilitating the transition of stressed cells into senescence. Therefore, the 
correlation between the UPS and cellular senescence is indirect but still significant. 
Dysregulation of this system promotes the development of senescent cells, linking 
proteostasis decline with one of the fundamental processes of biological aging [19,32]. 

In skin cells, the UPS plays a crucial role in regulating the keratinocyte cell cycle, 
epidermal proliferation and differentiation, response to oxidative stress, and adaptation 
to UV radiation [19,23,30,34–39]. For instance, recent skin-specific investigations have 
highlighted that the turnover and processing of highly specialized epidermal barrier 
proteins, such as profilaggrin, are intimately linked to localized proteasomal activity. The 
proteasome directly participates in the turnover of profilaggrin through multiple degrons 
and ubiquitination-prone residues, determining its stability and preventing premature 
keratinocyte death before keratohyalin granules are properly formed [40]. Precise 
degradation of short-lived regulatory proteins enables rapid, reversible changes in 
signaling pathway activity, which is essential for maintaining homeostasis in the 
dynamically changing skin environment [21,41,42]. Exposure to UV radiation and other 
physical and chemical factors leads to the formation of damaged or misfolded proteins, 
which must be efficiently removed to prevent their toxic effects. Under conditions of a 
properly functioning system, this process is effective, protecting cells from the 
accumulation of defective protein structures [37]. However, with age, a gradual decline in 
the UPS efficiency is observed. Reduced proteasome activity, changes in E3 ligase 
expression, and overload of the system with an increasing number of damaged proteins 
reduce its regulatory capacity. The consequence of this process is the accumulation of 
proteins with disturbed structure and function, which is one of the key molecular 
mechanisms of skin aging [22,34,35,38,39]. 

UPS dysfunction affects both the epidermis and dermis. In keratinocytes, it impairs 
epidermal differentiation and renewal, weakening the skin barrier and increasing 
susceptibility to external factors. In dermal fibroblasts, disruption of protein quality 
control promotes abnormal synthesis and degradation of extracellular matrix 
components, exacerbating the loss of skin firmness and elasticity [34,43–45]. 

The UPS is responsible for selective protein degradation, regulating, among other 
things, the cell cycle, oxidative stress, and the inflammatory response. Excessive 
stimulation or disruption can lead to accelerated degradation of structural proteins (e.g., 
collagen, filaggrin), impaired keratinocyte differentiation, and a weakened epidermal 
barrier. 

This can result in irritation, dry skin, increased sensitivity, and, consequently, 
accelerated aging [19]. 
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An overactive UPS can modulate the metabolism of cytokines and transcription 
factors (e.g., NF-κB) by intensifying inflammatory and cytotoxic processes. It potentially 
exacerbates chronic microinflammation, increases susceptibility to cellular damage, and 
promotes oxidative stress [46]. 

Improper regulation of the degradation of proteins controlling cell division can 
disrupt the balance between proliferation and apoptosis, potentially increasing the risk of 
abnormal long-term changes. Some cosmetic substances, particularly those with low 
molecular weight, lipophilic properties, and those used chronically or on damaged skin, 
may hypothetically modulate the UPS or cellular pathways if they penetrate the body, 
affect other tissues, influence the protein balance in cells outside the skin, and even cause 
allergic reactions or hypersensitivity [29]. Peptide-based active ingredients and enzyme 
modulators may induce biological interactions through non-selective action or by 
influencing more than one cellular pathway [47]. 

Viewed through the lens of modern skin biology, the UPS is the central regulator of 
proteostasis, whose proper functioning maintains the long-term structural and functional 
integrity of the skin. From this perspective, dermatological and cosmetic strategies that 
align with the concept of well-aging focus not on directly intervening in degradative 
mechanisms, but rather on creating an environment conducive to their effective and 
harmonious functioning [16,48,49]. This approach redefines the concept of skin aesthetics 
as a consequence of maintained cellular and molecular balance. 

5. Proteostasis Network Systems in Skin Cells 
Proper skin cell function requires tight control over the quality, quantity, and spatial 

distribution of proteins. The complex web of mechanisms maintaining this equilibrium is 
known as the proteostasis network [39,50–52]. This network encompasses the highly 
coordinated processes of protein synthesis, folding, post-translational modification, 
transport, and degradation. Contemporary skin biology emphasizes that the UPS does not 
operate in isolation; rather, it is one pillar of a dynamic triad, interacting continuously 
with molecular chaperones and autophagy (Figure 3). In skin cells like keratinocytes and 
fibroblasts, this network must constantly adapt to intense environmental stressors, 
including UV radiation, oxidative stress, and chemical agents [37,42]. 

These proteostasis components (molecular chaperones, the UPS, and autophagy) 
form a dynamically collaborating network that constantly compensates to maintain 
cellular equilibrium (Figure 3). Within this network, molecular chaperones serve as the 
first line of defense [27,52,53], supporting the proper folding of newly synthesized 
proteins and preventing the formation of toxic aggregates. While chaperone expression 
temporarily spikes under stressful conditions to help cells adapt, this response weakens 
with age, promoting the accumulation of misfolded, distorted proteins [54]. 

When refolding fails, degradation systems take over. A fundamental distinction 
between these degradative machineries lies in their degree of selectivity. The UPS 
operates as an exclusively selective mechanism, relying on precise enzymatic tagging to 
identify and degrade individual, short-lived, or misfolded proteins without disrupting 
surrounding structures. Conversely, when the burden of defective proteins exceeds UPS 
capacity, or when the cell must dispose of massive protein aggregates and dysfunctional 
organelles (such as damaged mitochondria), autophagy provides a critical, large-scale 
compensatory pathway. Unlike the UPS, autophagy encompasses both non-selective and 
selective processes. To fully comprehend this compensatory triad, it is essential to 
distinguish the specific autophagic pathways active in skin cells. Autophagy in the 
cutaneous environment operates through distinct mechanisms: macroautophagy, 
microautophagy, and chaperone-mediated autophagy (CMA) [55,56]. While 
macroautophagy can function as a non-selective bulk degradation process triggered by 
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acute nutrient starvation, in the context of UV-induced skin aging, it acts as a highly 
selective clearance mechanism. Specific forms of selective macroautophagy, such as 
mitophagy and aggrephagy, are crucial for removing UV-damaged mitochondria and 
toxic protein aggregates in dermal fibroblasts and keratinocytes [57]. In parallel, CMA 
provides a highly selective, receptor-dependent degradation route where chaperones 
(e.g., Hsc70) recognize specific KFERQ-like motifs on target proteins, translocating them 
directly into the lysosome [58]. Furthermore, while its specific cutaneous mechanisms 
remain less characterized, microautophagy—the direct lysosomal engulfment of 
cytoplasmic cargo—also contributes to localized protein clearance and organelle turnover. 
Crucially, the interaction between the UPS and autophagy is physically tethered by 
specific molecular components, most notably the p62/SQSTM1 adaptor protein [59,60]. 
When the proteasome becomes overwhelmed by the sheer volume of oxidized proteins, 
or when ubiquitinated proteins form large aggregates that cannot pass through the 
narrow 20S proteasome barrel, p62 acts as a vital bridge. It binds to these ubiquitinated 
cargoes and directly anchors them to LC3 on the autophagosomal membrane, effectively 
shifting the degradative burden from the UPS to selective macroautophagy [59,60]. 
Together, this triad ensures the long-term viability of skin cells; however, the age-related 
decline of these clearance mechanisms disrupts this vital synergy. In aging skin, the 
gradual decline of both selective macroautophagy and CMA limits the removal of 
dysfunctional organelles and regulatory proteins. Over time, this progressive imbalance 
collapses the entire network, resulting in the toxic accumulation of damaged proteins, the 
exhaustion of cellular energy, and a severe reduction in the skin�s regenerative capacity 
[49,51]. 

 

Figure 3. Schematic overview of the cellular proteostasis network (Molecular chaperones, the UPS, 
and autophagy cooperate to preserve protein quality control. Misfolded proteins are initially 
subjected to chaperone assisted refolding. If refolding fails, proteins are ubiquitinated and targeted 
for proteasomal degradation. When proteasomal capacity is exceeded, autophagy provides a 
complementary degradative pathway through macroautophagy, CMA, and microautophagy. Age-
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related decline in these mechanisms contributes to protein accumulation and loss of cellular 
homeostasis during skin ageing). 

This network collapse is heavily exacerbated by exogenous factors. Reactive oxygen 
species (ROS), UV radiation, and inflammation induce oxidative protein modifications 
and impair UPS activity (Figure 4). Specifically, UV exposure generates distinct ROS, 
including superoxide anion radicals and hydrogen peroxide, which induce severe 
oxidative modifications, such as protein carbonylation and the generation of oxidized 
lipids like squalene monohydroperoxide. The oxidation of skin surface squalene is a 
critical event that directly compromises the stratum corneum integrity, exacerbating 
inflammation and further overloading the cellular repair machinery [61]. Importantly, 
these ROS do not merely cause random structural damage; they directly manipulate 
specific signaling pathways intricately tied to the UPS. For instance, under moderate 
oxidative stress, the UPS regulates the Keap1/Nrf2 pathway [62]. Keap1, an adapter for E3 
ubiquitin ligase, is oxidized by ROS, halting the ubiquitination and subsequent 
degradation of the Nrf2 transcription factor. Stabilized Nrf2 then translocates to the 
nucleus to mount a massive antioxidant response [62]. Conversely, chronic UV-induced 
ROS trigger the NF-κB inflammatory signaling pathway by stimulating the UPS to rapidly 
degrade IκB (the inhibitor of NF-κB). Therefore, the UPS acts as a master switch: its 
efficiency dictates whether the skin cell successfully mounts an antioxidant defense (via 
Nrf2) or succumbs to chronic inflammation (via NF-κB). Reduced proteasomal function 
leads to the accumulation of dysfunctional proteins and disruption of proteostasis. This 
creates a vicious cycle: oxidative stress destabilizes the proteome, leading to an 
overproduction of damaged proteins right as the UPS and autophagy lose their clearance 
capacity [63,64]. ROS induce modifications of lipids, proteins, and nucleic acids, further 
destabilizing the cellular environment and activating proinflammatory pathways. 
Chronic, low-grade inflammation is a characteristic feature of aging skin and further 
accelerates the dysfunction of the proteostasis network, creating a chain of mutually 
exacerbating disorders [65,66]. 

 

Figure 4. ROS, UV radiation, and inflammation as factors disturbing proteostasis. 

Disturbances in proteostasis significantly impair the function of both the epidermis 
and the dermis. As previously established, this manifests in keratinocytes as impaired 
differentiation and a compromised epidermal barrier, and in fibroblasts as accelerated 
degradation of the extracellular matrix, leading to the visible loss of skin firmness 
[23,34,49]. 

Understanding skin aging through the lens of proteostasis network dysfunction, 
rather than viewing it as an inevitable, unalterable degenerative process, provides a 
profound foundation for modern dermatological and cosmetic strategies [41,67]. Aligned 
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with the concept of well-aging, these strategies focus on protecting holistic cellular 
homeostasis: mitigating oxidative and inflammatory stress, preventing network overload, 
and supporting the skin�s intrinsic adaptive mechanisms [16,21]. True skin aesthetics, in 
this paradigm, emerge naturally from the long-term biological resilience of the complete 
proteostasis network. 

6. Role of Ubiquitination in Skin Biology 
At the epidermal level, ubiquitination controls the cell cycle, proliferation, and 

differentiation of keratinocytes. This allows the rate of epidermal renewal to continuously 
adapt to fluctuating environmental conditions. Selective regulation of the stability of 
regulatory proteins determines the proper progression of keratinocytes through 
successive stages of differentiation, which is essential for the formation of the stratum 
corneum and maintaining the integrity of the epidermal barrier. Disruptions in these 
mechanisms lead to weakened skin barrier function, increased transepidermal water loss 
(TEWL), and increased skin reactivity. In the dermis, particularly in fibroblasts, 
ubiquitination regulates extracellular matrix homeostasis by controlling the synthesis and 
degradation of structural and regulatory proteins. This process influences the balance 
between collagen and elastin production and the activity of metalloproteinases, 
determining the biomechanical properties of the skin, such as its firmness, elasticity, and 
regenerative capacity [21,23,36,49]. 

Beyond structural maintenance, ubiquitination is indispensable for the skin�s defense 
against oxidative stress and UV radiation [37,63,64]. For example, ubiquitination strictly 
controls the activation of antioxidant defense pathways (such as the Nrf2 pathway), 
allowing cells to rapidly neutralize ROS [68]. Furthermore, ubiquitination plays a 
significant role in modulating the skin�s inflammatory response [69]. By regulating the 
stability of key signaling proteins (such as the NF-κB pathway), ubiquitination influences 
the intensity and duration of the inflammatory response, preventing its pathological 
prolongation [70]. A properly functioning ubiquitination system protects the skin from 
the perpetuation of chronic, low-grade inflammation characteristic of the aging process 
[66,69]. 

However, as skin ages, the efficiency of ubiquitination mechanisms in skin cells 
gradually declines. This decline is driven by the impaired expression of E3 ligases and 
general system overload caused by increasing number of damaged proteins. As the 
system loses its regulatory precision, signaling pathways become fundamentally 
deregulated. The subsequent accumulation of defective proteins severely weakens the 
skin�s adaptive capacity [67]. 

Consequently, it is increasingly recognized that efficient ubiquitination is a molecular 
determinant of the functional “youthfulness” of skin cells, regardless of chronological age. 
Its importance extends beyond the process of protein degradation itself to include the 
regulation of key cellular functions that influence the skin�s phenotypic appearance. 
Understanding the role of ubiquitination in skin biology underpins modern well-aging 
concepts that aim to support conditions conducive to maintaining molecular balance 
[21,48]. 

7. Age-Related Dysfunction of the Ubiquitin–Proteasome System  
in Skin 

The proper functioning of UPS is crucial for maintaining the functional integrity of 
skin cells. However, with advancing age, individual components of this system gradually 
become dysregulated, leading to impaired protein quality control and constituting one of 
the fundamental molecular mechanisms of skin aging. One of the best documented 
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aspects of cellular aging is a decline in proteasome activity, particularly of the 26S complex 
responsible for the ATP-dependent degradation of ubiquitinated proteins [18,31]. These 
changes include reduced catalytic efficiency of proteasomal subunits and disturbances in 
the folding and stability of the entire complex. Consequently, the removal of regulatory 
and damaged proteins slows dramatically, promoting their toxic accumulation. 

At the same time, the ubiquitination process itself falters, particularly in the 
expression and activity of E3 ligases, which determine UPS selectivity [19,38]. Loss of 
substrate recognition precision has a twofold impact: it leads to ineffective tagging of 
defective proteins (allowing them to persist) and to erratic, excessive degradation of 
functional proteins. This specific dysregulation directly undermines the signaling 
pathways that govern skin cell proliferation, differentiation, and stress responses [44,51]. 

UPS dysfunction in aging skin is closely linked to elevated oxidative stress, creating 
a destructive feedback loop. ROS induce oxidative modifications of proteins, often cross-
linking them and rendering them resistant to proteasomal unfolding and degradation. 
Oxidative stress can also directly damage UPS components, further reducing its efficiency 
[71]. In turn, the failure to clear these oxidized proteins exacerbates intracellular stress, 
driving further ROS production and accelerating the aging process [42,63,64] (Figure 5). 

 

Figure 5. Mechanism of ROS-induced UPS impairment and subsequent damaged protein 
accumulation. 

As these molecular deficits compound, the structural consequences manifest across 
all skin layers. In the epidermis, UPS dysregulation disrupts the keratinocyte cell cycle, 
resulting in sluggish renewal and a progressively compromised barrier. In the dermis, 
proteostasis disruption shifts fibroblast behavior from matrix synthesis to matrix 
degradation, accelerating the breakdown of collagen and elastin. This compromised 
cellular environment becomes a catalyst for chronic, low-grade inflammation. The 
persistence of damaged proteins and the failure to efficiently degrade inflammatory 
signaling molecules continuously stimulate proinflammatory pathways. This 
“inflammaging” imposes an even heavier burden on the already exhausted proteasomal 
system, completely destabilizing the broader proteostasis network [39,44,72]. 

It is worth emphasizing that UPS dysregulation during aging does not involve a 
complete loss of function, but rather a loss of regulatory flexibility and adaptive capacity. 
Aging cells retain some degradative activity but are unable to respond effectively to 
increased environmental and metabolic stress. 

Traditionally, aging is associated with the progressive accumulation of damaged 
proteins, a decline in the efficiency of degradative systems, and increasing deregulation 
of signaling pathways. In a healthy proteostasis network, ubiquitination recognizes and 
removes misfolded or redundant proteins, protecting cellular integrity. However, as this 
process loses precision and adaptability with age, the proteome destabilizes. The well-
aging perspective shifts the focus from the raw degradation rate to regulatory quality. 
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Consequently, modern aging biology increasingly recognizes that progressive 
regulatory failure of the UPS, rather than mere accumulation of molecular damage, is a 
key factor in functional skin aging. Therefore, UPS efficiency is a key determinant of long-
term skin homeostasis [21,49]. Understanding this dynamic dictates a specific approach 
for well-aging strategies. Rather than attempting direct stimulation of the proteasome, 
modern cosmetic interventions focus on limiting factors that overload the system, such as 
oxidative and inflammatory stress, and on fostering an environment conducive to its 
efficient functioning. This perspective frames skin aging as a process that can be 
modulated at the molecular level, rather than solely as an inevitable consequence of time 
[71,73]. 

At this intersection, ubiquitination acts as a molecular decision-maker, 
fundamentally determining the trajectory of skin aging. When proteostasis is preserved, 
aging occurs slowly and symmetrically; visible structural changes become a natural, 
controlled adaptation to time rather than a failure of tissue. Conversely, when the UPS 
becomes dysregulated, it promotes chronic stress, sustains pro-inflammatory pathways, 
and rapidly destabilizes the extracellular matrix—manifesting clinically as accelerated, 
premature skin aging [74]. 

To integrate the currently available molecular evidence into a mechanistic 
framework, it is postulated that skin aging is not a sudden failure, but rather a progressive, 
threshold-dependent collapse of the proteostasis network [26,39]. This can be functionally 
understood in three interconnected stages. Initially, youthful skin efficiently neutralizes 
environmental stressors (e.g., UV, ROS) through a highly responsive UPS and molecular 
chaperones, predominantly mounting an Nrf2-driven antioxidant defense to clear 
temporary damage [42,68]. As oxidative damage inevitably accumulates over time, the 
skin enters a phase of proteostatic overload. In this stage, the UPS becomes saturated with 
oxidatively cross-linked, degradation-resistant proteins. To survive, the cells undergo a 
compensatory shift: adaptors actively reroute the excessive degradative burden from the 
overwhelmed proteasome to selective macroautophagy [50,51]. Eventually, chronic 
exogenous stress forces the cells past a final threshold where both the UPS and autophagic 
machinery become profoundly impaired. At this point of network collapse, the molecular 
regulatory balance critically tips: the dysfunctional UPS sustains NF-κB activation (via 
impaired regulation of IκB) rather than effective Nrf2-mediated repair [68,70]. This failure 
locks dermal fibroblasts and epidermal keratinocytes into a chronic state of inflammation, 
ultimately establishing SASP [24,65]. 

From a functional skin biology perspective, the goal of well-aging does not involve 
direct interference with ubiquitination, but rather cultivating a cellular environment that 
supports proper function. Strategies such as reducing oxidative and inflammatory stress, 
protecting against UV radiation, and supporting the skin�s barrier function help maintain 
molecular balance [23,42]. Ubiquitination determines the quality of aging. Its role is to 
maintain a balance between adaptation and degradation, allowing the skin to age in a 
controlled and biologically consistent manner. Well-aging does not mean delaying aging, 
but rather supporting the molecular mechanisms that enable skin cells to maintain their 
capacity for self-regulation and regeneration. Understanding the ubiquitination process 
underpins modern cosmetology and regenerative dermatology. 

8. From Skin Proteostasis to Cosmetic Applications 
The growing understanding of the proteostasis network is significantly influencing 

the design of contemporary cosmetic and dermatological strategies. These mechanisms 
are no longer viewed solely as elements of housekeeping functions within the cell, but as 
key determinants of long-term skin functionality and the quality of its aging. 
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Traditional anti-aging approaches have focused primarily on intensive and 
aggressive stimulation of cell proliferation, acceleration of epidermal renewal, and 
enhanced remodeling of the extracellular matrix. While these invasive strategies yield 
short-term improvements in aesthetic parameters, they often trigger increased oxidative 
stress, activation of the inflammatory response, and increased burden on protein quality 
control systems. In the long term, this can promote deregulation of the proteostasis 
network, including UPS overload and autophagy disorders [71,74]. 

Consequently, the well-aging paradigm shifts the focus away from maximum 
stimulation toward regenerative processes and the maintenance of a stable cellular 
environment conducive to the proper functioning of regulatory mechanisms. While 
cosmetic formulations cannot directly or pharmacologically activate the UPS, they are 
becoming an important reference point when designing skincare and therapeutic 
strategies [75,76]. One key element of innovative skincare strategies is preventing cellular 
overload. Instead of compensating for the effects of the accumulation of damaged 
proteins, modern approaches focus on limiting their formation by reducing oxidative 
stress, providing effective protection from UV radiation, and minimizing chronic skin 
irritation [48,49,53]. 

A critical pillar of this protective strategy is the preservation of the epidermal barrier. 
The stratum corneum acts as the first-line regulator of the cellular environment; its 
impairment leads to chronic stress and inflammation, thereby drastically increasing the 
cellular need for protein degradation [29]. By limiting external stressors, barrier-
supporting cosmetics directly reduce the UPS�s workload, preserving its reserve capacity 
for essential regulatory functions [26,54]. In this perspective, the epidermal barrier serves 
not only a mechanical function but also constitutes a crucial element in regulating 
molecular homeostasis. 

The result of the proteostasis-focused approach is revolutionizing the selection of 
active ingredients. Their effectiveness is no longer assessed solely on the basis of their 
stimulating potential, but rather on the basis of long-term cellular tolerance. 
Consequently, formulators are pivoting toward modulating biocompatible ingredients. 
This extends to formulation minimalism: reducing the number of potentially reactive 
additives minimizes unnecessary stress responses. Biocompatible, precision-formulated 
products designed for long-term use align perfectly with the physiological limits of skin 
cells [21,29,77,78]. 

Furthermore, well-aging formulation design increasingly respects the temporal 
dynamics of cellular biology. The activity of the UPS and autophagy is also deeply 
intertwined with the circadian rhythm, necessitating a distinction between daytime and 
nighttime care [79]. Daytime formulas must prioritize environmental shielding to 
minimize de novo protein damage, while nighttime products should support endogenous 
regenerative processes without overstimulating degradative mechanisms. By respecting 
the natural alternation of protective and regenerative phases—and abandoning the 
concept of continuous 24 h cellular stimulation—these strategies prevent the premature 
exhaustion of the skin�s adaptive capacity [80,81]. 

Modern anti-aging cosmetics increasingly focus not only on stimulating collagen 
synthesis but also on supporting proteostasis mechanisms. Examples include active 
substances capable of activating autophagy, increasing proteasome activity, or inducing 
the expression of heat shock proteins (HSPs) and activating the Nrf2 pathway. As a 
consequence, the cosmetics industry offers both well-known and new-generation 
substances to protect skin balance [82,83]. The concept of proteostatic preventive 
cosmetology also aims to maintain the effectiveness of protein quality control systems 
before visible signs of aging appear. This practice means designing multi-targeted 
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preparations that simultaneously have anti-inflammatory, antioxidant, and regenerative 
effects. 

Among them, antioxidant ingredients primarily include sterols, such as triterpenoid 
saponins; chalcones; diketones; polyunsaturated hydrocarbons; flavonoids; linalool; non-
flavonoid polyphenolic organic compounds; natural polysaccharides; and many others 
[83]. Most of these compounds are naturally derived and pose a lower safety risk. 

In addition to well-known molecules such as vitamin C [5] and retinol [6], which 
perform many important functions and stimulate skin cells to produce collagen and 
elastin, attention is also being paid to ceramides and other substances that support the 
skin barrier. Biomimetic ceramides obtained using biotechnological methods are already 
available on the market. The most popular are NP, AP, EOP, and NS ceramides [84]. 
Peptide-like substances that enhance vitamin D synthesis in the skin have been shown to 
effectively counteract inflammation and rebuild the skin barrier, restoring the normal 
keratinocyte renewal cycle. Vitamin D and its active metabolites also exert a 
photoprotective effect [85]. Indole-based melatonin also plays a photoprotective role, 
promoting DNA repair and reducing the inflammatory response [86]. Certain compounds 
or drugs may exert beneficial effects by promoting collagen synthesis and inhibiting its 
degradation. A tripeptide derived from collagen (Gly-Pro-Hyp) may prevent the 
reduction in the skin�s extracellular matrix [87]. One of the most versatile ingredients with 
anti-inflammatory and immunomodulatory properties is niacinamide [88]. By acting at 
the skin barrier, it supports the synthesis of natural ceramides, free fatty acids, and 
cholesterol. Recent research confirms its strong antioxidant properties and significant 
improvement in skin hydration. Natural α-bisabolol has a well-documented anti-
inflammatory effect. Ectoine, a natural molecule produced by extremophilic 
microorganisms, protects cells from environmental stress by stabilizing proteins and cell 
membranes. In cosmetics, it works on multiple levels: it improves hydration and long-
lasting moisture retention, limits the effects of cellular stress and excessive inflammatory 
response, strengthens the epidermal barrier, and protects keratinocytes and fibroblasts 
from UV radiation damage [83,89]. 

From a scientific and regulatory perspective, precise statements about product 
compositions are required. Current scientific consensus is that cosmetic products cannot 
“directly activate” or “modulate” ubiquitination process or the proteasome. However, 
focusing on protecting the cellular environment, reducing oxidative and inflammatory 
stress, supporting the barrier, and preserving the skin�s natural biological balance are 
rigorously justified [82]. This perspective draws a firm line between natural regeneration 
and forced remodeling. Regeneration is treated as an endogenous process that can be 
supported but never artificially accelerated beyond the cell�s physiological capacity. 

Modulation of ubiquitination/proteasome, however, involves interference with 
enzymes (E1, E2, E3, 26S proteasome), altering protein degradation, regulating the cell 
cycle, and proteotoxic stress. This is a classic pharmacological activity, meaning it belongs 
to drugs, not cosmetics. Ubiquitination, or the enzymatic cascade, is a cytoplasmic and 
nuclear process, tightly regulated and requiring high molecular specificity. Direct 
modulation means binding to the active site of the enzyme or the regulatory domain of 
the proteasome within a specific range and with high selectivity. Cosmetics are not 
enzyme ligands, are not selective inhibitors/activator-designed, and are not tested for such 
activity [18]. 

Furthermore, there is a physicochemical argument, i.e., skin penetration and lack of 
adequate bioavailability. The proteasome is located intracellularly, so to modulate it, the 
substance must penetrate the stratum corneum, enter living cells, reach the appropriate 
concentration, maintain activity, and specifically interact with the protein complex. This 
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is often extremely difficult, even for drugs. Therefore, cosmetics applied to the skin do not 
achieve the conditions necessary for direct proteasome modulation [90]. 

Direct proteasome modulation also disrupts the cell cycle, apoptosis, and stress 
response. This leads to cytotoxicity and systemic effects. Therefore, proteasome inhibitors 
are cytotoxic drugs that require strict toxicological monitoring. Adding such a mechanism 
to a cosmetic would be dangerous and unacceptable. Marketing claims sometimes claim 
that a cosmetic “affects proteostasis” or “supports protein degradation”, in reality, the 
claimed effect is indirect, such as antioxidant activity, reduction in oxidative stress, or 
improvement of skin function. Cosmetics do not activate E3 ligase and do not bind 
directly to the proteasome [91]. 

However, there is a significant regulatory link between active cosmetic ingredients 
and ubiquitination. Although most ingredients do not directly affect the UPS, they 
influence signaling pathways controlled by ubiquitination. 

The best-understood mechanism concerns antioxidant substances (e.g., vitamin C, 
polyphenols, and carotenoids). Under physiological conditions, the Nrf2 protein is 
constantly ubiquitinated by a complex containing Keap1 and directed for proteasomal 
degradation. Antioxidant compounds inhibit this process, causing Nrf2 to accumulate in 
the cell and activate the expression of protective genes [92]. Consequently, cosmetic 
ingredients reduce oxidative stress, strengthen the skin barrier, and limit photoaging. 

Retinol and retinoic acid are among the most important anti-aging ingredients. Their 
nuclear receptors (RAR and RXR) are regulated by the UPS. Studies on keratinocytes have 
shown that retinoid receptors are polyubiquitinated and degraded by the proteasome [93]. 

This indicates that the effectiveness of retinoid signaling depends on the rate of 
receptor ubiquitination; changes in UPS activity may influence the skin�s response to 
retinoids. 

Ubiquitination also regulates the degradation of tyrosinase—a key enzyme in 
melanogenesis. Some ingredients in depigmenting cosmetics can affect the stability of 
tyrosinase by increasing its degradation in the UPS. Additionally, certain fatty acids have 
been shown to modulate the level of ubiquitinated tyrosinase [43]. This results in reduced 
melanin synthesis and lightened discolorations. 

The NF-κB pathway, responsible for skin inflammation, is also controlled by 
ubiquitination. Activation of NF-κB requires the ubiquitination and degradation of the 
IκB protein. Anti-inflammatory substances used in cosmetics (e.g., plant polyphenols) 
may indirectly affect this mechanism by limiting the expression of inflammatory 
mediators [94]. 

Understanding the mechanisms of proteostasis also finds application in 
dermatology. Increasing evidence indicates that disturbances in protein homeostasis may 
be involved in the pathogenesis of numerous skin diseases, such as psoriasis [95], atopic 
dermatitis [95], and wound-healing disorders [96]. Modulation of autophagy and protein 
degradation processes is therefore becoming a potential therapeutic target, allowing us 
not only to alleviate disease symptoms but also to address their causes at the cellular level. 

From a cosmetology perspective, ubiquitination is therefore a central mechanism 
regulating the effectiveness of many active ingredients used in anti-aging, 
photoprotective, anti-inflammatory, and depigmentation therapies. Integrating cellular 
quality control into skincare redefines the role of cosmetics—transitioning them from 
superficial tools of aesthetic correction into fundamental components of a long-term 
biological strategy. True well-aging relies not on the intensity of the intervention, but on 
a formulation�s ability to safeguard the molecular and adaptive equilibrium of the skin. 
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9. Future Directions and Perspectives 
The rapid expansion of knowledge about ubiquitination, UPS, and the 

interconnected proteostasis networks is opening up new translational perspectives in skin 
aging research [97]. A deeper molecular understanding of these mechanisms is bridging 
the gap between basic cell biology and its applications in dermatology and cosmetology, 
fundamentally redefining how we maintain long-term skin functionality. 

Although the direct translation of dynamics into cosmetic applications is still in its 
early experimental stages, a key direction for future research is the identification of 
proteostasis biomarkers. Currently, the limited availability of in vivo data highlights the 
critical need for developing precise, ideally non-invasive tools to monitor proteasomal 
activity, ubiquitination dynamics, and the accumulation of damaged proteins in vivo. 
Establishing this foundational knowledge will allow researchers and clinicians to clearly 
differentiate between chronological age and actual functional (biological) age. This 
approach lays the foundation for personalized well-aging strategies based on the actual 
condition of the skin, not solely on chronological age, ensuring that future experimental 
efforts are methodologically standardized and strictly targeted [98]. 

To achieve this, the continued development of advanced skin research models that 
incorporate proteostasis processes remains a significant translational area. Three-
dimensional models, organ-on-chip systems, and complex cellular models are enabling 
increasingly faithful representation of the dynamics of aging tissue [99,100]. Moving 
forward, these platforms will enable more reliable assessment of the impact of cosmetic 
and dermatological interventions on the proteostasis network under near-physiological 
conditions, far surpassing the limitations of traditional 2D cell cultures. 

From a cosmetology perspective, a key challenge remains: translating molecular 
knowledge into biologically sound, safe formulation strategies. The future of cosmetic 
design lies not in directly modulating processes such as ubiquitination or UPS activity, 
but in creating an environment conducive to maintaining cellular balance. Integrating 
biological data, formulation technologies, and analyses of long-term effects of use will be 
one of the main directions of development in this field [101]. Similarly, in dermatology, 
translational perspectives primarily focus on optimizing therapeutic strategies by better 
accounting for the adaptive constraints of aging skin. Understanding the dynamics of UPS 
and proteostasis enables more rational planning of the intensity, sequence, and duration 
of therapy, promoting the integration of regenerative phases with periods of protection 
and restoration. This approach can increase the long-term effectiveness of dermatological 
interventions while reducing the risk of overloading control mechanisms [48]. 

Of particular importance in this area is the fact that UPS dysregulation is associated 
with cancer [102], immune disorders [103], coronary syndrome [104] and 
neurodegenerative diseases [105], making it a potential target for new drugs. Numerous 
natural products targeting the UPS have been discovered and exploited in pharmaceutical 
development, providing significant insights into the molecular mechanisms of UPS 
regulation. Manipulating the UPS to achieve targeted protein degradation in cells using 
chemical and drug-based tools has the potential to transform pharmacological and 
therapeutic approaches to cancer and other diseases. A better understanding of the 
molecular mechanism of action of these agents (e.g., thalidomide and its analogues), 
following their clinical application, has revealed small-molecule modulation of E3 ligase 
substrate specificity, which in turn has led to the introduction of new immunomodulatory 
drugs into the clinic. The degradation of many context-specific proteins by these 
pleiotropic small molecules allows for the discovery of novel cell biology and the 
development of future drug molecules directed against currently intractable targets 
[106,107]. 
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As the aging biology shifts its focus from the rate of aging to the quality of aging, 
industry communication must mature in tandem. Translating these complex molecular 
mechanisms into clear, scientifically accurate language is essential to separate genuine 
biological facts from marketing hyperbole. Transparent communication regarding the 
true role of proteostasis and ubiquitination will be vital for building lasting consumer 
trust [108]. By respecting the skin�s intrinsic adaptive capacity, modern science provides 
a definitive roadmap for aging in a controlled, biologically harmonious, and functionally 
resilient, based on supporting natural regenerative processes and tissue homeostasis. 

10. Conclusions 
Skin aging is a complex biological process fundamentally dictated by cells� capacity 

to maintain molecular balance. The data presented in this review indicate ubiquitination 
and the UPS are central to regulating skin proteostasis, integrating protein quality control 
with processes of proliferation, differentiation, and the endogenous defense against 
oxidative and inflammatory stress. Dysfunction in these mechanisms constitutes one of 
the key molecular determinants of skin aging. 

This biological reality drives a definitive paradigm shift: moving away from an anti-
aging approach focused on correcting external symptoms toward the concept of well-
aging, which assumes the preservation of the functional efficiency of skin cells despite the 
inevitable passage of biological time. Modern cosmetology and dermatology should 
develop strategies that limit overload of the proteostasis network, support the stability of 
the cellular environment, and respect the biological rhythms of processes in the skin. 

Understanding the deep interdependence of the proteostasis network also 
establishes clear, scientifically sound boundaries for cosmetic influence. While these 
complex molecular machineries cannot be directly “activated” by topical formulations, 
their functional longevity can be profoundly supported by optimizing the external cellular 
environment. In biological reality, cosmetic products do not act by directly affecting cells 
in the body. Instead, they act indirectly—by influencing the conditions and environment 
within the body, which is consistent with scientific research. 

The quality of skin aging is dictated by the resilience of the skin�s internal regulatory 
mechanisms. By aligning modern cosmetology and aesthetic dermatology directly with 
fundamental cell biology, well-aging ceases to be a futile attempt to artificially “delay 
aging.” Instead, it emerges as a robust strategy for maintaining the skin�s biological 
competence—redefining beauty not as the outcome of aggressive, short-term 
interventions, but as the visible phenotype of long-term, sustained molecular balance. 

Author Contributions: Conceptualization, A.P., A.Z. and L.Z.; writing—original draft preparation 
A.Z., A.P., A.C. and K.K.; writing—review and editing, A.Z., A.P., K.K., A.C. and L.Z.; supervision, 
A.P. and L.Z. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was supported by the Poznan University of Medical Sciences through the 
funding TOP0000041-Top Projekt-2026 Edition, project title: “Achiral derivatives of 
dihydrothiouracil (DHTU) as a new generation of cereblon ligands in targeted protein degradation 
technology”. 

Acknowledgments: The authors are grateful to the Poznan University of Medical Sciences (ROR 
number: https://ror.org/02zbb2597). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 
not applicable to this article. 



Appl. Sci. 2026, 16, 7313 17 of 21 
 

https://doi.org/10.3390/app16147313 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. Pintea, A.; Manea, A.; Pintea, C.; Vlad, R.-A.; Bîrsan, M.; Antonoaea, P.; Rédai, E.M.; Ciurba, A. Peptides: Emerging Candidates 

for the Prevention and Treatment of Skin Senescence: A Review. Biomolecules 2025, 15, 88. https://doi.org/10.3390/biom15010088. 
2. Ngoc, L.T.N.; Moon, J.-Y.; Lee, Y.-C. Insights into Bioactive Peptides in Cosmetics. Cosmetics 2023, 10, 111. 

https://doi.org/10.3390/cosmetics10040111. 
3. Schild, J.; Kalvodová, A.; Zbytovská, J.; Farwick, M.; Pyko, C. The Role of Ceramides in Skin Barrier Function and the Importance 

of Their Correct Formulation for Skincare Applications. Int. J. Cosmet. Sci. 2024, 46, 526–543. https://doi.org/10.1111/ics.12972. 
4. Huang, W.; Liu, J.; Zhao, L.; He, H. Function of Ceramides in the Skin and Its Relationship with Skin Disease. J. Steroid Biochem. 

Mol. Biol. 2025, 254, 106842. https://doi.org/10.1016/j.jsbmb.2025.106842. 
5. Caritá, A.C.; Fonseca-Santos, B.; Shultz, J.D.; Michniak-Kohn, B.; Chorilli, M.; Leonardi, G.R. Vitamin C: One Compound, Several 

Uses. Advances for Delivery, Efficiency and Stability. Nanomed. Nanotechnol. Biol. Med. 2020, 24, 102117. 
https://doi.org/10.1016/j.nano.2019.102117. 

6. Zhong, J.; Zhao, N.; Song, Q.; Du, Z.; Shu, P. Topical Retinoids: Novel Derivatives, Nano Lipid-based Carriers, and 
Combinations to Improve Chemical Instability and Skin Irritation. J. Cosmet. Dermatol. 2024, 23, 3102–3115. 
https://doi.org/10.1111/jocd.16415. 

7. Yan, Z.; Zhang, S.; Wu, G.; Kang, Y.; Fu, C.; Wang, Z.; Wang, G.; Tang, L.; Wang, W. Advances in Nanotechnology-Based Topical 
Delivery Systems for Skincare Applications. Pharmaceutics 2026, 18, 63. https://doi.org/10.3390/pharmaceutics18010063. 

8. Costa, R.; Santos, L. Delivery Systems for Cosmetics—From Manufacturing to the Skin of Natural Antioxidants. Powder Technol. 
2017, 322, 402–416. https://doi.org/10.1016/j.powtec.2017.07.086. 

9. Lens, M. Niosomes as Vesicular Nanocarriers in Cosmetics: Characterisation, Development and Efficacy. Pharmaceutics 2025, 
17, 287. https://doi.org/10.3390/pharmaceutics17030287. 

10. Szumała, P.; Macierzanka, A. Topical Delivery of Pharmaceutical and Cosmetic Macromolecules Using Microemulsion Systems. 
Int. J. Pharm. 2022, 615, 121488. https://doi.org/10.1016/j.ijpharm.2022.121488. 

11. Kalwat, J.I. Skin Minimalism—What Is the New Beauty Trend? Biomed. J. Sci. Tech. Res. 2023, 52, 44051–44055. 
https://doi.org/10.26717/BJSTR.2023.52.008303. 

12. Monika; Pragi; Kumar, V.; Jyoti; Sarswa, A.; Shrikant; Malik, G.; Kumari, S. The Global Cosmetic Industry: Regulatory 
Challenges and Innovations for Ensuring Safety and Compliance. Curr. Cosmet. Sci. 2025, 4, e26667797343989. 
https://doi.org/10.2174/0126667797343989241226101025. 

13. Bouzroud, S.; El Maaiden, E.; Sobeh, M.; Merghoub, N.; Boukcim, H.; Kouisni, L.; El Kharrassi, Y. Biotechnological Approaches 
to Producing Natural Antioxidants: Anti-Ageing and Skin Longevity Prospects. Int. J. Mol. Sci. 2023, 24, 1397. 
https://doi.org/10.3390/ijms24021397. 

14. Grech, V.S.; Kefala, V.; Rallis, E. Cosmetology in the Era of Artificial Intelligence. Cosmetics 2024, 11, 135. 
https://doi.org/10.3390/cosmetics11040135. 

15. Prajapati, S.K.; Lekkala, L.; Yadav, D.; Jain, S.; Yadav, H. Microbiome and Postbiotics in Skin Health. Biomedicines 2025, 13, 791. 
https://doi.org/10.3390/biomedicines13040791. 

16. Kream, E.; Fabi, S.G.; Boen, M. Skinspan: A Holistic Roadmap for Extending Skin Longevity with Evidence-Based Interventions. 
J. Cosmet. Dermatol. 2025, 24, e70432. https://doi.org/10.1111/jocd.70432. 

17. Van Deursen, J.M. The Role of Senescent Cells in Ageing. Nature 2014, 509, 439–446. https://doi.org/10.1038/nature13193. 
18. Nandi, D.; Tahiliani, P.; Kumar, A.; Chandu, D. The Ubiquitin-Proteasome System. J. Biosci. 2006, 31, 137–155. 

https://doi.org/10.1007/BF02705243. 
19. Löw, P. The Role of Ubiquitin–Proteasome System in Ageing. Gen. Comp. Endocrinol. 2011, 172, 39–43. 

https://doi.org/10.1016/j.ygcen.2011.02.005. 
20. Liao, Y.; Zhang, W.; Liu, Y.; Zhu, C.; Zou, Z. The Role of Ubiquitination in Health and Disease. MedComm 2024, 5, e736. 

https://doi.org/10.1002/mco2.736. 
21. Jiao, Q.; Zhi, L.; You, B.; Wang, G.; Wu, N.; Jia, Y. Skin Homeostasis: Mechanism and Influencing Factors. J. Cosmet. Dermatol. 

2024, 23, 1518–1526. https://doi.org/10.1111/jocd.16155. 
22. Li, Y.; Tian, X.; Luo, J.; Bao, T.; Wang, S.; Wu, X. Molecular Mechanisms of Aging and Anti-Aging Strategies. Cell Commun. 

Signal. 2024, 22, 285. https://doi.org/10.1186/s12964-024-01663-1. 



Appl. Sci. 2026, 16, 7313 18 of 21 
 

https://doi.org/10.3390/app16147313 

23. Imbert, I.; Gondran, C.; Oberto, G.; Cucumel, K.; Dal Farra, C.; Domloge, N. Maintenance of the Ubiquitin–Proteasome System 
Activity Correlates with Visible Skin Benefits. Int. J. Cosmet. Sci. 2010, 32, 446–457. https://doi.org/10.1111/j.1468-
2494.2010.00575.x. 

24. Wang, B.; Han, J.; Elisseeff, J.H.; Demaria, M. The Senescence-Associated Secretory Phenotype and Its Physiological and 
Pathological Implications. Nat. Rev. Mol. Cell Biol. 2024, 25, 958–978. https://doi.org/10.1038/s41580-024-00727-x. 

25. Zhang, J.; Yu, H.; Man, M.; Hu, L. Aging in the Dermis: Fibroblast Senescence and Its Significance. Aging Cell 2024, 23, e14054. 
https://doi.org/10.1111/acel.14054. 

26. Hipp, M.S.; Kasturi, P.; Hartl, F.U. The Proteostasis Network and Its Decline in Ageing. Nat. Rev. Mol. Cell Biol. 2019, 20, 421–
435. https://doi.org/10.1038/s41580-019-0101-y. 

27. Margulis, B.; Tsimokha, A.; Zubova, S.; Guzhova, I. Molecular Chaperones and Proteolytic Machineries Regulate Protein 
Homeostasis in Aging Cells. Cells 2020, 9, 1308. https://doi.org/10.3390/cells9051308. 

28. Chin, T.; Lee, X.E.; Ng, P.Y.; Lee, Y.; Dreesen, O. The Role of Cellular Senescence in Skin Aging and Age-Related Skin 
Pathologies. Front. Physiol. 2023, 14, 1297637. https://doi.org/10.3389/fphys.2023.1297637. 

29. Stamatas, G.N. Protein Degradation in the Stratum Corneum. Int. J. Cosmet. Sci. 2024, 46, 590–597. 
https://doi.org/10.1111/ics.12974. 

30. Davies, K.J.A. Degradation of Oxidized Proteins by the 20S Proteasome. Biochimie 2001, 83, 301–310. 
https://doi.org/10.1016/S0300-9084(01)01250-0. 

31. Davis, C.; Spaller, B.L.; Matouschek, A. Mechanisms of Substrate Recognition by the 26S Proteasome. Curr. Opin. Struct. Biol. 
2021, 67, 161–169. https://doi.org/10.1016/j.sbi.2020.10.010. 

32. Bang, S.; Kaur, S.; Kurokawa, M. Regulation of the P53 Family Proteins by the Ubiquitin Proteasomal Pathway. Int. J. Mol. Sci. 
2019, 21, 261. https://doi.org/10.3390/ijms21010261. 

33. Hock, A.K.; Vousden, K.H. The Role of Ubiquitin Modification in the Regulation of P53. Biochim. Biophys. Acta BBA-Mol. Cell 
Res. 2014, 1843, 137–149. https://doi.org/10.1016/j.bbamcr.2013.05.022. 

34. Bulteau, A.-L.; Petropoulos, I.; Friguet, B. Age-Related Alterations of Proteasome Structure and Function in Aging Epidermis. 
Exp. Gerontol. 2000, 35, 767–777. https://doi.org/10.1016/S0531-5565(00)00136-4. 

35. Grillari, J.; Katinger, H.; Voglauer, R. Aging and the Ubiquitinome: Traditional and Non-Traditional Functions of Ubiquitin in 
Aging Cells and Tissues. Exp. Gerontol. 2006, 41, 1067–1079. https://doi.org/10.1016/j.exger.2006.07.003. 

36. Löffek, S.; Bruckner-Tuderman, L.; Magin, T.M. Involvement of the Ubiquitin-proteasome System in the Stabilization of Cell–
Cell Contacts in Human Keratinocytes. Exp. Dermatol. 2012, 21, 791–793. https://doi.org/10.1111/j.1600-0625.2012.01564.x. 

37. Bulteau, A.; Moreau, M.; Nizard, C.; Friguet, B. Proteasome and Photoaging: The Effects of UV Irradiation. Ann. N. Y. Acad. Sci. 
2007, 1100, 280–290. https://doi.org/10.1196/annals.1395.029. 

38. Jana, N.R. Protein Homeostasis and Aging: Role of Ubiquitin Protein Ligases. Neurochem. Int. 2012, 60, 443–447. 
https://doi.org/10.1016/j.neuint.2012.02.009. 

39. Brégégère, F.; Milner, Y.; Friguet, B. The Ubiquitin–Proteasome System at the Crossroads of Stress-Response and Ageing 
Pathways: A Handle for Skin Care? Ageing Res. Rev. 2006, 5, 60–90. https://doi.org/10.1016/j.arr.2005.09.002. 

40. Paul, A.A.; Szulc, N.A.; Kobiela, A.; Brown, S.J.; Pokrzywa, W.; Gutowska-Owsiak, D. In Silico Analysis of the Profilaggrin 
Sequence Indicates Alterations in the Stability, Degradation Route, and Intracellular Protein Fate in Filaggrin Null Mutation 
Carriers. Front. Mol. Biosci. 2023, 10, 1105678. https://doi.org/10.3389/fmolb.2023.1105678. 

41. Kevei, É.; Hoppe, T. Ubiquitin Sets the Timer: Impacts on Aging and Longevity. Nat. Struct. Mol. Biol. 2014, 21, 290–292. 
https://doi.org/10.1038/nsmb.2806. 

42. Ulfig, A.; Jakob, U. Cellular Oxidants and the Proteostasis Network: Balance between Activation and Destruction. Trends 
Biochem. Sci. 2024, 49, 761–774. https://doi.org/10.1016/j.tibs.2024.07.001. 

43. Ando, H.; Ichihashi, M.; Hearing, V.J. Role of the Ubiquitin Proteasome System in Regulating Skin Pigmentation. Int. J. Mol. Sci. 
2009, 10, 4428–4434. https://doi.org/10.3390/ijms10104428. 

44. Shen, W.; Zhang, Z.; Ma, J.; Lu, D.; Lyu, L. The Ubiquitin Proteasome System and Skin Fibrosis. Mol. Diagn. Ther. 2021, 25, 29–
40. https://doi.org/10.1007/s40291-020-00509-z. 

45. Bay, E.Y.; Topal, I.O. Aging Skin and Anti-Aging Strategies. Explor. Res. Hypothesis Med. 2022, 8, 269–279. 
https://doi.org/10.14218/ERHM.2022.00030. 

46. Rai, M.; Hunt, L.C.; Demontis, F. Stress Responses Induced by Perturbation of the Ubiquitin–Proteasome System. Trends 
Biochem. Sci. 2025, 50, 175–178. https://doi.org/10.1016/j.tibs.2024.12.011. 



Appl. Sci. 2026, 16, 7313 19 of 21 
 

https://doi.org/10.3390/app16147313 

47. Petsalaki, E.; Russell, R.B. Peptide-Mediated Interactions in Biological Systems: New Discoveries and Applications. Curr. Opin. 
Biotechnol. 2008, 19, 344–350. https://doi.org/10.1016/j.copbio.2008.06.004. 

48. Dréno, B.; Benoit, I.; Perrier, E.; Radman, M. Beyond the Genome: Protecting the Proteome May Be the Key to Preventing Skin 
Aging. Eur. J. Dermatol. 2024, 34, 355–360. https://doi.org/10.1684/ejd.2024.4739. 

49. Hossain, M.K.; Kim, H.-R. Skin Organoids in Proteostasis Research: Early Insights into Aging. Biomol. Ther. 2026, 34, 264–278. 
https://doi.org/10.4062/biomolther.2025.268. 

50. Ji, C.H.; Kwon, Y.T. Crosstalk and Interplay between the Ubiquitin-Proteasome System and Autophagy. Mol. Cells 2017, 40, 
441–449. https://doi.org/10.14348/molcells.2017.0115. 

51. Li, Y.; Li, S.; Wu, H. Ubiquitination-Proteasome System (UPS) and Autophagy Two Main Protein Degradation Machineries in 
Response to Cell Stress. Cells 2022, 11, 851. https://doi.org/10.3390/cells11050851. 

52. Saibil, H. Chaperone Machines for Protein Folding, Unfolding and Disaggregation. Nat. Rev. Mol. Cell Biol. 2013, 14, 630–642. 
https://doi.org/10.1038/nrm3658. 

53. Tisserand, J.C.; Pellay, F.; Lecland, N.; Fontbonne, A.; Giraud, F.; Perrier, E.; Trompezinski, S.; Benoit, I. Antioxidative and 
Chaperone-like Activities of a Bacterioruberin-rich Extract: An Innovative Approach to Protect the Skin Proteome. Int. J. Cosmet. 
Sci. 2026, 48, 327–338. https://doi.org/10.1111/ics.70032. 

54. Hartl, F.U.; Bracher, A.; Hayer-Hartl, M. Molecular Chaperones in Protein Folding and Proteostasis. Nature 2011, 475, 324–332. 
https://doi.org/10.1038/nature10317. 

55. Parzych, K.R.; Klionsky, D.J. An Overview of Autophagy: Morphology, Mechanism, and Regulation. Antioxid. Redox Signal. 
2014, 20, 460–473. https://doi.org/10.1089/ars.2013.5371. 

56. D�Ambrosio, L.; Greco, M.E.; Forte, M.; Vecchio, D.; Schiavon, S.; Nonno, F.D.; Tahir, S.; Picchio, V.; Cozzolino, C.; Sarto, G.; et 
al. Autophagy and Mitophagy in Dermatological Disease: A Comprehensive Review from Molecular Pathways to Therapeutic 
Frontiers. Biol. Direct 2025, 21, 4. https://doi.org/10.1186/s13062-025-00703-1. 

57. Cavinato, M.; Martic, I.; Wedel, S.; Pittl, A.; Koziel, R.; Weinmmüllner, R.; Schosserer, M.; Jenewein, B.; Bobbili, M.R.; Arcalis, 
E.; et al. Elimination of Damaged Mitochondria during UVB-induced Senescence Is Orchestrated by NIX-dependent Mitophagy. 
Aging Cell 2024, 23, e14186. https://doi.org/10.1111/acel.14186. 

58. Endicott, S.J. Chaperone-Mediated Autophagy as a Modulator of Aging and Longevity. Front. Aging 2024, 5, 1509400. 
https://doi.org/10.3389/fragi.2024.1509400. 

59. Bitto, A.; Lerner, C.A.; Nacarelli, T.; Crowe, E.; Torres, C.; Sell, C. P62/SQSTM1 at the Interface of Aging, Autophagy, and 
Disease. Age 2014, 36, 9626. https://doi.org/10.1007/s11357-014-9626-3. 

60. Chen, L.; Wang, X.; Wang, Y.; Yao, Q.; Liu, Y.; Zhu, Y.; Huang, H.; Yang, H.; Yang, Y.; He, Y.; et al. SQSTM1/P62 Orchestrates 
Skin Aging via USP7 Degradation. Aging Cell 2025, 24, e70078. https://doi.org/10.1111/acel.70078. 

61. Hussen, N.H.A.; Abdulla, S.K.; Ali, N.M.; Ahmed, V.A.; Hasan, A.H.; Qadir, E.E. Role of Antioxidants in Skin Aging and the 
Molecular Mechanism of ROS: A Comprehensive Review. Asp. Mol. Med. 2025, 5, 100063. 
https://doi.org/10.1016/j.amolm.2025.100063. 

62. Khiar-Fernández, I.; Khiar-Fernández, N.; Pereyra-Rodríguez, J.-J.; Fernández, I. NRF2 as a Therapeutic Target in 
Dermatological Disorders: Mechanisms and Molecules. Pharmaceuticals 2026, 19, 497. https://doi.org/10.3390/ph19030497. 

63. Bickers, D.R.; Athar, M. Oxidative Stress in the Pathogenesis of Skin Disease. J. Investig. Dermatol. 2006, 126, 2565–2575. 
https://doi.org/10.1038/sj.jid.5700340. 

64. Gu, Y.; Han, J.; Jiang, C.; Zhang, Y. Biomarkers, Oxidative Stress and Autophagy in Skin Aging. Ageing Res. Rev. 2020, 59, 101036. 
https://doi.org/10.1016/j.arr.2020.101036. 

65. Pająk, J.; Nowicka, D.; Szepietowski, J.C. Inflammaging and Immunosenescence as Part of Skin Aging—A Narrative Review. 
Int. J. Mol. Sci. 2023, 24, 7784. https://doi.org/10.3390/ijms24097784. 

66. Agrawal, R.; Hu, A.; Bollag, W.B. The Skin and Inflamm-Aging. Biology 2023, 12, 1396. https://doi.org/10.3390/biology12111396. 
67. Lee, H.; Hong, Y.; Kim, M. Structural and Functional Changes and Possible Molecular Mechanisms in Aged Skin. Int. J. Mol. 

Sci. 2021, 22, 12489. https://doi.org/10.3390/ijms222212489. 
68. Hayes, J.D.; Dayalan Naidu, S.; Dinkova-Kostova, A.T. Regulating Nrf2 Activity: Ubiquitin Ligases and Signaling Molecules in 

Redox Homeostasis. Trends Biochem. Sci. 2025, 50, 179–205. https://doi.org/10.1016/j.tibs.2024.12.010. 
69. Goetzke, C.C.; Ebstein, F.; Kallinich, T. Role of Proteasomes in Inflammation. J. Clin. Med. 2021, 10, 1783. 

https://doi.org/10.3390/jcm10081783. 
70. Tokunaga, F. Ubiquitination-Mediated NF-κB Regulation in Inflammatory Response. In Protein Modifications in Pathogenic 

Dysregulation of Signaling; Inoue, J., Takekawa, M., Eds.; Springer: Tokyo, Japan, 2015; pp. 177–196. 



Appl. Sci. 2026, 16, 7313 20 of 21 
 

https://doi.org/10.3390/app16147313 

71. Korovila, I.; Hugo, M.; Castro, J.P.; Weber, D.; Höhn, A.; Grune, T.; Jung, T. Proteostasis, Oxidative Stress and Aging. Redox Biol. 
2017, 13, 550–567. https://doi.org/10.1016/j.redox.2017.07.008. 

72. Shi, J.; Guo, Y.; Wang, H.; Xiao, Y.; Liu, W.; Lyu, L. The Ubiquitin-proteasome System in Melanin Metabolism. J. Cosmet. 
Dermatol. 2022, 21, 6661–6668. https://doi.org/10.1111/jocd.15433. 

73. Naharro-Rodriguez, J.; Bacci, S.; Hernandez-Bule, M.L.; Perez-Gonzalez, A.; Fernandez-Guarino, M. Decoding Skin Aging: A 
Review of Mechanisms, Markers, and Modern Therapies. Cosmetics 2025, 12, 144. https://doi.org/10.3390/cosmetics12040144. 

74. Frankowska, N.; Lisowska, K.; Witkowski, J.M. Proteolysis Dysfunction in the Process of Aging and Age-Related Diseases. 
Front. Aging 2022, 3, 927630. https://doi.org/10.3389/fragi.2022.927630. 

75. Altay Benetti, A.; Tarbox, T.; Benetti, C. Current Insights into the Formulation and Delivery of Therapeutic and Cosmeceutical 
Agents for Aging Skin. Cosmetics 2023, 10, 54. https://doi.org/10.3390/cosmetics10020054. 

76. Hussein, R.S.; Bin Dayel, S.; Abahussein, O.; El-Sherbiny, A.A. Influences on Skin and Intrinsic Aging: Biological, 
Environmental, and Therapeutic Insights. J. Cosmet. Dermatol. 2025, 24, e16688. https://doi.org/10.1111/jocd.16688. 

77. Suvedi, D.; Kumar, A.; Kalia, S.; Kumar, A.; Koul, S.; James, A.; Kumar, D.; Nagraik, R.; Gulilat, H. Aging and Herbal 
Interventions: Mechanistic Insights and Therapeutic Potential. J. Cosmet. Dermatol. 2025, 24, e70335. 
https://doi.org/10.1111/jocd.70335. 

78. Su, Q.; Zhi, L.; You, B.; Jiao, Q.; Wang, Z.; Jia, Y. Application of Omics Techniques in Skin Homeostasis Evaluation. Asian J. 
Beauty Cosmetol. 2024, 22, 163–172. https://doi.org/10.20402/ajbc.2023.0096. 

79. Haykal, D.; Flament, F.; Shadev, M.; Mora, P.; Puyat, C.; Dréno, B.; Zheng, Q.; Cartier, H.; Gold, M.; Cohen, S. Advances in 
Longevity: The Intersection of Regenerative Medicine and Cosmetic Dermatology. J. Cosmet. Dermatol. 2025, 24, e70356. 
https://doi.org/10.1111/jocd.70356. 

80. Haykal, D.; Flament, F.; Mora, P.; Balooch, G.; Cartier, H. Unlocking Longevity in Aesthetic Dermatology: Epigenetics, Aging, 
and Personalized Care. Int. J. Dermatol. 2025, 64, 2204–2214. https://doi.org/10.1111/ijd.17725. 

81. Haykal, D.; Gold, M.; Lain, E.; Green, J.; Farris, P.K. Reprogramming Skin Aging: A Regenerative and Epigenetic Perspective 
on Cutaneous Longevity. J. Cosmet. Dermatol. 2026, 25, e70788. https://doi.org/10.1111/jocd.70788. 

82. Gürtler, A.-L.; Sirois, J.P.; Heckenbach, I.J.; Scherf-Clavel, O.; Scheibye-Knudsen, M.; Heinz, A. Topical and Systemic Skin Aging 
Interventions: Evidence, Pitfalls and Perspectives. Biochem. Pharmacol. 2026, 249, 117898. 
https://doi.org/10.1016/j.bcp.2026.117898. 

83. He, X.; Wan, F.; Su, W.; Xie, W. Research Progress on Skin Aging and Active Ingredients. Molecules 2023, 28, 5556. 
https://doi.org/10.3390/molecules28145556. 

84. Reuter, M.; Joseph, E.; Lian, G.; Lunter, D.J. Presence of Different Ceramide Species Modulates Barrier Function and Structure 
of Stratum Corneum Lipid Membranes: Insights from Molecular Dynamics Simulations. Mol. Pharm. 2025, 22, 4280–4292. 
https://doi.org/10.1021/acs.molpharmaceut.5c00580. 

85. Bukvić Mokos, Z.; Tomić Krsnik, L.; Harak, K.; Marojević Tomić, D.; Tešanović Perković, D.; Vukojević, M. Vitamin D in the 
Prevention and Treatment of Inflammatory Skin Diseases. Int. J. Mol. Sci. 2025, 26, 5005. https://doi.org/10.3390/ijms26115005. 

86. Majidinia, M.; Sadeghpour, A.; Mehrzadi, S.; Reiter, R.J.; Khatami, N.; Yousefi, B. Melatonin: A Pleiotropic Molecule That 
Modulates DNA Damage Response and Repair Pathways. J. Pineal Res. 2017, 63, e12416. https://doi.org/10.1111/jpi.12416. 

87. Yang, D.; Liu, Q.; Xu, Q.; Zheng, L.; Zhang, S.; Lu, S.; Xiao, G.; Zhao, M. Effects of Collagen Hydrolysates on UV-Induced 
Photoaging Mice: Gly-Pro-Hyp as a Potent Anti-Photoaging Peptide. Food Funct. 2024, 15, 3008–3022. 
https://doi.org/10.1039/D3FO04949C. 

88. Marques, C.; Hadjab, F.; Porcello, A.; Lourenço, K.; Scaletta, C.; Abdel-Sayed, P.; Hirt-Burri, N.; Applegate, L.A.; Laurent, A. 
Mechanistic Insights into the Multiple Functions of Niacinamide: Therapeutic Implications and Cosmeceutical Applications in 
Functional Skincare Products. Antioxidants 2024, 13, 425. https://doi.org/10.3390/antiox13040425. 

89. Maresca, E.; Carbone, M.; Gallo, G.; Fusco, S.; Aulitto, M. Extremophile-Derived Bioactives in Cosmeceuticals: Bridging 
Nutraceuticals and Skincare for Holistic Wellness. Life 2025, 15, 1787. https://doi.org/10.3390/life15121787. 

90. Mohammed, D.; Hirata, K.; Hadgraft, J.; Lane, M.E. Influence of Skin Penetration Enhancers on Skin Barrier Function and Skin 
Protease Activity. Eur. J. Pharm. Sci. 2014, 51, 118–122. https://doi.org/10.1016/j.ejps.2013.09.009. 

91. Fricker, L.D. Proteasome Inhibitor Drugs. Annu. Rev. Pharmacol. Toxicol. 2020, 60, 457–476. https://doi.org/10.1146/annurev-
pharmtox-010919-023603. 

92. Baird, L.; Yamamoto, M. The Molecular Mechanisms Regulating the KEAP1-NRF2 Pathway. Mol. Cell. Biol. 2020, 40, e00099-20. 
https://doi.org/10.1128/MCB.00099-20. 



Appl. Sci. 2026, 16, 7313 21 of 21 
 

https://doi.org/10.3390/app16147313 

93. Boudjelal, M.; Wang, Z.; Voorhees, J.J.; Fisher, G.J. Ubiquitin/Proteasome Pathway Regulates Levels of Retinoic Acid Receptor 
γ and Retinoid X Receptor α in Human Keratinocytes. Cancer Res. 2000, 60, 2247–2252. 

94. El Yaagoubi, O.M.; Oularbi, L.; Bouyahya, A.; Samaki, H.; El Antri, S.; Aboudkhil, S. The Role of the Ubiquitin-Proteasome 
Pathway in Skin Cancer Development: 26S Proteasome-Activated NF-κB Signal Transduction. Cancer Biol. Ther. 2021, 22, 479–
492. https://doi.org/10.1080/15384047.2021.1978785. 

95. Traks, T.; Reemann, P.; Eskla, K.; Ottas, A.; Jagomäe, T.; Liira, R.; Ilves, L.; Jaks, V.; Raam, L.; Abram, K.; et al. High-throughput 
Proteomic Analysis of Chronic Inflammatory Skin Diseases: Psoriasis and Atopic Dermatitis. Exp. Dermatol. 2024, 33, e15079. 
https://doi.org/10.1111/exd.15079. 

96. McCarty, S.M.; Percival, S.L. Proteases and Delayed Wound Healing. Adv. Wound Care 2013, 2, 438–447. 
https://doi.org/10.1089/wound.2012.0370. 

97. Hamazaki, J.; Murata, S. Relationships between Protein Degradation, Cellular Senescence, and Organismal Aging. J. Biochem. 
2024, 175, 473–480. https://doi.org/10.1093/jb/mvae016. 

98. Upadhyay, A.; Joshi, V. The Ubiquitin Tale: Current Strategies and Future Challenges. ACS Pharmacol. Transl. Sci. 2024, 7, 2573–
2587. https://doi.org/10.1021/acsptsci.4c00278. 

99. Lombardi, F.; Augello, F.R.; Ciafarone, A.; Ciummo, V.; Altamura, S.; Cinque, B.; Palumbo, P. 3D Models Currently Proposed 
to Investigate Human Skin Aging and Explore Preventive and Reparative Approaches: A Descriptive Review. Biomolecules 2024, 
14, 1066. https://doi.org/10.3390/biom14091066. 

100. Pandey, S.N.; Agrawal, N.; Moglad, E.; Priya, G.P.; Srivastava, M.; Chennakesavulu, K.; Mohanty, B.; Arya, R.; Kazmi, I.; 
Alzarea, S.I.; et al. CHIP and Aging: A Key Regulator of Proteostasis and Cellular Senescence. Biogerontology 2025, 26, 104. 
https://doi.org/10.1007/s10522-025-10247-6. 

101. Szabó, K.; Balogh, F.; Romhányi, D.; Erdei, L.; Toldi, B.; Gyulai, R.; Kemény, L.; Groma, G. Epigenetic Regulatory Processes 
Involved in the Establishment and Maintenance of Skin Homeostasis—The Role of Microbiota. Int. J. Mol. Sci. 2025, 26, 438. 
https://doi.org/10.3390/ijms26020438. 

102. LaPlante, G.; Zhang, W. Targeting the Ubiquitin-Proteasome System for Cancer Therapeutics by Small-Molecule Inhibitors. 
Cancers 2021, 13, 3079. https://doi.org/10.3390/cancers13123079. 

103. Bhat, S.A.; Vasi, Z.; Adhikari, R.; Gudur, A.; Ali, A.; Jiang, L.; Ferguson, R.; Liang, D.; Kuchay, S. Ubiquitin Proteasome System 
in Immune Regulation and Therapeutics. Curr. Opin. Pharmacol. 2022, 67, 102310. https://doi.org/10.1016/j.coph.2022.102310. 

104. Powell, S.R.; Herrmann, J.; Lerman, A.; Patterson, C.; Wang, X. The Ubiquitin–Proteasome System and Cardiovascular Disease. 
In Progress in Molecular Biology and Translational Science; Elsevier: Amsterdam, The Netherlands, 2012; Volume 109, pp. 295–346 
. 

105. Zheng, Q.; Huang, T.; Zhang, L.; Zhou, Y.; Luo, H.; Xu, H.; Wang, X. Dysregulation of Ubiquitin-Proteasome System in 
Neurodegenerative Diseases. Front. Aging Neurosci. 2016, 8, 303. https://doi.org/10.3389/fnagi.2016.00303. 

106. Hitora, Y.; Tsukamoto, S. Modulators of the Ubiquitin–Proteasome System from Natural Products: Chemical Structures and 
Their Potential for Drug Discovery. Nat. Prod. Rep. 2025, 42, 1120–1135. https://doi.org/10.1039/D5NP00004A. 

107. Chen, Y.; Xue, H.; Jin, J. Applications of Protein Ubiquitylation and Deubiquitylation in Drug Discovery. J. Biol. Chem. 2024, 300, 
107264. https://doi.org/10.1016/j.jbc.2024.107264. 

108. Gianfredi, V.; Nucci, D.; Pennisi, F.; Maggi, S.; Veronese, N.; Soysal, P. Aging, Longevity, and Healthy Aging: The Public Health 
Approach. Aging Clin. Exp. Res. 2025, 37, 125. https://doi.org/10.1007/s40520-025-03021-8. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content. 


