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Abstract: Everyone desires healthy and beautiful-looking skin. However, as we age, our skin becomes
old due to physiological changes. Reactive oxygen species (ROS) is an important pathogenic factor
involved in human aging. Human skin is exposed to ROS generated from both extrinsic sources
such as as ultraviolet (UV) light from the sun, and intrinsic sources such as endogenous oxidative
metabolism. ROS-mediated oxidative stress damages the collagen-rich extracellular matrix (ECM),
the hallmark of skin connective tissue aging. Damage to dermal collagenous ECM weakens the skin’s
structural integrity and creates an aberrant tissue microenvironment that promotes age-related skin
disorders, such as impaired wound healing and skin cancer development. Here, we review recent
advances in our understanding of ROS/oxidative stress and skin connective tissue aging.
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1. Introduction
Skin is the largest organ of the human body and changes in the skin are among the most visible
signs of an aged appearance. The skin’s appearance is central to the social and visual experience, and
it has significant emotional and psychological impacts on our life quality. Skin, like all human organs,
undergoes progressive alterations as a consequence of the passage of time. In addition, human skin,
unlike other organs, continuously experiences harmful exposure from environmental sources such
as solar ultraviolet (UV) irradiation. Based on its causes, there are two types of skin aging: natural
aging, also known as intrinsic aging, and photoaging, also known as extrinsic aging caused by UV
irradiation from the sun [1–3]. Natural aging is a part of our life, observed in all individuals resulting
naturally as we grow old. Photoaging refers to changes attributable to habitual UV light exposure.
Both types of skin aging are cumulative and therefore photoaging is superimposed on natural skin
aging. Thus, old-looking skin is a combination of intrinsic and extrinsic aging, which is the most
clinically noticeable on the face, neck, and forearm [4].
The bulk of the skin is largely comprised of the collagen-rich extracellular matrix (ECM) [1].
At molecular levels, naturally aged and photoaged skin share common features of skin aging—thin
and fragmented collagen [5]. Biochemical and histological studies have revealed that aged human
skin is primarily characterized by a loss of collagen and damaged/disorganized collagen fibrils [6,7].
Alterations of the dermal connective tissue collagen impair the skin’s structural and mechanical
integrity, and eventually result in old-looking skin, such as thin, fragile, and wrinkled skin.
Age-related alterations of dermal connective tissue (loss and damaged collagen fibrils) create a
tissue microenvironment for skin disorders, such as increased fragility [5,8], impaired vasculature
support [9–11], poor wound healing [11,12], and cancer development [13–16].
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Mounting evidence indicates that oxidative stress induced by reactive oxygen species (ROS) is
believed to be the major driving force of the aging process; this is also known as the free radical
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Therefore, reduced fibroblast size is a prominent feature of dermal fibroblasts in aged human
skin [7,20,27]. As cell shape and size impact multiple cellular processes and functions [29–32], it
appears that a reduced dermal fibroblast size is the major source of the constitutive elevation of ROS
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Therefore, reduced fibroblast size is a prominent feature of dermal fibroblasts in aged human
skin [7,20,27]. As cell shape and size impact multiple cellular processes and functions [29–32], it appears
that a reduced dermal fibroblast size is the major source of the constitutive elevation of ROS generation
and oxidative stress [20,33]. We have previously reported that compared to fibroblasts in intact collagen
gels, fibroblasts cultured in matrix metalloproteinase-1 (MMP-1), which partially degrades collagen
lattices, displayed reduced cell size and three-fold increase in ROS generation [20]. This cell size-related
ROS generation causes cellular oxidative damage. There are two major sources of ROS in human
skin: NADPH oxidase (NOX) in cell membranes [20,21], and mitochondria [33]. In human skin,
mitochondria are a significant source of ROS generation. It has been reported that the reduction of
dermal fibroblast spreading and cell size can increase mitochondria ROS generation [33]. These data
suggest that the reduced fibroblast cell size, as observed in aged human skin in vivo, could be one
of the driving forces for the age-related elevation of ROS generation and oxidative stress in aged
human skin.
Mechanistically, oxidative stress not only stimulates collagen breakdown [20], but also inhibits
the production of collagen [34,35], the two primary events of human skin connective tissue
aging. As described below, oxidative stress can result in the following: inducing multiple matrix
metalloproteinases (MMPs), which cause fragmentation of collagen fibrils [7,20,36–40]; inhibiting
TGF-β signaling, which causes inhibition of the collagenous ECM production [1,39,41]; and
inducing multiple age-related pro-inflammatory cytokines, which create an inflammatory dermal
microenvironment (inflammaging) [35,39,42]. These ROS-induced alterations of the dermal ECM
microenvironment are the driving force for the most prominent clinical features of aged skin, including
thinning and increased fragility of the skin [5,7,8,20,43–45].
3. ROS/Oxidative Stress Contributes to Damaged Dermis by Induction of Multiple MMPs
MMPs are a family of zinc-containing proteinases that are capable of degrading every type of
ECM protein [46]. To date, the human MMP gene family consists of more than 20 members, with
distinct structural and substrate specificities [47]. MMPs are involved in a variety of physiological
and pathological processes related to ECM breakdown, including ECM remodeling after wounding,
angiogenesis, and cancer development and invasion [48]. Multiple MMPs become elevated during
the aging process in human skin dermis [37]. Elevated MMPs in sun-protected aged dermis can be
divided into the following groups: collagenase (MMP-1), gelatinase-B (MMP-9), stromelysins (MMP-3,
MMP-10, MMP-11), membrane-associated: MMP-23, MMP-24, and recently identified MMP-27.
UV light from the sun is well known to transiently induce several MMPs in human skin in vivo
(MMP-1, MMP-3, and MMP-9) [37,49,50]. Compared to acute UV irradiation, a larger variety of MMPs,
including UV-inducible MMPs, is constitutively elevated in aged skin. Interestingly, compared to
acute UV irradiation, in which the epidermis is the primary source of transient elevated MMPs [37],
the dermis is the major source of elevated MMPs in naturally aged skin. These observations suggest
that, although naturally aged and photoaged skin share many common molecular features, such as
collagen fragmentation, the primary sources (dermis vs. epidermis) and cell types (fibroblasts vs.
keratinocytes) of elevated MMPs are different.
As dermal fibroblasts are the primary source of multiple MMPs in naturally aged human skin,
the reduced fibroblast size is largely responsible for multiple elevated MMPs. The primary dermal
fibroblasts from aged (>80 years) or young (25–30 years) individuals are indistinguishable from each
other with respect to morphology and expression of all known mammalian MMPs, when cultured in a
monolayer on a plastic tissue culture plate [20,37]. In contrast, human dermal fibroblasts, obtained
from individuals of any age (21–86 years of age), cultured in the conditions of reduced cell size, for
example fragmented collagen lattices, resulted in the elevation of multiple MMPs [20,37]. These data
suggest that the elevation of multiple MMPs in aged human skin arises, at least in part, from the
reduced size of dermal fibroblasts. Further investigation indicates that reduced fibroblast size is closely
associated with elevated c-Jun/c-Fos and increased transcription factor AP-1 activity, the major driving
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force for multiple MMPs [51–53]. Transcription factor AP-1, typically composed of c-Jun and c-Fos,
is one of the first mammalian transcription factors to be identified [54,55]. We and others previously
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Figure 2. ROS/oxidative stress contributes to damaged dermis by induction of multiple MMPs.

Figure 2. ROS/oxidative stress contributes to damaged dermis by induction of multiple MMPs.
Increased ROS by reduced fibroblast size activates c-Jun/AP-1, which in turn elevates multiple MMPs,
Increased ROS by reduced fibroblast size activates c-Jun/AP-1, which in turn elevates multiple
and contributes to damaged skin dermis in aging skin (see text for details).
MMPs, and contributes to damaged skin dermis in aging skin (see text for details).
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[25,34]. ROS/cell size-specific down-regulation of TβRII is associated with significantly decreased
phosphorylation, DNA-binding, and transcriptional activity of its key down-stream effector Smad3,
as well as reduced expression of Smad3-regulated type I collagen, fibronectin and CTGF/CCN2.
Restoration of ROS/cell size-induced loss of TβRII expression significantly increases the TGF-β
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phosphorylation, DNA-binding, and transcriptional activity of its key down-stream effector Smad3,
as well as reduced expression of Smad3-regulated type I collagen, fibronectin and CTGF/CCN2.
Restoration of ROS/cell size-induced loss of TβRII expression significantly increases the TGF-β
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Figure 3. ROS/oxidative stress contributes to thin dermis by inhibition of TGF-β signaling. Increased

Figure 3. ROS/oxidative stress contributes to thin dermis by inhibition of TGF-β signaling. Increased
ROS due to reduced fibroblast size impairs TGF-β signaling by down-regulation of TβRII and Smad3,
ROS due to reduced fibroblast size impairs TGF-β signaling by down-regulation of TβRII and
which in turn contributes to loss of collagen and thin dermis in aged human skin (see text for details).
Smad3, which in turn contributes to loss of collagen and thin dermis in aged human skin (see text for
details).
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In human skin, CCN1 is predominantly expressed in dermal fibroblasts [38], and significantly
but also concurrently increases the expression of multiple MMPs and cytokines [36,38,39,77].

elevated in dermal fibroblasts in aged human skin in vivo [38,39,77]. In cultured human dermal
fibroblasts, the elevated expression of CCN1 not only inhibits the expression of type I procollagen,
but also concurrently increases the expression of multiple MMPs and cytokines [36,38,39,77].
Mechanistically, elevated CCN1 impairs TGF-β signaling by down-regulating TβRII expression,
thereby contributing to reduced type I procollagen expression. Additionally, elevated CCN1 induces
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Mechanistically, elevated CCN1 impairs TGF-β signaling by down-regulating TβRII expression,
thereby contributing to reduced type I procollagen expression. Additionally, elevated CCN1 induces
transcription factor c-Jun/AP-1, which functions to stimulate the expression of multiple MMPs
and cytokines.
Interestingly, CCN1 is rapidly induced by ROS in human skin dermal fibroblasts [35].
An antioxidant, N-acetyl-L-cysteine, prevented ROS-induced CCN1 expression and the loss of type I
collagen in both human skin in vivo and human dermal fibroblasts in vitro [35]. ROS significantly
up-regulated c-Jun, an important transcription factor of the AP-1 complex, and was able to interact
with the AP-1 binding site of the CCN1 proximal promoter. Functional blocking of c-Jun significantly
reduced CCN1 transcription, and thus prevented the ROS-induced aberrant collagen homeostasis.
These data suggest that ROS-mediated c-Jun/CCN1 pathway plays an important role in human skin
connective tissue aging, and interference of this pathway may provide clinical benefits for human skin
connective tissue aging.
CCN1 is also significantly induced by acute UV irradiation in human skin in vivo, and in
UV-irradiated human dermal fibroblasts in vitro [77,78]. CCN1 functions as a key mediator of
UV-induced aberrant collagen homeostasis. The antioxidant N-acetyl-L-cysteine significantly reduced
UV light-induced CCN1, suggesting a significant role of ROS in CCN1 induction. The functional
blockade of c-Jun induction by antioxidants significantly reduced the UV irradiation-induced CCN1
expression and normalized the loss of collagen and elevated MMP-1. These data show that CCN1 is
transcriptionally regulated by UV irradiation through ROS-mediated c-Jun/AP-1.
Emerging evidence indicates that CCN1 functions as a novel mediator of collagen
homeostasis [1,39,79,80]. Age-related elevation of CCN1 in the human dermis alters the expression of
numerous secreted proteins, which together have deleterious effects on the dermal microenvironment
(Figure 3). The CCN1-induced aberrant dermal microenvironment is referred to as “Age-Associated
Secretory Phenotype (AASP)” [1,39]. AASP includes: (1) reduced expression of skin ECM components
by inhibiting TGF-β signaling; (2) damaged dermal collagen by induction of multiple MMPs; and
(3) creation of the inflammatory dermal microenvironment (inflammaging) by induction of multiple
pro-inflammatory cytokines. Importantly, CCN1-induced AASP is readily observed in the aged human
dermis in vivo, and logically could account for many of the characteristic features of aged human skin.
Therefore, elevated CCN1 in aged human skin induces multiple AASP-related proteins, which in turn
develops an Age Associate Dermal Micronenvironment (AADM), which is a characteristic feature of
dermal connective tissue aging.
It has been suggested that CCN1 proteins may represent a new class of modulator of
inflammation [81]. CCN1 is markedly induced and activates a proinflammatory genetic program in
response to skin wounds in both human skin [1] and mouse skin [82]. Elevated CCN1 up-regulates
inflammatory cytokines and chemokines. Furthermore, evidence indicates a potential role of
CCN1 in chronic inflammatory diseases such as atherosclerosis, rheumatoid arthritis, inflammatory
kidney diseases and neuroinflammatory diseases [83]. Aging is associated with chronic low-grade
inflammation which may promote long-term tissue damage and systemic chronic inflammation [84].
Accumulating evidence proposed the concept of “inflammaging”, which posits that low-grade chronic
inflammation can be a significant risk factor for the aging progress and age-related diseases [85].
Central to this concept is that healthy aging is not an inflammatory disease, but rather sub-clinical
chronic inflammation gradually damages the tissues and impairs organ function, which occurs during
the aging process. For example, IL-6 is increased in the aged and has been suggested to be a marker of
health status in elderly people [86]. Interestingly, IL-6 is markedly induced by CCN1 in human skin
dermal fibroblasts and constitutively elevated in aged skin [78]. Nevertheless, the precise etiology
of inflammaging and its potential causal role in the aging progress and age-related diseases remain
largely unknown. It should be noted that aged skin does not display overt clinical inflammation.
However, the role of AADM-associated cytokines in promoting long-term skin connective tissue aging
and systemic inflammaging deserves further investigation.
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Figure 4 depicts a model in which ROS/oxidative stress contributes to human skin connective
tissue aging through creating an AADM. Unlike other organs, human skin is exposed to ROS
generated from both exogenous sources such as solar ultraviolet irradiation and endogenous oxidative
metabolism. Chronic exposure to ROS causes collagen fragmentation, which impairs cell–matrix
interactions and induces dermal fibroblast collapse. Collapsed dermal fibroblasts generate elevated
Cosmetics
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6. Conclusions
In summary, human skin is constantly targeted by oxidative stress from ROS generated from
both extrinsic and intrinsic sources. Chronic exposure to ROS eventually creates AADM, the
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6. Conclusions
In summary, human skin is constantly targeted by oxidative stress from ROS generated from both
extrinsic and intrinsic sources. Chronic exposure to ROS eventually creates AADM, the prominent
feature of human skin connective tissue aging. AADM encompasses: (1) increased production
of multiple MMPs (collagen fibril fragmentation); (2) reduced production of collagens (thin skin
dermis); (3) creation of a proinflammatory microenvironment (inflammaging). AADM weakens the
dermal structural and mechanical integrity, and creates a tissue microenvironment that contributes to
age-related skin disorders, such as delayed wound healing and epithelial skin cancer development.
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