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Abstract: Skin provides a physical and immune barrier to protect the body from foreign substances,
microbial invasion, and desiccation. Aging reduces the barrier function of skin and its rate of
repair. Aged skin exhibits decreased mitochondrial function and prolonged low-level inflammation
that can be seen in other organs with aging. Peroxisome proliferator-activated receptor (PPAR)-y
coactivator-la (PGC-1«), an important transcriptional coactivator, plays a central role in modulating
mitochondprial function and antioxidant production. Mitochondrial function and inflammation have
been linked to epidermal function, but the mechanisms are unclear. The aim of this review is to discuss
the mechanisms by which PGC-1ax might exert a positive effect on aged skin barrier function. Initially,
we provide an overview of the function of skin under physiological and aging conditions, focusing
on the epidermis. We then discuss mitochondrial function, oxidative stress, cellular senescence, and
inflamm-aging, the chronic low-level inflammation observed in aging individuals. Finally, we discuss
the effects of PGC-1x on mitochondrial function, as well as the regulation and role of PGC-1« in the
aging epidermis.
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1. Introduction

Based on the recent United Nations report [1], the global aging population is rising
rapidly and at a faster rate than all other age groups. In the United States, 55.8 million Amer-
icans, or 16.8% of the population, were aged 65 and older in 2020 [2]. By 2030, all estimated
73 million of the baby boomer generation will be 65 or older [3], and this population is pro-
jected to exceed the number of children for the first time in U.S. history in 2035 [4]. Aging
increases the risks of disability and chronic disease. The pathological impacts of aging on
skin include an elevated incidence of skin cancer and impaired cutaneous wound healing.
These pathologies have been linked to impaired epidermal keratinocyte proliferation and
differentiation and reduced epidermal barrier protection [5]. Indeed, aging decreases the
rate of epidermal barrier repair and the skin’s capacity for re-epithelialization [6].

Skin aging comprises extrinsic and intrinsic processes, and the mechanisms leading to
aging of this largest organ of the body are thought to be multi-factorial. Extrinsic aging
results from processes caused by external, i.e., environmental, stressors such as air pollution,
alcohol abuse, smoking, and ultraviolet (UV) light in solar radiation. Most importantly,
UV exposure, which contributes to an aging process that has been commonly termed
photoaging, can damage epidermal keratinocyte DNA directly through the formation of
cyclobutane pyrimidine dimers or indirectly by producing reactive oxygen species (ROS).
Exposure to UV light can also result in damage to dermal collagen and elastin and, in this
way, affect the extracellular tissue matrix (ECM) in the dermis [6,7]. This damage to the
dermis and epidermis manifests as wrinkles, pigmented lesions, patchy hypopigmentation,
and actinic keratoses [8]. Intrinsic aging results from the individual’s genetic background
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and its interaction with the passage of time and is an inevitable biological process [6,8].
One of the likely factors involved in intrinsic aging is oxidative stress, which occurs when
excessive ROS production is accompanied by diminished ROS-detoxifying enzyme activity.
Oxidative stress can cause damage to macromolecules such as DNA, protein, and lipids,
leading to, among other harmful effects, mitochondrial dysfunction [9-12]. Another char-
acteristic of intrinsic skin aging is cellular senescence, which can result from both oxidative
stress and mitochondrial dysfunction [13], and aging increases the accumulation of senes-
cent cells. Cellular senescence is a stable cell cycle arrest resulting in a loss of proliferative
capacity even in the presence of optimal growth conditions and mitogens. These senescent
cells then contribute to the deterioration of epidermal structure and function due to their
reduced regenerative ability [14]. Furthermore, senescent cells are known to secrete pro-
inflammatory mediators, such as IL (interleukin)-8 or IL-6, through a senescence-associated
secretory phenotype [15], likely contributing to inflamm-aging.

Peroxisome proliferator-activated receptor (PPAR)-y coactivator-1oc (PGC-1) is an
important transcriptional coactivator that promotes mitochondrial biogenesis and function
and concurrently regulates antioxidant system expression via binding to a variety of nuclear
transcription factors. These nuclear transcription factors include nuclear respiratory factors
1 and 2 (NRF1 and NRF2), which bind mitochondrial transcription factor A (Tfam) to
regulate mitochondrial gene expression [16-22]. PGC-1x also coactivates peroxisome
proliferator-activated receptors (PPARs) [23], which promote epidermal barrier formation
and restoration of the barrier following its disruption [24-26]. The aim of the present review
is to discuss the existing evidence that PGC-1« has a positive effect on epidermal integrity
and function in the context of skin aging.

2. The Epidermis under Physiological and Aging Conditions
2.1. The Epidermis and Its Barrier Function under Physiological Conditions

The epidermis, which is the uppermost layer of the skin, functions as a physical
and immune barrier to protect the body from the invasion of foreign substances and
other stressors, including microbes, mechanical stress, and desiccation. The epidermis
is a stratified epithelium with various associated cell types, including Langerhans cells,
melanocytes, Merkel cells, and keratinocytes [27]. Langerhans cells are resident dendritic
cells, which are part of the skin’s immune system that protects the individual from microbial
invasion [28,29]. Melanocytes produce the pigment melanin for photoprotection [30],
and Merkel cells help skin to sense tactile stimuli [31]. Keratinocytes, the primary cell
type in the epidermis, account for about 90% of the total epidermal cells and function to
form the skin barrier. Keratinocyte progenitor cells, which possess a profound mitotic
capability, reside in the stratum basale, the deepest layer of the epidermis attached to
the basement membrane that abuts the underlying dermis. Keratinocyte progenitor cells
give rise to transit amplifying (TA) cells. TA cells migrate outward through the stratum
spinosum, to the stratum granulosum, and ultimately to the stratum corneum, maturing as
they move through the epidermal layers and expressing differentiation markers in a set
program [27,32]. Keratinocyte differentiation is known, at least in part, to be regulated by a
calcium concentration gradient [33-35]. The expression of early keratinocyte differentiation
markers such as keratin 1 and keratin 10 in the stratum spinosum, together with growth
arrest, signals a keratinocyte switch from mitotic proliferative activity in the stratum
basale to postmitotic differentiating events in the suprabasal layers [36]. The activity of
transglutaminase, a late keratinocyte differentiation marker in the stratum granulosum,
crosslinks cornified envelope proteins to form the cornified envelope underneath the
plasma membrane [37]. In the stratum corneum, the cornified envelope replaces the plasma
membrane of terminally differentiated keratinocytes, which are transformed to corneocytes
or squames (Figure 1). These corneocytes are surrounded by a lipid matrix. The lipid matrix
consists of ceramides, cholesterol, and free fatty acids [38], and it is derived from lipids
enclosed in the lamellar bodies that are synthesized in and secreted from keratinocytes in
the stratum granulosum. These lamellar bodies contain phospholipids, glucosylceramides,
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and sterols, which are secreted at the interface of the stratum granulosum and stratum
corneum and subsequently modified by co-secreted hydrolytic lipid-metabolizing enzymes;
the lipids then arrange to form organized lipid lamellae that compose the lipid matrix [38].
The stratum corneum thus provides effective skin barrier properties, with the cornified
envelope-strengthened squames forming a mechanical barrier and the lipid matrix, a
water permeability barrier. Dead corneocytes shed from the stratum corneum through
the physiological process of desquamation. To counterbalance desquamation, progenitor
keratinocytes regenerate TA cells at the stratum basale at regular intervals to replace the
sloughed cells, and these TA cells differentiate and migrate to the outer layers of the
epidermis to maintain physiological skin homeostasis [39,40]. It is estimated that the
epidermis turns over every 28 days or so as a result of this process [6].

Stratum granulosum:
TGase, LCEs

Stratum spinosum:
K1, K10, involucrin
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Figure 1. Schematic representation of the structure of the epidermis. The epidermis consists of four

Stratum basale:
K5, K14, CCND1, Ki67

functional layers. The stratum basale is the deepest layer and contains keratinocyte progenitor cells.
This layer is characterized by its expression of keratin (K)5 and K14, cyclin D1 (CCND1), and Ki67
(a proliferative marker). As keratinocytes migrate upward to the next layer, the stratum spinosum,
they express early differentiation markers K1, K10, and involucrin. In the stratum granulosum, the
activity of the late differentiation marker transglutaminase (TGase) crosslinks late cornified envelope
proteins (LCEs) to form the cornified envelope. The stratum corneum, the outermost layer, comprises
the cornified envelope-strengthened enucleated keratinocytes, called corneocytes or squames, and a
matrix composed of lipids that are released from the granular cells in the form of lamellar bodies.
A calcium concentration gradient, with the lowest concentration in the stratum basale and the
highest concentration in the stratum granulosum, is thought to, at least in part, regulate keratinocyte
differentiation. Please note that a fifth layer, the stratum lucidum, is observed between the stratum
granulosum and the stratum corneum in the thick skin of the palms of the hand and soles of the feet.

2.2. Reduced Skin Barrier Function and Its Repair Capacity with Aging

During aging, the epidermis undergoes significant changes in morphology and func-
tion. These changes include a flattening of the dermal-epidermal junction (DEJ]) and a
decrease in epidermal thickness. The DE] primarily comprises basal keratinocytes sitting
atop a basement membrane, underlying dermal fibroblasts, extracellular matrix (ECM) such
as collagen, and blood vessels (Figure 2). In normal young skin, the DEJ has an undulating
pattern as it follows the wave-shaped features of epidermal rete ridges, which are epidermal
projections into the dermis, and dermal papillae, which are protrusions of the dermis into
the epidermis (Figure 2, left panel). This undulation considerably increases the surface area
of the DE]J, allowing capillaries in the dermal papillae to provide the avascular epidermis
with adequate oxygen and nutrients and appropriately remove waste products [5,41]. As
skin ages, the mitotic capacity of basal keratinocyte progenitor cells diminishes, partially
due to the accumulation of senescent keratinocytes [42]. Consequently, the population
of basal keratinocytes decreases, and the epidermal rete ridges become flattened [43,44].
During aging, dermal fibroblasts that are responsible for generating the ECM decrease
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their collagen production, leading to increased collagen fragmentation and disorganization
from a reduced rate of turnover due to the accumulation of senescent fibroblasts (Figure 2,
right panel) [42]. Overall, a relatively flat DE]J in aged skin decreases the interface between
epidermal rete ridges and dermal papillae and reduces the exchange of nutrients, oxygen,
and waste products between the epidermis and the dermis. Additionally, the flattened DE]
is less resistant to mechanical stress [45-47].

Young skin Aged skin

noan8tititien
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<. Fibroblast

=% Collagenous ECM

2 Nutrient microvessel
D Keratinocyte

. Senescent Keratinocyte
< Senescent Fibroblast
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dermis

Dermal papillae

Figure 2. Schematic representation of postulated changes in the dermal-epidermal junction (DEJ)
with epidermal rete ridges and underlying papillary dermis in young and aged skin. Normal young
epidermis has an undulating pattern of epidermal rete ridges and dermal papillae and increased
surface area of the DE] (left panel). Aged epidermis has flattened rete ridges and dermal papillae
and a decreased DE]J surface area (right panel). This figure focuses on the epidermal stratum basale
and does not show the more superficial overlying suprabasal layers.

With aging, the epidermal barrier exhibits increased susceptibility to disruption and a
decreased ability to recover. For example, aged skin tends to be dry and can crack; these
macrodisruptions in the skin can aid the entry of external irritants [6] and increase the risk of
a skin reaction. To maintain skin hydration and reduce the likelihood of dryness-mediated
breaks in the skin, aquaporin 3 (AQP3), a water channel that also transports glycerol and hy-
drogen peroxide [48-53], plays an important role, thought in part to be mediated through its
facilitation of water transport between the stratum basale and the stratum corneum [54,55],
as well as its transport of glycerol, a humectant, within the epidermis [27,55]. However,
aging (both photoaging and intrinsic aging) reduces AQP3 expression [56,57], contributing
to the development of skin dryness [55,58,59]. The suboptimal water-binding capacity in
aged epidermis is also associated with decreased intercellular lipids in the stratum corneum
along with specific changes in lipid composition [60]. In fact, the data of Ghadially et al.
indicate that lipid synthesis, in particular cholesterol synthesis mediated by the activity of
the rate-limiting enzyme for cholesterol synthesis, 3-hydroxy-3-methylglutaryl-coenzyme
A reductase (HMG-CoA reductase), is reduced under basal conditions in aged mice [61].
After epidermal barrier perturbation, the rate of barrier recovery in aged skin is much
slower than in the young epidermis [62]. Epidermal barrier disruption rapidly activates
keratinocyte re-epithelialization and stimulates cytokine production/release as well as
lamellar body production/secretion [63—-66]. For epidermal re-epithelialization, AQP3
also plays an important role by regulating keratinocyte proliferation, differentiation, and
migration, and downregulation of AQP3 as with aging diminishes skin’s capacity for
regeneration [27,55,67-75]. In terms of lipid content, the aged epidermis exhibits reduced
secretion of lamellar bodies and delayed stratum corneum lipid restoration compared to
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the young epidermis [62]. Furthermore, cytokine signaling following barrier perturbation,
particularly II-1 signaling, is abnormal in aged murine epidermis [76], and administration
of Il-1 accelerates barrier recovery after disruption [77]. AQP3 has also been shown to play
a role in the restoration of the barrier following disruption: transgenic mice overexpressing
AQP3 under control of the K1 promoter exhibit a faster recovery of barrier function after
disruption by tape stripping [78]. Thus, an age-related reduction in AQP3 levels is likely
involved in the aging process. Figure 3 illustrates many of the macro- and microscopic
and/or molecular alterations that are observed in skin with aging.

AGED SKIN

[ , * °.. -SASP Factors

Decreased
Keratinocyte
Proliferation

e

Reduced (and/or
Misdistributed)
Epidermal PGC-1a

[ Hypodermis
S d Reduced AQP3
Mitochondrial Levels
Impaired Wound Healing Dysfunction
Delayed Epidermal Permeability Repair
Skin Xerosis

Figure 3. Changes observed with skin aging. Both with the passage of time and exposure to external
insults, such as ultraviolet irradiation (photoaging), aged skin exhibits a variety of changes relative to
young skin. These comprise both macroscopic and microscopic/molecular alterations; macroscopic
changes include a reduction in skin thickness (due to thinning of the epidermis and dermis, as well
as the hypodermis in some regions of the body), wrinkling and elastosis (as a result of decreases in
dermal extracellular matrix proteins), and dysregulation of pigmentation. Aging-related changes in
epidermal function include skin dryness (xerosis), impaired re-epithelialization and wound healing,
as well as delayed epidermal water permeability repair after disruption. Aged skin also shows
microscopic/molecular changes such as decreased keratinocyte proliferation and AQP3 levels (likely
underlying the observed xerosis), mitochondrial dysfunction, and increased oxidative stress and cell
senescence, which can result in acquisition of a senescence-associated secretory phenotype (SASP)
and the release of various pro-inflammatory and other factors. Epidermal PGC-1« has also been
reported to be decreased with age in mouse skin and misdistributed in human skin. Created with
Biorender.com (accessed on 19 June 2024).

Taken together, results demonstrate that aging diminishes basal keratinocyte prolifera-
tion, epidermal barrier integrity, and the rate of its repair after injury. As will be discussed
below, PGC-1« is decreased in aged versus young mouse skin, and epidermal-specific
PGC-1«x deletion results in reduced keratinocyte proliferation and delayed wound healing
in a mouse model [79]. In human primary keratinocytes, knockdown of PGC-1a and
its close isoform PGC-1f3 also decreases cell proliferation, as well as the thickness of a
three-dimensional reconstructed human epidermis model [80]. These similarities suggest
an association between the effects of aging on skin and PGC-1«, and possibly PGC-1f.

3. Mitochondrial Function, Oxidative Stress, and Skin Aging

Adenosine triphosphate (ATP) is an essential energy source for keratinocyte prolif-
eration [81] and lipid transport [82], thereby supporting the ability of the epidermis to
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self-renew and maintain homeostasis. Mitochondria efficiently produce ATP through ox-
idative phosphorylation (OXPHOS) and generate ROS as a byproduct (Figure 4). During
OXPHOS, electrons from digested food passed to carrier molecules, such as the reduced
form of nicotinamide adenine dinucleotide (NADH) and succinate, are transferred through
the electron transport chain (ETC), which consists of five mitochondrial membrane-bound
multienzyme complexes. As electrons pass through the ETC, the free energy is coupled to
the transport of protons from the mitochondrial matrix to the intermembrane space. As the
inner mitochondrial membrane is impermeable to protons, an electrochemical gradient is
generated. This electrochemical gradient of protons then drives ATP synthesis as they flow
into the matrix through ATP synthase protein(Figure 4) [83].

When the rate of electron entry and the rate of electron flow through the ETC are un-
balanced, ROS are generated (Figure 4). This mismatch allows the intermediate ubiquinone
radical (-Q™) to donate an electron to oxygen (O;) to produce superoxide free radical (-O, 7).
Superoxide free radical can then mediate the formation of hydroxyl free radical (-OH) in the
presence of iron salt or be converted to hydrogen peroxide (H,O,) by superoxide dismu-
tases (SODs). SODs comprise three isoforms: cytosolic CuZn-SOD (SOD1) (which has also
been found in the mitochondrial intermembrane space), Mn-SOD (SOD2) localized in the
mitochondrial matrix, and extracellular CuZn-SOD (SOD3) [84]. SOD1 and SOD2 catalyze
the conversion of superoxide free radicals generated during OXPHOS to H,O,, which can
then be converted to water by glutathione peroxidase (GPX) [83]. H,O, produced by SOD3
outside the cell is thought to be transported into the cell through aquaporin channels to
initiate intracellular signaling [85].

While mitochondrial ROS are required for keratinocyte differentiation and epidermal
barrier function [86], excessive ROS, or marked oxidative stress, cause damage to DNA,
proteins, and lipids, resulting in mitochondrial dysfunction, and are often associated
with aging. Oxidative stress can also result from insufficient Mn-SOD enzyme activity.
For instance, SOD2-deficient mice display impaired mitochondrial function as succinate
dehydrogenase (ETC complex II) and cytochrome c (Cytc) activity is reduced. Western
blotting analysis and immunofluorescence staining for phosphorylated histone H2AX
(YH2AX), a marker of DNA damage, show elevated YH2AX levels in SOD2-deficient
mouse dorsal skin, suggesting that SOD2 deficiency results in DNA damage. Moreover,
SOD2 deficiency promotes cellular senescence [87]. Consistent with cellular senescence,
SOD2-deficient mice exhibit a thinner epidermis (containing pathologic nucleated cells,
termed parakeratosis) [87,88]. These data indicate that oxidative stress contributes to
mitochondrial dysfunction and deterioration of epidermal integrity.

Furthermore, oxidative stress can reduce ATP production. Protein modification and
lipid peroxidation contribute to decreases in mitochondrial enzyme activities, an increase
in proton permeability, and a decline in electrochemical potential across the inner mito-
chondrial membrane [89]. As a result of this oxidative damage, mitochondrial function is
impaired, and ATP synthesis is reduced. In fact, it has been demonstrated that mitochon-
drial dysfunction causes epidermal keratinocytes to shift ATP production from OXPHOS in
young individuals to anaerobic glycolysis and lactate production in aged individuals [90].
This shift of ATP production to high glycolytic flux not only reduces ATP production but
also favors the formation of advanced glycation end-products (AGEs). This is because
most glycolytic intermediates are substrates for the formation of AGEs. In turn, AGEs can
activate nuclear factor kappa light chain enhancer of activated B cells (NF-«kB) to produce
proinflammatory cytokines, such as IL-1f3, tumor necrosis factor-o (TNF-«), IL-6, and
interferon-y (IFN-y), and induce further oxidative stress [6,91-95]. Overall, diminished
ATP production also likely affects keratinocyte proliferation and epidermal integrity, as
well as the ability to recover from barrier disruption.

As discussed below, PGC-1«, on the other hand, has been shown to potently reduce
ROS generation and regulate the cell’s antioxidant defense in a tissue-specific manner [20].
Moreover, PGC-1a also coactivates PPARs, and PPARs promote epidermal barrier function
and its recovery after injury [25,26,96-98].
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Figure 4. Mitochondrial ATP production through OXPHOS with ROS generation as a byproduct.
During oxidative phosphorylation (OXPHOS), electrons from NADH and succinate pass through
the electron transport chain (ETC) in the inner mitochondrial membrane. This process generates free
energy and is used to transport protons from the matrix to the intermembrane space, producing an
electrochemical potential across the inner mitochondrial membrane. The electrochemical potential
drives ATP synthesis via ATP synthase. As a byproduct of OXPHOS, reactive oxygen species (ROS)
are generated when the flow of electrons from complexes I and II to ubiquinone (Q), to reduce Q
to ubiquinol (QH>), is disrupted. As a result, the intermediate ubiquinone radical (-Q™) passes an
electron to oxygen (O,) to produce superoxide free radical (-O, ™). Superoxide free radical can lead
to the formation of hydroxyl free radical (-OH) or be converted to hydrogen peroxide (H,O;) by
superoxide dismutase (SOD). Hydrogen peroxide is then converted to water (H,O) by glutathione
peroxidase (GPX). PGC-1« contributes to mitochondrial ATP production by: (1) promoting mitochon-
drial biogenesis, (2) interacting with nuclear transcription factors to induce the expression of many
nuclear DNA-encoded ETC components, as well as of Tfam, and (3) increasing the expression of
important mitochondrial DNA-encoded ETC constituents (via Tfam).

4. Cellular Senescence, Inflamm-Aging, and Epidermal Function

Cellular senescence, in which cells permanently exit the cell cycle, can be triggered
by developmental signals as well as a variety of stresses, including age-related stimuli
such as oxidative stress and mitochondrial dysfunction [99,100]. As an example, in the
SOD2-deficient mouse model mentioned above, senescence-associated (3-galactosidase
(SA-B gal) staining and Western blotting analysis of p16™NK4a, both biomarkers of cellular
senescence, indicated that the oxidative stress and mitochondrial dysfunction induced by
SOD2 deficiency promotes keratinocyte senescence [87,88]. In addition to the arrest of cell
proliferation, senescent cells resist apoptosis and show delayed immune clearance, which
may explain at least partially their accumulation with age in multiple tissues [101,102].
In the epidermis, aging increases senescent basal keratinocytes [42,103-105]. As a result,
proliferative homeostasis is disrupted and can therefore compromise the self-regeneration
and functional repair of the epidermis.

In dermal fibroblasts, senescence increases the expression of matrix metallo-proteinases
(MMPs) that degrade extracellular matrix proteins and decreases the expression of tis-
sue inhibitor of metalloproteinases that inhibit MMPs [42,106]. As a result of enzymatic
degradation, elastin-rich extracellular matrix produces elastin-derived peptides (EDPs).
EDPs bind to elastin-binding protein (EBP), an elastin receptor complex comprising a
67 kDa catalytically inactive form of beta-galactosidase (3-gal) that binds elastin, and the
61 and 55 kDa proteins that bind to 67 kDa (3-gal [107-109]. It has been shown that the
elastin-derived valine-glycine-valine-alanine-proline-glycine (VGVAPG) peptide affects
the mRNA and protein expression of (3-gal and PPARY in mouse astrocytes in vitro [110].
In fact, PPARY has been reported to regulate (3-gal expression and activity in the human
Caco-2 colon cell line and in the proximal small intestine of mice and rats [111]. In addi-
tion, PPARYy deficiency in a mouse model results in increased elastin fragmentation in the
aorta, suggesting that PPARy regulates elastic fiber production and assembly [112]. The
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interaction between EDPs and f3-gal stimulates the production of pro-MMP-1 (pro-matrix
metalloproteinases-1) and pro-MMP-3 in cultured human skin fibroblasts [113-115], a pro-
cess that can be inhibited by lactose [115]. Moreover, increased EDPs promote cell survival
by blocking ceramide-induced apoptosis in cultured human skin fibroblasts, contributing
to cellular senescence and tissue aging [116].

Another important feature of cellular senescence in keratinocytes and dermal fibrob-
lasts is their acquisition of the senescence-associated secretory phenotype (SASP). SASP
comprises proinflammatory cytokines such as IL-1 and IL-6, chemokines including IL-8
and MCP-2, degradative enzymes like MMP-1 and MMP-3, as well as growth factors,
e.g., VEGF (vascular endothelial growth factor) and HGF (hepatocyte growth factor) [117].
SASP can reinforce replicative senescence by autocrine signaling and affect adjacent cells
through paracrine signaling, leading to local inflammation [15]. Indeed, senescent cells
and SASP have been identified as a source of inflamm-aging, an evolutionary concept that
describes a persistent, sterile, low-grade pro-inflammatory state associated with aging [118].
Persistent low-level inflammation is thought to be an adaptation of aged cells to a decreased
capacity to cope with a variety of age-related chronic internal stressors, such as oxidative
stress and mitochondrial dysfunction, as well as external stressors, including UV radiation
and exposure to chemicals and air pollution [119]. Age-related stressors may impair the
structure and function of the epidermis, as noted above, and the resulting epidermal barrier
disruption can stimulate proinflammatory cytokine production [64,120]. Moreover, this
age-induced skin inflammation, which may be an important contributor to inflamm-aging,
can lead to systemic inflammation and affect the entire organism [121].

5. The Effects of PGC-1x on Mitochondrial Function

The PGC-1 family is a group of important transcriptional coactivators that enhance
the expression of certain genes by interacting with transcription factors [17]. The PGC-1
family comprises PGC-1, PGC-1f3, and PGC-1-related coactivator (PRC). While PRC is
expressed ubiquitously [122], PGC-1x and PGC-1f are expressed in tissues with high
energy demands and have been linked to metabolic regulation [123,124]. Among PGC-1
family members, PGC-1« has been intensively studied in tissues with highly active ox-
idative metabolism. Notably, PGC-1o interacts with a variety of nuclear transcription
factors (NTFs), like NRF1 and NRF2. NRF1 and NRF2 bind to the promoter region of
multiple cell nucleus-encoded mitochondrial genes, including Tfam. Once activated, Tfam
translocates to the mitochondria to mediate mitochondrial DNA (mtDNA) transcription
and replication (Figure 5) [16-19]. Further support for the crucial roles of PGC-1x and
Tfam in mitochondrial gene expression and function comes from loss-of-function studies.
In PGC-1a knockout mice, Arany et al. have shown that cardiac tissue exhibits significantly
decreased expression of Tfam and mtDNA, as well as genes encoded by mtDNA, but with
no effect on complex II of the ETC (which only contains nucleus-encoded subunits) [125].
Mice with Tfam knockout exhibit depletion of mtDNA and mtDNA-encoded cytochrome
c oxidase I (COX I) mRNA, impaired ETC activity, and a reduced mitochondrial ATP
production rate in heart muscle, as well as progressive mitochondria-related cardiomy-
opathy [126]. Increases in mitochondrial biogenesis and function, with minimal effects on
ROS production and oxidative stress (see below), have also been observed in skin organ
cultures and epidermal keratinocytes treated with thyroid hormones [127]. Exposure to
thyroid hormones is also associated with increased expression of PGC-1«, as well as Tfam
and mitochondrially encoded cytochrome C oxidase I, and enhanced activity of complex
I and complexes II and IV. This finding suggests the possibility that elevated expression
of PGC-1a and its targets may contribute to the beneficial actions of thyroid hormones to
improve wound healing and decrease the expression of aging-related genes [127].
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Figure 5. Schematic representation of mitochondrial gene expression and replication. PGC-1« inter-
acts with a variety of nuclear transcription factors (NTFs), including nuclear respiratory factors 1 and
2 (NRF1 and NRF2). NTFs bind to the promoter region of multiple nucleus-encoded mitochondrial
genes, such as mitochondrial transcription factor A (Tfam), leading to Tfam gene transcription.
Tfam translocates to the mitochondria to mediate mitochondrial DNA (mtDNA) transcription and
replication. A multitude of stimuli regulate PGC-1x gene expression, including inflammatory cy-
tokines, which activate nuclear factor kappa light chain enhancer of activated B cells (NF-«B) or
P38 mitogen-activated protein kinase (MAPK). Activation of NF-«B results in NF-kB p65 subunits
translocating to the nucleus and interacting with the leucine-rich LXXLL motifs in the activation
domain of PGC-1« to inhibit PGC-1x expression. Activation of p38 MAPK phosphorylates PGC-1x
and increases the half-life of PGC-1«, thus enhancing protein levels of PGC-1a.

In addition to regulating mitochondrial gene expression, PGC-1« is also involved in
regulating the cell’s antioxidant defense system and preventing mitochondrial dysfunction
under stress conditions. PGC-1x can be induced by the oxidative stressor H,O, and
upregulates the expression of ROS-detoxifying enzymes such as SOD1, SOD2, catalase,
and glutathione peroxidase in 10T1/2 mesenchymal stem cell-like cells [128]. Consistently,
fibroblasts derived from PGC-1o null mice have significantly higher intracellular ROS
levels than wild-type fibroblasts [20]. Additionally, Valle et al. have demonstrated that
overexpression of PGC-1« in vascular endothelial cells decreases intracellular ROS levels
and enhances antioxidant gene and protein expression, while knockdown of PGC-1a
reduced the expression of ROS-detoxifying enzymes. Furthermore, these authors showed
that overexpression of PGC-1u increases mitochondrial membrane potential and decreases
apoptosis under basal conditions and with oxidative stress induced by high glucose or
HyO; treatment, suggesting that PGC-1o can mitigate mitochondrial impairment under
stressful conditions [129].

6. PGC-1¢, Peroxisome Proliferator-Activated Receptors (PPARs), and Epidermal Function

Peroxisome proliferator-activated receptors (PPARs) are ligand-activated nuclear hor-
mone receptors that comprise three isoforms: PPARx, PPAR{ /6, and PPARy. All three
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isoforms are expressed in skin and modulate inflammation, lipid synthesis and metabolism,
and keratinocyte proliferation and differentiation [98,130,131]. Specifically, PPAR«, a key
regulator of fatty acid 3-oxidation (FAO), accelerates fetal epidermal barrier maturation
in a rat model [24] and increases cornified envelope formation and keratinocyte differenti-
ation, as well as epidermal permeability barrier recovery following barrier perturbation
either by tape stripping or detergent treatment [25,26]. Similarly, PPARB /6 promotes
keratinocyte differentiation and lipid accumulation, exhibits anti-inflammatory effects,
and improves epidermal barrier repair after injury [96,97]. PPARy stimulates sebaceous
gland differentiation [98], and loss of epidermal PPARY results in an asebia phenotype
(i.e., lacking sebaceous glands) and impaired epidermal barrier function [132]. Addition-
ally, it has been found that aging reduces PPAR«x expression in human skin [133]. The
expression of PPARx and PPAR«x-targeted genes are also significantly decreased in cardiac
muscle-specific Tfam knockout mice [126], suggesting a coordinated regulation between
FAO activity and mitochondrial function.

PGC-1x has been shown to coactivate all three PPAR isoforms [23]. PGC-1«x interacts
with PPAR«x to regulate the expression of FAO genes and increase cellular FAO rates
in 3T3-L1 preadipocytes [134]. PGC-1x also coimmunoprecipitates with PPARB/ in
HEK293 human embryonic kidney cells in vitro and in mouse gastrocnemius muscle
in vivo [135]. In addition, in important experiments resulting in the discovery of PGC-1«,
it was demonstrated that PGC-1x coactivates PPARy in brown adipose tissue to regulate
adaptive thermogenesis [124]. Although it is unclear whether PGC-1x induces PPAR
activity in the skin, similar interactions between these molecules would be expected. If
true, PGC-1«, through coactivation of PPARs, could contribute to epidermal function and
barrier recovery following perturbation.

7. Regulation and Role of PGC-1« in the Epidermis

Oxidative stress can induce NF-«B to activate the transcription of proinflammatory cy-
tokines such as tumor necrosis factor-alpha (TNF«x) and IL-1 [136]. Inflammatory cytokines
have been reported to regulate PGC-1a but in an ambiguous way. In cardiomyocytes,
activation of NF-kB by TNFx downregulates PGC-1« through increased binding of NF-«B
p65 to the leucine-rich LXXLL motifs of the PGC-1« activation domain (Figure 5) [137,138].
In a different test system (C2C12 muscle cells), cytokines such as IL-1«x, IL-13, and TNFo
stimulate PGC-1u transcriptional activity through the phosphorylation of PGC-1a by p38
mitogen-activate protein kinase (MAPK), which results in an increased half-life of PGC-1o
(Figure 4) [17,139]. In still another study, PGC-1o expression in skeletal muscle is signifi-
cantly increased 2 h after intraperitoneal injection with lipopolysaccharide (LPS) (which
activates NF-«kB) and decreased 24 h after LPS injection in comparison with the time-zero
control. By contrast, PGC-1x expression in the liver is decreased between 6 and 8 h after
LPS injection and started to recover to the time-zero value between 8 to 16 h and then
further increased between 16 and 24 h later [140-142]. These data suggest that regulation
of PGC-1a by inflammatory mediators depends on dose, time, and tissue.

In mouse skin, aging is found to reduce PGC-1x expression, and PGC-1x appears
to exert positive effects on the epidermis under stressful conditions. Thus, Wong et al.
showed no difference in epidermal proliferation, differentiation, or epidermal thickness
between epidermal-targeted PGC-1x conditional knockout mice and wild-type mice under
baseline (non-stress) conditions. However, when mouse skin is stressed by wounding, these
epidermal-specific PGC-1o conditional knockout mice exhibit decreased stress-induced
keratinocyte proliferation and skin wound healing [79]. The authors linked this reduced
skin function to decreased NAD+ levels in the epidermis, and the effects of knockout could
be essentially rescued by topical application of nicotinamide riboside, an NAD+ metabolite
precursor [79]. Consistent with this requirement for a skin stressor, in a study using 3!P
nuclear magnetic resonance spectroscopy, Declercq et al. found that the basal levels of
energy metabolites such as ATP and phosphocreatine do not vary with age; however,
there is a profound change in the rate of recovery of energy metabolism after a mild stress
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between young and aged individuals. For instance, after a single sub-erythemal dose of
UVA irradiation, these authors found that the recovery of energy metabolism to the baseline
level is significantly more rapid in younger individuals than in the older group [143].

On the other hand, PGC-1« protein in human skin, as examined using immunohis-
tochemistry, has been reported to increase with aging, presumably as an adaptation to
chronic metabolic stress [80]. However, in this report, although PGC-1« immunoreactivity
was increased in the stratum basale, it was reduced in the suprabasal layers, suggesting
possibly a misdistribution of this co-activator with age. Consistent with the idea of a
potential compensatory alteration in response to metabolic stress, PGC-1x expression has
also been found to increase to counteract the low ATP production in human melanocytes
from vitiligo lesions [144]. Nevertheless, in human primary keratinocytes, when both
PGC-1x and PGC-13 are knocked down, the expression of keratinocyte differentiation
genes, such as involucrin (IVL) and transglutaminase 1 (TGM1), is downregulated [80].
Similarly, the aged epidermis also displays decreases in the expression of keratinocyte
terminal differentiation genes and in epidermal thickness [145]. Moreover, PGC-1a and
PGC-1p deficiency results in decreased keratinocyte proliferation and a thinner epidermis
in a reconstructed human epidermis model [80]. On the other hand, activation of PGC-1c
and PGC-1p by the salicylic acid derivative C8-salicylic acid significantly increases the
oxygen consumption rate and elevates keratinocyte differentiation marker expression [80].
Together, these data suggest that PGC-1« as well as PGC-13 play critical roles in regulating
keratinocyte differentiation and epidermal structure under aging conditions.

Since, as described above, aging reduces PGC-1x expression, and genetic loss of epi-
dermal PGC-1« delays wound healing [79], agents that can enhance PGC-1« levels may
be beneficial for aged epidermis. For example, the small molecule ZLN005, also known as
2-[4-(1,1-dimethylethyl)phenyl]-1H-benzimidazole, has been shown to upregulate PGC-
lx expression in a tissue-specific manner. ZLN005 increases PGC-1o expression in L6
myotubes via AMP-activated protein kinase (AMPK), but it does not affect PGC-1x ex-
pression in rat primary hepatocytes [146]. Similarly, orally administered ZLNOO5 increases
PGC-1x expression in skeletal muscle but decreases its expression in the liver of male
db/db mice [146]. It is unknown whether ZLN005 would be able to stimulate PGC-1x
expression in skin, thereby possibly affecting aged epidermal function, and studies to test
this idea seem warranted. Finally, in terms of possible translational impact, ZLN0O5 or a
related analog could be topically administered to improve aging skin function and reduce
or prevent any potential side effects in the event that systemic administration produces
adverse outcomes.

8. Regulation and Role of PGC-1x in Melanocytes and Skin Appendages

In melanocytes of the skin, PGC-1x and PGC-1§3 have also been found to be involved
in melanin production and the tanning response upon UV exposure. PGC-1a and PGC-1f3
regulate MITF (microphthalmia-associated transcription factor) expression in response to
a-melanocyte-stimulating hormone (MSH), a peptide secreted by keratinocyes in response
to UV iradiation, which promotes melanin production in melanocytes [147]. While PGC-1o
and PGC-1f3 can mediate melanin generation to protect skin from sun exposure, abnormal
expression of PGC-1« has been linked to melanomas and other pathologies in this cell
type. PGC-1o-positive melanoma cells, a subset of melanomas driven by MITF with high
PGC-1x expression, exhibit elevated mitochondrial oxidative phosphorylation and a high
energetic state. By contrast, PGC-1a-negative melanoma cells, which have very low or
undetectable PGC-1x expression, display low oxidative metabolism but high glycolysis.
High PGC-1 levels in melanoma are associated with reduced patient survival compared
to those with low PGC-1« levels [148].

Anomalous expression of PGC-1a can also lead to diseases in skin appendages, in-
cluding hair follicle miniaturization and acne. PGC-1« expression has been shown to be
upregulated in the hair bulb of progressively miniaturized hair samples in patients with
androgenetic alopecia [149]. This result suggests the possible involvement of PGC-1x in
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the development of hair follicles and their response to androgens. In addition, excessive
sebum secretion from sebaceous glands can result in oily skin and acne, and high PGC-1«
expression in the sebocytes that comprise these glands has been suggested as a mechanism
underlying the observed sebum production and accumulation. Thus, it has been shown that
overexpression of PGC-1« facilitates intracellular lipid accumulation in sebocytes through
increased expression of perilipins, the proteins that coat lipid droplets to protect them from
lipases. The resulting increase in sebocyte lipids could provide a possible mechanism by
which PGC-1« is involved in acne pathology [150].

9. Conclusions

In this review, we have proposed that PGC-1« exerts a positive effect on aged epider-
mal integrity and function and described the data supporting this concept. Taken together,
these data argue that more studies are necessary to determine the molecular mechanisms
involved in PGC-1as regulation and action in the context of skin aging. Further investiga-
tion into the signaling pathways used by PGC-1a may provide insight into the decline in
epidermal barrier function observed in the elderly and provide therapeutic strategies for
treating age-related skin diseases. Finally, such studies may allow targeted intervention
with new pharmaceuticals to restore the youthful appearance and performance of the skin.
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