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Abstract: Skin aging is the most prominent phenotype of host aging and is the consequence
of a combination of genes and environment. Improving skin aging is essential for main-
taining the healthy physiological function of the skin and the mental health of the human
body. Mitochondria are vital organelles that play important roles in cellular mechanisms,
including energy production and free radical balance. However, mitochondrial metabolism,
mitochondrial dynamics, biogenesis, and degradation processes vary greatly in various
cells in the skin. It is well known that mitochondrial dysfunction can promote the aging
and its associated diseases of the skin, resulting in the damage of skin physiology and the
occurrence of skin pathology. In this review, we summarize the important role of mito-
chondria in various skin cells, review the cellular responses to vital steps in mitochondrial
quality regulation, mitochondrial dynamics, mitochondrial biogenesis, and mitochondrial
phagocytosis, and describe their importance and specific pathways in skin aging.
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1. Introduction
Cellular aging is a complex physiological process characterized by an eternal inhi-

bition of proliferation [1]. Numerous data show that cellular senescence is accompanied
by a gradual decrease in the ability to proliferate and differentiate, eventually becoming
physiologically nonfunctional [2]. It is well known that skin aging is the most obvious
feature of organismal aging. In addition to physiological aging caused by endogenous
factors such as aging, exogenous factors including ultraviolet radiation further aggravate
skin aging [3]. Clinically, the phenotypes of skin aging include skin thinning, wrinkle
appearance, hyperpigmentation, and capillary dilation with enlarged pores [4]. Skin aging
not only changes the host’s appearance and brings serious psychological burden, which
in turn hinders normal work and social interactions, but also leads to the occurrence of
related diseases and even skin cancer [5,6]. Current research has confirmed the importance
of mitochondrial functional homeostasis in skin health and the key role that mitochondrial
dysfunction plays in skin inflammation, skin diseases, and skin cancers. Mitochondrial dys-
function in the skin and other tissues is mechanistically based on excessive ROS production
and its induction of oxidative stress, although some specific skin injuries are mediated by
other mitochondrial pathways [7]. Although scientists have made many breakthroughs in
revealing mitochondria-associated genes and proteins that play important roles in health-
and disease-related environments, it is still difficult to unify views of how mitochondrial
dysfunction drives the changes associated with skin aging [8].

Here, we not only discuss the critical role mitochondria play in healthy skin physiology
versus premature skin aging and the associated diseases that result, but we also discuss
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the newly proposed idea that mitochondrial dysfunction promotes the pathogenesis of
age-related skin diseases. Specifically, therapeutic strategies to ameliorate mitochondrial
dysfunction and thereby slow skin aging by targeting mitochondrial dynamics, mitochon-
drial biogenesis, and mitochondrial autophagy are argued to be beneficial to humans in
terms of healthy aging, prevention of age-associated diseases, and longevity.

2. Skin Structure
The skin is the outer sheath of the body, which is in contact with the external environ-

ment. It is a complex tissue that consists of several layers of tissue, each of which is made
up of different cells. It has important functions such as sensory, thermal insulation, and
protection against water loss, and is a physical barrier against pathogens [7].

The skin is made up of more than 20 different types of cells and is divided into
three layers: epidermis, dermis, and subcutaneous. The epidermis forms the outermost
layer, offering a defensive barrier to the skin [9]. The epidermis is mainly differentiated
from keratinocytes. Originating from the ectoderm during embryogenesis, keratinocytes
form the main cell type in the epidermis and form the protective layer of the skin. Upon
differentiation as they move from the basal layer to the surface of the skin, keratinocytes
undergo morphological changes and produce keratin, which contributes to skin strength
and waterproofing [10,11].

The dermis is located under the epidermis and is connected to the epidermis by the
dermal-epidermal connection and contains a variety of structures, including blood vessels,
sebaceous glands, sweat glands, etc. Dermal-epidermal junction (DEJ), which consists
of an abundance of extracellular matrix (ECM) and various functional structures. In the
compartments of the skin, the dermis has the richest cellular richness. Among them,
fibroblasts are the main cell type in the dermis and exert a central role in the synthesis and
secretion of the ECM, which is composed of structurally related proteins including collagen
and elastin, glycoproteins, and glycosaminoglycans. Overall, these components maintain
the elasticity, fullness, and resilience of the skin [10,12–14]. Other cells are also present
in the dermis, including mesenchymal stem cells (MSCs), fat cells, and immune cells, the
latter of which are less numerous due to the presence of blood vessels [15]. In addition, the
dermal chamber is home to additional functionally complex ingredients, including hair
follicles, sweat glands, sebaceous glands, and sensory nerve endings [14].

Finally, the hypodermis is the innermost layer of skin [14]. It is mainly constituted
of adipocytes, preadipocytes, and stem cells derived from adipose but is also composed
of fibroblasts, macrophages, T cells, and erythrocytes, forming a network of interstitial
vascular cells in nerves, muscles, and hair follicles [16]. The central role of the subcutaneous
tissue is to link the skin to substructures, including muscles and bones, offering a pillar and
insulation to the host and being regarded as a permanent energy storage chamber [17].

3. Skin Aging
Acts as a barrier between the body and the external environment, the vital location

of the skin determines the important function of keeping balance in the body and main-
taining the survival of the host [18]. This leads to the skin, the organ most susceptible to
environmental elements, including pollutants, temperature, and sun exposure. Physical
and chemical responses induced by a variety of internal and external factors can lead to a
gradual deficiency of skin structure and function, ultimately resulting in skin aging [19].
Intrinsic aging is mainly determined by genes and is the natural result of alterations in the
physiological system over time; however, external aging is caused by a combination of ex-
ternal environments [20], including ultraviolet (UV) exposure, smoke, pollutants, nutrients,
and exercise (Figure 1). Clinical phenotypes are associated with skin aging, including dry
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and rough, wrinkle formation, decreased elasticity, no regular pigment distribution, and a
pronounced vascular system [21].
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Figure 1. Skin aging. Skin aging is divided into endogenous and exogenous aging. Intrinsic skin
aging is mainly determined by chronological aging, genes, hormones, and metabolism and is the
natural result of changes in the physiological system over time, while external aging is caused by a
combination of external environments, including ultraviolet radiation, sleep, nutrition, and pollution.

Ultraviolet exposure is the most common external factor that induces skin aging [22,23].
Ultraviolet radiation (UVR) exposure is an important environmental element that in-
duces apoptosis and skin barrier damage [24]. Of the three subcategories of UVR, UVA
(320–400 nm) and UVB (280–320 nm) reach earth in large numbers, while UVC (200–280 nm)
does not [25]. As a result, UVA and UVB bear responsibility for most UVR-related health
damages [25]. UVA is a more extensive ingredient that penetrates the dermis, while UVB,
which typically does not exceed 10% of UVR, has high energy and is mainly assimilated by
epidermal cells [25,26].

Senescence is often defined as the slow decline of an organism’s functions over time,
which can be induced by the synchronous deterioration of interrelated cellular capacities.
Although often mistaken for being found only in modern humans and animals in function,
in fact, most metazoans indicate various markers of aging during their lifetime [27]. There
is a great deal of interest in understanding aging and aging-related conditions and their
associated molecular mechanisms in the hope of delaying these alterations. Researchers
have long struggled to explore the process of aging. Especially if aging becomes apparent
long after the reduced fertility, and therefore the power of nature has long since been
weakened, how does the genetic process of aging work?

4. Mitochondria and Skin
Mitochondria are found in almost all eukaryotic cells, and they are multifunctional

organelles. Mitochondria exert a vital role in signaling, including bioenergetics, reactive
oxygen species (ROS) production, catabolism and anabolism, iron-sulfur clusters and heme
biosynthesis, calcium and iron balance, and apoptosis, and are central to the regulation of
cellular metabolism and homeostasis [28–32]. These organelles are essential for life, dynam-
ics, and cellular stress responses [29,33]. Mitochondrial dysfunction is closely associated



Int. J. Mol. Sci. 2025, 26, 1803 4 of 20

with various phenotypes of aging, such as impaired oxidative phosphorylation (OXPHOS)
processes, increased oxidative damage, decreased mitochondrial quality control, decreased
metabolic enzyme activity, and changes in mitochondrial morphology, kinetics, and bio-
genesis [27,34]. Mitochondrial dysfunction can affect host multi-organ systems, resulting
in a pathological state known as “mitochondrial disease”. In addition, mitochondrial
dysfunction is also associated with many age-related pathological conditions, including
neurodegenerative diseases, metabolic diseases, and cardiovascular diseases [35–40]. Cellu-
lar homeostasis and mitochondrial health require tight regulation between the generation of
new cells and the clearance of damaged mitochondria. Recent studies on skin homeostasis
and aging have identified the indispensable functions of mitochondria [41] (Figure 2).
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Figure 2. Skin health is tied to mitochondrial homeostasis. The state of healthy skin is associated with
dynamic mitochondrial quality control, including mitochondrial biogenesis, mitochondrial fusion,
mitochondrial division, and mitochondrial autophagy.

A growing body of research has shown that mitochondria have become important
players in maintaining skin homeostasis [7]. Mitochondria are at key locations in the skin.
While the skin does not have a huge energy requirement compared to other organs such as
skeletal muscle, it is vital for effects such as hair growth, immune homeostasis, hormone
regulation, pigmentation, and wound healing [42]. UV-caused oxidative stress and its
capacity for signaling during extrinsic-induced skin aging have been well documented [43].
However, the importance of mitochondrial damage in UVR-caused skin injury or associ-
ated skin manifestations remains to be further clarified. Our review aimed to illustrate
the mitochondrial mechanism. Here, we summarize how mitochondria are involved in
skin aging and how the opinions can usher in novel insights of mitochondria-targeted
approaches that potentially slow down the rate of aging.
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4.1. Effects of Mitochondria on the Epidermis

It is important to note that the ability required for the sustained regeneration of
the skin’s epidermis derives from the adenosine triphosphate (ATP) produced by the
mitochondria [44]. Moreover, as keratinocytes gradually differentiate from the basal layer
and move up to the basil, mitochondrial structure and function also undergo dynamic
changes. In addition, mitochondria-derived ROS can also be regarded as a signal to regulate
epidermal differentiation [45]. In terms of metabolism, mitochondria are intermediates that
approve the biosynthetic pathways associated with keratin synthesis and lipid metabolism,
so mitochondrial homeostasis within keratinocytes is essential for the maintenance of the
skin barrier and even host homeostasis [46].

When keratinocytes and slow-proliferating fibroblasts are compared, the accumulation
of functional damages ends in keratinocytes for a less pronounced time, and in addition
to mitochondrial damage, other mechanisms can affect epidermal integrity [47–49]. Alter-
ations in mitochondrial structure are seen during keratinocyte differentiation and persist
throughout the skin aging process. The mitochondria number in keratinocytes is signif-
icantly higher in the granular layer than in keratinocytes in the spinous layer, and the
mitochondria within these different layers form a compact mitochondrial network sys-
tem [50]. In addition to persistently strong inter-individual variation in mitochondrial
proliferation keratinocytes, no age-related differences in mitochondrial numbers were
observed to compare cell isolation from young and elderly subjects in vitro, while mito-
chondrial junction decreased in older keratinocytes with younger ones [50,51].

4.2. Effects of Mitochondria on the Dermis

Fibroblasts within the dermis exert an important role in maintaining the skin mor-
phology and function. They are beneficial for the synthesis and keeping of ECM and
are positively involved in distinct skin-associated processes, including collagen synthesis
and repair. As energy-hungry cells, fibroblasts rely heavily on mitochondria to perform
key features, such as ECM synthesis, the synthesis of growth factors, and cell signaling.
In addition, mitochondrial function is essential for maintaining fibroblast viability, facil-
itating proliferation, and enhancing collagen formation, which is vital for keeping skin
integrity [52–54].

4.3. Effects of Mitochondria on the Skin Accessories

The sebaceous gland is an exocrine gland that is beneficial for the release of lipid-
abundant sebum and is a key constituent of epidermal defenses, capacity, temperature
maintenance, skin strength, and skin microbiota balance [55]. The sebaceous glands are
usually linked to hair follicles, a structure consisting of a single pipe leading to the hair
follicle, a cluster of secretory cells present at the base of the duct. Glandular cells are mainly
made up of a special type of adipocyte that can synthesize and accumulate lipids and
participate in other components that constitute sebum [56,57]. Taking into account the active
metabolic activity of sebaceous lipids, these cells are rich in highly active mitochondria in
their cytoplasm [58].

Mitochondrial dynamics has a vital influence on melanocytes [59]. Studies have shown
that genetic and chemical-physical suppression of the mitochondrial fission protein Drp1
results in upregulated melanin generation and mitochondrial lengthening, while reduction
of the mitochondrial fusion protein dynein-like GTPase 1 inhibits melanin production,
resulting in mitochondrial fragmentation. Correspondingly, mitochondrial fragmentation
caused by carbonyl cyanide 3-chlorophenylhydrazone (CCCP) treatment also decreased
melanin production. In addition, mitochondrial fission activates the ROS-ERK loop, which
leads to the proteasome breakdown of microphthalmia-related transcription elements,
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further promoting the inhibition of melanin production, favoring the speculation that
mitochondrial dynamics exert a vital role in melanin production [60].

Perhaps no other structure is so closely related to the energy of the young and the
reduction of the elderly. These associations of the complicated and antagonistic capacities
of mitochondria have slowly changed the way we think about the sub-organelles. Mito-
chondria are seen as more than just energy factories; they are also thought of as a connector
for intracellular signal transduction, controllers of innate immunity, and regulators of stem
cell activity. These properties, in turn, offer clues to how mitochondria modulate skin aging
and skin age-associated disorders [34].

5. Structure and Function of Mitochondria
Mitochondria are dynamic organelles within eukaryotic cells and are encased by two

layers of membranes. They contain unique DNA that plays a decisive role in maintaining
the energy and metabolic requirements of cells. The main task of mitochondria is to
produce ATP through cellular metabolism, thus serving as an important source of energy. In
addition to energy production, mitochondria exert a key role in regulating cell proliferation,
differentiation, calcium, iron balance, and programmed death of cells [61,62]. In addition,
mitochondria are associated with keeping electrolyte balance, activating inflammatory
responses, and coordinating redox responses [43].

Mitochondria are surrounded by two membranes, inner and outer. This morphological
structure constitutes two independent water compartments: the intermembrane space and
the mitochondrial matrix, which exert a key role in keeping the cellular function of this cell.
The outer membrane exhibits high permeability and consists of various large protein-based
pores and positive transporters that are collectively responsible for the transport of proteins,
nucleotides, ions, and metabolites between the cytoplasm and the intermembrane space.
By contrast, the permeability of the inner membrane is more restricted, and resembles
the plasma membrane of a cell. The inner membrane constitutes a large number of folds
(cristae) and extends into the matrix of the organelle, in which proteins associated with
electron transport and ATP generation. The intermembranous space is located between
the two layers of membranes, and its constitution is similar in structure to the cytoplasm.
This matrix is encapsulated by an inner membrane and consists of enzymes, mitochondrial
DNA (mtDNA), and ribosomes, which are vital for ATP generation. Mitochondrial DNA is
encapsulated in a nucleoid, which is translated into vital mitochondrial proteins, which
constitute the oxidative phosphorylation complex [61].

The mitochondrial dynamics homeostasis is essential for keeping mitochondrial and
cellular balance, and it is regulated by mitochondrial dynamics, mitochondrial biogenesis,
and mitophagy. These processes determine the morphology, number, distribution, and
location of mitochondria, allowing for optimal cellular energy generation, calcium balance,
and other important mitochondrial activity.

Mitochondrial dynamics, mitochondrial biogenesis, and mitophagy are coordinatedly
governing and interacting. The mitochondrial fission cleaves the injured mitochondria
and cuts them into smaller pieces that can be enclosed by vesicle membranes that provide
autophagic content for the mitophagy [63]. The mitochondrial fusion process indirectly
governs mitophagy, and when fusion is suppressed, mitochondrial fission further facilitates
mitophagy [64]. Meanwhile, mitophagy also influences the fission pathway of mitochon-
dria via binding receptors to related molecules related to mitochondrial dynamics [65,66].
Mitochondrial biogenesis is a closely controlled process that is implicated in a variety
of signaling loops and signaling transcription elements. Mitochondrial biogenesis per-
mits cells to satisfy up-regulated energy requirements under different stimuli, eliminating
fragmented mitochondria, and is important for cells to adapt to challenges [67]. Once
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the mitochondria are injured, the mitochondrial network is unable to keep an abundant
energy provision [68].

5.1. Mitophagy

Mitophagy is a highly selective type of autophagy that permits lysosomal degradation
of damaged mitochondria. Mitophagy is associated with fission and fusion, and together
they protect mitochondrial homeostasis [69]. Most studies have elucidated the PTEN-
caused kinase 1 (PINK1) and Parkin-mediated mitophagy loops [70]. PINK1 localizes to
IMM under healthy conditions and is sustainably broken down through proteases. How-
ever, when the body is stressed, ∆Ψm is depolarized, which in turn leads to the inactivity
of proteases and the PINK1 stability. PINK1 is transported by translocase to OMM and
accumulates in OMM, where it is autophosphorylated and hires Parkin, subsequently
ubiquitinating the substrates, such as Mfn1/2 and voltage-dependent anion channel-1
(VDAC1). The ubiquitinated proteins are then marked and combined with the adaptor pro-
tein p62 and eventually undergo light chain 3 (LC3)-mediated clearance of mitochondrial
phagocytosis, resulting in degradation of injured mitochondria [71]. Research suggests
that Nrf2 also has a vital influence in regulating mitochondrial phagocytosis and main-
taining mitochondrial balance. Nrf2 could facilitate mitochondrial phagocytosis and clear
damaged mitochondria through the upregulation of p62 and PINK [72]. At the same
time, the diminished ability to clear injured mitochondria leads to a large amount of ROS,
the unleashing of damage-associated molecular patterns (DAMPs), and the occurrence
of inflammation [73,74].

5.2. Mitochondrial Dynamics

In order to adapt to alterations in the cellular environment and keep the mitochondria
balanced, this process in which mitochondria constantly undergo fission and fusion is
known as “mitochondrial dynamics”. Mitochondria maintain the healthy structure and
function through a homeostasis of fission and fusion, which is a prerequisite for it to
keep physiological capacity. The homeostasis is mediated by various dynamically associ-
ated GTPases, which maintain the quantity and quality of mitochondria in parental and
daughter cells [75].

Mitochondrial fusion, as a complementary measure, favors the exchange of content
between adjacent mitochondria, while fission allows the isolation of damaged mitochondria
for the follow-up clear by mitophagy. Mitochondrial proteins (MFN) 1 and 2 are held respon-
sible for the fusion of the outer mitochondrial membrane (OMM); however, the inner mito-
chondrial membrane (IMM) fusion is dependent on the (optic atrophy 1 (OPA1) protein [76].
In contrast, dyne-associated protein 1 (Drp-1) could be recruited from the cytoplasm to
the mitochondrial surface as a central regulator that coordinates fission events [77,78]. The
homeostasis of mitochondrial fusion and fission, by regulating mitochondrial morphology,
facilitating material exchange, keeping the stability and integrity of mtDNA, and isolating
damaged mitochondria, is very important for mitochondrial function [79].

5.3. Mitochondrial Biogenesis

Mitochondrial biogenesis is essential for the synthesis of new mitochondria within cells,
which is able to be activated by various distinct signals under stress situations and is influ-
enced by toxin increases and mtDNA mutations [80]. Mitochondrial biogenesis is essential for
maintaining the quantity and quality of mitochondria involved in the nuclear and mitochon-
drial genomes. Some transcription elements are associated with the process of mitochondrial
biogenesis regulated by physiological stimuli, such as physical activity, nutrient intake, and
temperature, etc. Peroxisome proliferation-activating receptor (PPAR)-γ coactivator-1α (1α)
regulates the process of co-transcriptional regulators with various transcription elements,
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including nuclear respiration factors (NRF-1 and NRF-2), mitochondrial transcription factors
(Tfam), uncoupling proteins (UCP2), PPARs, thyroid hormones, glucocorticoids, estrogen,
and estrogen-associated receptors (ERRs) α and γ [81–83]. NRF-1, NRF-2, and Tfam mainly
regulate mitochondrial enzyme transcription and mtDNA synthesis [84]. In addition to the
transcription elements, two other vital enzymes that are thought to be metabolic receptors
that control mitochondrial biogenesis are AMP-activated protein kinase (AMPK) and the
mammalian counterpart silencing information regulator 1 (SIRT1). In the case of energy
deprivation, AMPK and SIRT1 regulate PGC-1α by phosphorylation and deacetylation, re-
spectively [85]. Some clinical research have indicated that the morphology and mitochondrial
numbers in tissues, including the heart, skeletal muscle, and liver tissue, are altered under
pathogenic conditions [86].

6. Mitochondrial Dysfunction and Aging
Mitochondrial damage and cell aging are two signs of aging and are linked to each

other [87]. Mitochondrial dysfunction is characterized as a reduction in the respiration
ability of each mitochondrion and a decrease in mitochondrial membrane potential, a
process always accompanied by an excess of ROS level, which is thought to be both a
consequence and a result of cell aging. This damage has a vital influence on various
feedback pathways that cause and maintain the aging manifestations [88]. During cell
aging, the increases of damaged mitochondria are caused by elements including excess
ROS and mitophagy disorder, which selectively remove dysfunctional mitochondria. As
the accumulation of mitochondrial damage gradually increases, mitochondrial dysfunction
is further exacerbated, ultimately resulting in downregulated cell bioenergy and increased
ROS [89]. This interaction between mitochondrial damage and aging not only leads to cell
aging but also has vital influences, affecting cell and organ capacity to play a central role in
the broader manifestations of aging and age-associated disorders in organs.

As we age, mitochondria change in morphology, quantity, and OXPHOS activity [90].
Senescence is closely linked to alterations in mitochondrial structure, including hyperfusion
or upregulated fragmentation and injury of the mitochondrial network [7,91]. In addition,
with age, the oxidative phosphorylation efficiency of mitochondria decreases, resulting
in a decrease in ATP production and a decrease in ∆ΨM, which impairs cellular energy
metabolism. These changes are associated with upregulation of ROS levels during aging,
the cumulation of which leads to oxidative stress to mitochondria and cellular ingredients,
leading to cell aging [92]. In addition, mitochondrial turnover decreases during aging,
which illustrates impaired mitochondrial quality control processes, including downreg-
ulation of mitochondrial biogenesis and mitophagy [7]. The mitochondria’s response to
stressful events depends on the stimulus and cell type. Notably, the overdose of somatic
mtDNA mutations due to internal or external damage impairs mitochondrial capabilities
and leads to upregulated ROS formation [93,94].

6.1. The Regulatory Roles of Mitochondrial Biogenesis in Aging

As we age, mitochondrial biogenesis gradually downregulates. Mitochondrial biogen-
esis relies on different signaling cascades to produce normal and intact mitochondria. Gen-
erally, PGC-1α is regarded as the intermediate connector of mitochondrial biogenesis. Re-
search has confirmed the importance of PGC-1α in the skin aging process. UVB-irradiated
human keratinocyte cells (HaCaT) underwent senescence compared to cells not exposed to
UV light, which is characterized by significant downregulation of AMPK phosphorylation
levels, SIRT-1, and PGC-1α contents [95]. Guo et al. found that cryptotanshinone (CTS) can
promote mitochondrial production in skin cells and ameliorate skin aging via regulating the
AMPK-PGC-1α signaling pathway [96]. Similarly, the standardized kaempferia parviflora



Int. J. Mol. Sci. 2025, 26, 1803 9 of 20

extract inhibits the intrinsic aging process in human dermal fibroblasts and hairless mice
by up-regulating the level of PGC-1α, therefore facilitating mitochondrial biogenesis and
ultimately inhibiting cellular senescence and mitochondrial dysfunction [97]. Increased
PGC-1α promotes mitochondriogenesis, ameliorates mitochondrial capacities, and delays
intrinsic and extrinsic element-caused skin aging.

6.2. The Regulatory Roles of Mitophagy in Aging

In senescent cells, mitophagy is activated [12]. Decreased mitophagy and impaired
autophagy pathways have been implicated in aging and various age-associated disorders,
such as neurodegenerative diseases, cardiac and autoimmune disorders, glucose-metabolic
disorders, and tumors [98]. Mitochondrial depolarization is a mark of mitophagy [99].
Activation of DRP1 leads to abnormalities in the morphology and function of mitochon-
dria [100]. Parkin and PINK1 are two protein signs of mitochondrial phagocytosis, and they
have a vital influence on mitochondrial capacities [101]. PINK1 continuously accumulates
in impaired mitochondria and regulates Parkin, promoting mitophagy [102]. Research
showed that when exposed to ultraviolet light, cells initiate mitophagy to clear injured
mitochondria, decrease ROS levels, keep photoaging cell balance, suppress mitophagy,
disturb photoaging cellular homeostasis, and activate the apoptotic response.

6.3. The Regulatory Roles of Mitochondrial Dynamics in Aging

The decrease in mitochondrial biogenesis with age may be the result of an imbalance
between mitochondrial fission and fusion pathways, as well as mitochondrial phagocytosis
suppression, which favors the elimination of impaired mitochondria [103]. ROS is a family
of free radicals that include superoxide anions, hydroxyl groups, peroxyl radicals, and
other non-free radicals capable of producing free radicals [104]. While the production of
ROS within the cell is an unavoidable process in itself, the cell simultaneously possesses
many defense systems to eliminate it to maintain homeostasis. The overproduction of
reactive oxygen species is associated with the oxidative damage caused by lipids, DNA,
and proteins [105,106]. Previous studies have shown that oxidative stress is linked to a
variety of pathophysiological conditions, including aging and age-related diseases [107].

Mitochondria have been the focus of aging research since the introduction of the
free radical theory of aging and its later improved version, the mitochondrial aging
theories [108–110]. Several papers have been introduced in which aged mice genetically de-
ficient in mitochondrial NAD(P)+ transhydrogenase, an enzyme involved in mitochondrial
NADPH supply, show impaired motor behavior. According to these papers, it was shown
that NNT deficiency interacts with the effects of aging to exacerbate motor dysfunction
and cause impaired mitochondrial respiration in oxidative muscles [111–114]. Among
the studies on mitochondrial aging, an increase in ROS can cause cellular deterioration
with age, with the theory of mitochondrial aging emphasizing mitochondria as the pri-
mary producer of ROS. While the accumulation of oxidative damage occurs with age,
evidence on the causal relationship of ROS or mitochondrial ROS as a driver behind aging
remains lacking [115].

7. Mitochondrial Dysfunction and Skin Aging
Skin aging is an intricate process that results in a decrease in the balance and regenera-

tive ability of the organ. Mitochondria are vital organelles that have an important influence
on cell mechanisms, including energy synthesis and free radical sustainment. However,
mitochondrial dynamics, biogenesis, and degradation processes vary widely in different
cells of the skin. It is well known that mitochondrial dysfunction can lead to skin aging
and inflammation, further inducing damage to skin physiological functions and the occur-
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rence of related skin diseases. Next, we will summarize the importance of mitochondria
in various skin cell species and how damage to mitochondrial structure, functions, and
metabolism in the cell contents contributes to the skin aging process (Figure 3).

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW  10  of  21 
 

 

7. Mitochondrial Dysfunction and Skin Aging 

Skin aging is an intricate process that results in a decrease in the balance and regen-

erative ability of the organ. Mitochondria are vital organelles that have an important in-

fluence  on  cell mechanisms,  including  energy  synthesis  and  free  radical  sustainment. 

However, mitochondrial dynamics, biogenesis, and degradation processes vary widely in 

different cells of the skin. It is well known that mitochondrial dysfunction can lead to skin 

aging and inflammation, further inducing damage to skin physiological functions and the 

occurrence of related skin diseases. Next, we will summarize the importance of mitochon-

dria in various skin cell species and how damage to mitochondrial structure, functions, 

and metabolism in the cell contents contributes to the skin aging process (Figure 3). 

 

Figure 3. Mitochondrial dysfunction is closely related to skin aging. Ultraviolet exposure (UVB and 

UVA) induces senescence in different types of cells within the skin, including melanocytes, fibro-

blasts, immune cells, and epidermal stem cells. Mitochondria in these cells undergo functional and 

morphological changes, including dysfunctional mitochondria, oxidative stress, decreased ATP lev-

els, dysfunctional OXPHOS, altered mitochondrial biogenesis, calcium imbalance, and cell death. 

7.1. Mitochondrial Dysfunction and Epidermal Aging 

Ultraviolet radiation directly influences the structure and function of the epidermis. 

Excessive sun exposure can damage keratinocytes, resulting in a decline in the function of 

skin tissue, which in turn can lead to an imbalance in skin homeostasis [18]. Massive UV 

exposure can result in necrosis of some epidermal keratinocytes. The damage to cell mem-

brane  integrity  leads to the emission of cellular contents  into the surrounding environ-

ment.  Adjacent  intact  keratinocytes  absorb  the  generated  contents,  such  as  double-

stranded RNA, which promotes toll-like receptors 3 in the endosomes. This process trig-

gers a series of processes of  increased  inflammatory response and  lipid-associated pro-

cesses [116,117]. 

UVB exposure of spontaneously transformed aneuploidy immortal keratinocyte cell 

line cells results in the emission of mitochondria and nuclear-injured DNA, culminating 

in  the promotion of  cyclic guanosine monophosphate-adenosine monophosphate  syn-
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and UVA) induces senescence in different types of cells within the skin, including melanocytes,
fibroblasts, immune cells, and epidermal stem cells. Mitochondria in these cells undergo functional
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levels, dysfunctional OXPHOS, altered mitochondrial biogenesis, calcium imbalance, and cell death.

7.1. Mitochondrial Dysfunction and Epidermal Aging

Ultraviolet radiation directly influences the structure and function of the epidermis.
Excessive sun exposure can damage keratinocytes, resulting in a decline in the function of
skin tissue, which in turn can lead to an imbalance in skin homeostasis [18]. Massive UV
exposure can result in necrosis of some epidermal keratinocytes. The damage to cell mem-
brane integrity leads to the emission of cellular contents into the surrounding environment.
Adjacent intact keratinocytes absorb the generated contents, such as double-stranded RNA,
which promotes toll-like receptors 3 in the endosomes. This process triggers a series of
processes of increased inflammatory response and lipid-associated processes [116,117].

UVB exposure of spontaneously transformed aneuploidy immortal keratinocyte cell
line cells results in the emission of mitochondria and nuclear-injured DNA, culminating
in the promotion of cyclic guanosine monophosphate-adenosine monophosphate syn-
thase/protein stimulator of interferon genes DNA sensor and causing an endogenous
immune effect [118]. In addition, long-lasting UV irradiation of spontaneously transformed
aneuploidy immortal keratinocytes resulted in a reduction in ∆ΨM, a downregulation in
mitochondrial mass, and mitochondrial remodeling associated with mitochondria [119,120].
An age-dependent study of mitochondrial networks in youth and older adults showed that
keratinocytes in older skin build an obviously more dispersive network with smaller, more
compact clusters of mitochondria compared to keratinocytes in younger skin [50].

From the perspective of functional metabolism, aging is linked to alterations
in mitochondrial metabolism within capital keratinocytes, including a decrease in
OXPHOS [121,122]. The amount of ROS in keratinocytes accumulates with age, while the
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mitochondrial membrane potential decreases, leading to a metabolic shift from OXPHOS to
anaerobic glycolysis in mitochondria. Glycolysis is a compensatory mechanism designed to
regulate membrane potential depolarization and gradual decline in cardiolipin levels [121].
The coordination between OXPHOS and glycolysis also controls the homeostasis between
stem cell proliferation and differentiation, which in turn determines the fate of epidermal
stem cells [123]. An imbalance of low nicotinamide adenine dinucleotide/nicotinamide
(NAD+/NAM) ratios also creates keratinocyte differentiation disorders and is linked to
the acquisition of premature keratinocyte aging manifestations [122]. They may lead to
new therapeutic advances for skin conditions characterized by dysregulated epidermal
homeostasis and premature skin aging, such as photoaging.

7.2. Mitochondrial Dysfunction and Dermal Aging

During aging, fibroblasts accumulate mitochondrial injury with the loss of mtDNA,
which results in structural and functional changes in the ECM and induces an inflammatory
response, which in turn promotes the skin wrinkles formation [52,124]. Fibroblasts from
aging skin show a number of features linked to aging manifestations and mitochondrial
injury. The features include damaged mitochondrial respiration, which reflects upregulated
baseline respiration and increased proton leakage, as well as decreased ATP-related respi-
ration and upregulated mitochondrial mass and ROS level [125]. Notably, chronologically
aging fibroblasts show a decrease in both the level and activity of mitochondrial com-
plex 2 [126,127]. The latest study by Wedel et al. (2023) reveals a change in mitochondrial
fission and fusion pathways in skin fibroblasts during skin aging. The research indicates
that a decreased incidence of mitochondrial fission processes or an upregulated perfusion
propensity may lead to premature prolongation of mitochondria in aging skin fibroblasts
with reduced growth differentiation factor 15 (GDF15) expression [128]. These data were
compared to research, in which they elucidated that fibroblasts from centenarian skin
maintain mitochondrial bioenergetic capacities via reshaping the mitochondrial network to
perfusion. These results highlight the mitochondrial dynamics of senescent skin fibroblasts,
suggesting the implications for further investigation to uncover the intricate mechanisms
of mitochondrial dynamics during skin aging [129].

7.3. Mitochondrial Dysfunction and Adipose Tissue Aging

During the process of skin aging, there are noticeable changes in the quality and
distribution of adipose tissue, which is characterized by an upregulation in visceral adipose
and a reduction in subcutaneous adipose. Visceral fat tissue is closely linked to impaired
metabolic influences, while subcutaneous fat tissue is thought to be metabolically useful.
Age-induced peripheral adipose loss may be associated with flaws in lipogenesis and
an exacerbation of the inflammatory response to subcutaneous adipose. Mitochondrial
damage in adipose tissue during host aging can lead to cell aging, chronic inflammatory
response, decreased stem cell activity, and obesity and insulin resistance [130,131]. Aging
adipose progenitor cells exhibit injury differentiation ability, which is connected to overdose
expression of p53 and p16INK4a, decreased insulin-dependent glucose transport, and
dilated adipocyte hypertrophy [132,133].

8. Mechanisms of Mitochondrial Dysfunction Leading to Skin Aging
8.1. Mitophagy and Skin Aging

Mitophagy is central to mitochondrial quality and quantity control and balance. Once
mitophagy is impaired, mitochondrial damage will lead to damaged energy balance and
cell injury, which will eventually induce aging and various age-associated disorders, in-
cluding cancer, cardiovascular disease, metabolic disease, etc. Similarly, mitophagy has
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been indicated to have a vital influence on the skin aging process. Studies showed that
aging keratin-forming cells with high expression of miR-30a showed BNIP3L-dependent
mitophagy defects in the final differentiation stage, reflecting that senescent skin develop-
ment is associated with impaired mitophagy [51]. However, there have been some different
voices regarding the negative or positive effects of mitophagy on skin aging. Research
showed that mitochondrial dysfunction can be reversed by enhancing mitophagy by restor-
ing imbalance in intracellular homeostasis, further protecting human skin fibroblasts from
UVA-caused photoaging [134]. Research also emphasized that the Polygoni Multiflori
Radix Preparat (PMRP) enhanced mitophagy by promoting the PINK/parkin signaling
loop. However, studies also suggested that mitophagy does not inevitably preserve cells but
may induce negative influences and cause apoptotic reactions. In research investigating the
protective mechanism of a metabolite derived from intestine microflora, urolithin A in skin
aging, centering on the mitophagy process, their data indicated that urolithin A lessened
the accumulation of intracellular reactive oxygen species, which promoted the phosphory-
lation and afterwards nuclear translocation of NRF2, subsequently driving the activation of
downstream antioxidative enzymes and restoring mitochondrial function by induction of
mitophagy, which was regulated by the SIRT3-FOXO3-PINK1-PARKIN network [135].

8.2. Mitochondrial Dynamics and Skin Aging

The process of mitochondrial fusion and fission is involved in the regulation of cellular
homeostasis in states of high energy demand, and the interruption of fusion results in the
damage of respiratory capacity, which results in mitochondrial damage [136]. The effect
of mitochondrial kinetic imbalance on aging is unquestionable and exerts an important
role in the skin aging process. Recently, much research has concerned the significance of
Drp1 in skin aging, and studies have also shown that inhibiting the expression of Drp1 in
cells of skin may slow skin aging. Latest data have found that essential oils from C. laurie
foras and C. monspelis can upregulate the level of the anti-aging gene SIRT1 in normally
cultured HaCaT cells. The results are thought to be induced by a decrease of Drp1 level in
HaCaT cells [137].

The agonist of the adiponectin receptor, AdipoRon (AR), upregulates phosphorylation
of Drp1 Serine 637 via promoting AMP-activated protein kinase (AMPK), preventing mito-
chondrial translocation, and improving skin inflammatory response-induced skin aging.
UV exposure promotes the translocation of Drp1 to mitochondria, causing mitochondrial
division and promoting the aging of healthy human keratinocytes (NHK), while suppres-
sion of Drp1 delays mitochondrial division. However, Drp1 knockdown did not thoroughly
inhibit the likelihood of mitochondrial fission, indicating that Drp1-induced mitochondrial
translocation may not be the only pathway by which mitochondrial fission happens in
the cells. As of now, there are no clear data on the alterations of mitochondrial fusion
protein (Mfn) during skin aging, while Mfn is obviously increased in both skin cancer and
melanoma, suggesting that excessive mitochondrial fission caused by Mfn accelerates skin
damage [138]. The study revealed that a shift from fusion to a fission network happened in
aging skin and that the homeostasis between fission and fusion was damaged [50].

8.3. Mitochondrial Biogenesis and Skin Aging

Mitochondrial biogenesis is an important part of mitochondrial quality and quantity
monitoring, and AMPK/SIRT1/PGC-1α is a key signaling pathway controlling mitochon-
drial biogenesis. In a study of myocardial infarction, Guo indicated that the SIRT1/PGC-1α
loop plays a vital role in mitochondrial biogenesis [136]. Meanwhile, Sirt1 has been sug-
gested to exhibit anti-aging influences in many cellular models, which are linked to a
weakened intracellular response to oxidative stress. Sirt1 modulates the transcriptional
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viability of PGC-1α by deacetylation. The levels of p-AMPK, Sirt1, and PGC-1α were
significantly reduced in HaCaT cells and human foreskin fibroblasts (HFFs) irradiated with
ultraviolet light. Excess ultraviolet radiation suppresses the expression of nuclear DNA by
damaging it, thereby inhibiting mitochondrial biogenesis. Therefore, these mitochondrial
biogenesis-associated proteins have important clinical application value in the diagnosis of
skin aging [80].

9. Therapeutic Targeting of Skin Mitochondria
In this context, therapeutic drugs that directly aim to mitochondrial function have a

wide range of applications in dermatology. They can broadly block harmful products or
facilitate cell-specific signaling loops. Topical therapy with a proper vehicle could facilitate
permeability of the epidermal layer and dermal-linked tissue, and mitochondria-targeted
vehicles or peptides could assist the treatment to achieve its intended location of action to
maximize effect.

Given the harmful influences of massively ROS DNA injury and cellular aging [7,139],
ROS clearers—naturally occurring or synthetic—have long been regarded as promising
treatments to defend mitochondria from injury [140]. For example, CoQ10, a natural ROS
clearer that is also regarded as an electron shuttle between Complexes I/II and III of the
ETC, is connected to skin aging [141]. New research in mice has indicated that important
CoQ10 applications inhibited UV-caused skin aging [142] and upregulated collagen lev-
els and the fibroblast cell quantity [141]. Ubiquitous throughout the body, CoQ10 is an
endogenous lipophilic molecule with a central role in cellular energy metabolism—more
specifically, the mitochondrial electron transport chain. Additionally, CoQ10 functions as
an effective antioxidant molecule involved in the neutralization of reactive species and
other free radicals [143]. CoQ10 levels in the skin decrease with age and exposure to UV
radiation [141]. Topical supplementation of CoQ10 has been shown to ameliorate signs of
skin aging both by stabilizing mitochondrial activity and by exerting antioxidant properties,
which typically translates to the regeneration of skin processes involved in cutaneous skin
aging [127]. Numerous studies have demonstrated the anti-aging effects of CoQ10 on
cultured human dermal fibroblasts [144]. It is a critical ingredient in many anti-aging
and regenerative skin creams, and as shown by Knott et al. [145], topical application of
two different CoQ10-containing formulas significantly replenished the levels of this an-
tioxidant in the dermal and epidermal layers of older skin (>60 years). Photo-stressed
skin benefitted from CoQ10 application on account of a reduction in in situ free radical
levels. Schniertshauer et al. [146] further showed that CoQ10 could restore ATP production,
prevent mitophagy, and alleviate oxidative stress in aged skin cells. In addition, CoQ10 sup-
plied to the media of the human skin-on-a-chip system resulted in upregulated epidermal
and dermal thickness and upregulated keratinocyte marker and collagen I expression [147],
a reversal of manifestations of skin aging.

While various natural products have been strengthened for their antioxidant capacity
to protect or restore skin aging, as shown in various cosmeceuticals, synthetic substances
have also been surveyed for their ROS-clearing viability. For example, MHY553, a PPARα
agonist, dose-dependently cleared ROS and suppressed inflammatory factor expression via
PPARα expression in the skin [148]. Exhilaratingly, there are over 250 clinical experiments
of antioxidants on skin or skin-associated treatments (clinicaltrials.gov, January 2022). As
mitochondria are the capital generators of cellular ROS, mitochondria-derived antioxidants,
including MitoQ (up to 1000× more beneficial mitochondrial uptake than CoQ10) and
tiron (spontaneously localized to the mitochondria without the demand for engineered
targeting), have indicated important therapies [149].

clinicaltrials.gov
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10. Conclusions and Future Prospects
Skin aging is the noticeable performance of host aging, which is the consequence of

the connection of genetic and environmental elements. The effectiveness of skin aging is
urgent and vital to keep healthy physiological capacities of the skin and humans’ mental
health. The review summarizes the molecular pathways of the vital steps in mitochon-
drial quality and quantity regulation: mitochondrial dynamics, mitochondrial biogenesis,
and mitophagy, and clarifies their influences and underlying mechanisms in skin aging.
Recently, the improvement of skin aging induced by environmental elements mainly de-
pended on physical shielding. Antioxidants and enzymes connected to DNA restoration
could be supplied to sunblock as ancillary ingredients to partially improve the skin from UV
exposure. The supplementation of skin repair or nutritional treatments, including various
antioxidants, pharmacological reagents, and active compounds that could obviously ame-
liorate mitochondrial capacity and improve the metabolic function of the skin, seems to be
an effective way. However, basic and clinical studies to prove whether these supplements
can be applied in skin anti-aging are still very limited and deserve further investigation.
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