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Collagen Fragmentation Promotes Oxidative Stress
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Aged human skin is fragile because of fragmentation
and loss of type I collagen fibrils, which confer
strength and resiliency. We report here that dermal
fibroblasts express increased levels of collagen-de-
grading matrix metalloproteinases-1 (MMP-1) in aged
(>80 years old) compared with young (21 to 30 years
old) human skin in vivo. Transcription factor AP-1 and
a2f1 integrin, which are key regulators of MMP-1 ex-
pression, are also elevated in fibroblasts in aged human
skin in vivo. MMP-1 treatment of young skin in organ
culture causes fragmentation of collagen fibrils and re-
duces fibroblast stretch, consistent with reduced me-
chanical tension, as observed in aged human skin.
Limited fragmentation of three-dimensional colla-
gen lattices with exogenous MMP-1 also reduces fibro-
blast stretch and mechanical tension. Furthermore,
fibroblasts cultured in fragmented collagen lattices
express elevated levels of MMP-1, AP-1, and «2f1
integrin. Importantly, culture in fragmented collagen
raises intracellular oxidant levels and treatment with
antioxidant MitoQ,, significantly reduces MMP-1 ex-
pression. These data identify positive feedback regu-
lation that couples age-dependent MMP-1-catalyzed
collagen fragmentation and oxidative stress. We pro-
pose that this self perpetuating cycle promotes hu-
man skin aging. These data extend the current un-
derstanding of the oxidative theory of aging beyond
a cellular-centric view to include extracellular ma-
trix and the critical role that connective tissue mi-
croenvironment plays in the biology of aging. (4m
J Patbol 2009, 174:101-114; DOI: 10.2353/ajpath.2009.080599)

Skin connective tissue (dermis) provides structural sup-
port for the skin’s vasculature, appendages, and epider-

mis, which are vital to the function of skin. Structural
integrity and function of the dermis are primarily depen-
dent on its extracellular matrix, which is primarily com-
posed of type | collagen fibrils. Type | collagen is the
most abundant structural protein in skin,' and frag-
mented collagen fibrils are prominent, characteristic fea-
tures of aged human skin in vivo.? * This fragmentation
seriously impairs both the mechanical properties of skin,
and the functions of cells that reside within the dermis.®
Clinically, this impairment manifests as delayed wound
healing, reduced vascularization, propensity to bruise,
and thin skin. Failure of normal functional interactions
among dermal cells and their extracellular matrix micro-
environment underlie these age-dependent phenotypic
alterations.®

Damage to the collagenous extracellular matrix of the
dermis can be observed at both the histological and ultra-
structural level.>"~2 In young dermis, intact, tightly packed,
well-organized, long collagen fibrils are abundant. In con-
trast, in aged dermis, collagen fibrils are fragmented, dis-
organized, and sparse, resulting in the appearance of
amorphous open space. Quantitative biochemical analysis
reveals that the amount of fragmented collagen is 4.3-fold
greater in aged (>80 years old) compared with young (21
to 30 years old) human dermis in vivo.'©

Fibroblasts are the primary collagen-producing cells in
the dermis. Fibroblasts bind to intact collagen fibrils
through cell surface integrin receptors.’ "2 Integrin bind-
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ing is coupled with cytoskeletal contractile forces, which
organize the intact collagen fibrils.”*"® This pulling is
balanced by resistive forces of the collagen fibrils, cre-
ating a state of dynamic mechanical tension within fibro-
blasts and dermis.’®'® One obvious manifestation of this
mechanical tension is flattening and spreading of fibro-
blasts, resulting from cytoskeletal reorganization and as-
sembly. Mechanical tension and cell shape are critical
determinants of cellular function.””'® In young human
dermis, fibroblasts appear flattened and spread, and are
in intimate contact with numerous intact collagen fibrils.
In contrast, in aged human dermis, fibroblasts have a
collapsed appearance with little cytoplasm, and lack di-
rect association with fragmented collagen fibrils.62°
Quantitative morphometric analysis reveals that fibroblast
contact with collagen fibrils is reduced 80%, and cross-
sectional fibroblast surface area is reduced 75%, in aged
human dermis in vivo.® Reduced fibroblast spreading is
indicative of reduced mechanical tension.

Normal collagen turnover is mediated by matrix met-
alloproteinases (MMPs), a family of zinc-containing pro-
teinases that specifically degrade extracellular matrix
proteins that comprise connective tissue.?"?? The human
MMP gene family consists of more than 20 members, with
distinct structural and substrate specificities. MMPs are
involved in a variety of physiological and pathological
processes related to extracellular matrix turnover, wound
healing, angiogenesis, cancer, and development.2®24 A
limited number of MMPs are able to initiate degradation
of type | collagen; these include MMP-1, MMP-8, MMP-
13, MT1-MMP (MMP-14), MT2-MMP (MMP-15), and MT3-
MMP (MMP-16). Normal human skin expresses tran-
scripts for MMP-1, MMP-14, MMP-15, and MMP-16.
Among these, MMP-14 and MMP-15 are most highly
expressed. In mouse, which does not express MMP-1,
MMP-14 has been shown to be required for normal de-
velopment and type | collagen turnover.?>2¢ However, in
human skin MMP-1, but not MMP-14 or MMP-15, is highly
induced by UV irradiation and appears to be responsible
for collagen fragmentation associated with chronic sun
exposure.?®2773% |n human skin, MMP-1 levels increase
with age, presumably contributing to fragmented and
disorganized collagen fibrils in the dermis.'®*" Mature
collagen fibers contain many covalent cross-links, which
are not susceptible to complete proteolytic cleavage.
Consequently, age-dependent collagen fragmentation
results in accumulation of fragmented collagen, which
irreversibly impairs the functional and structural integrity
of skin connective tissue. Evidence suggests that MMP-
1-mediated cumulative collagen damage is a major
contributor to the phenotype of aged human skin.32736
However, molecular mechanisms underlying elevated
expression of MMP-1 are not well understood.

The free radical theory of aging postulates that the
aging process is primarily a consequence of aerobic
metabolism, which produces reactive oxygen species
(ROS) in excess of cellular anti-oxidant defenses.®”%8 It is
proposed that ROS oxidize cellular constituents (pro-
teins, nucleic acids, lipids), and accumulation of oxida-
tive cellular damage, which occurs during the passage of
time, impairs cellular function to yield the aged pheno-

type. Age-related increase of oxidative damage has been
reported in a variety of human and animal tissues, and a
large body of evidence, obtained in simple organisms
and mammals, supports an important role of oxidants as
mediators of aging.®°~*® However, aging of human skin
does not only lead to cellular alterations, but also to
substantial alterations of the collagenous extracellular
matrix in the dermis, as described above. Normal func-
tion of fibroblasts in dermis requires appropriate inter-
actions with collagen fibrils, and these interactions
cannot be achieved when the fibrils are fragmented.
Little is known regarding the impact of collagen fibril
fragmentation on fibroblast function, and the role that
altered fibroblast-collagen interactions play in human
skin aging.

We report here that MMP-1 regulatory pathways and
MMP-1 expression are elevated in fibroblasts in aged
human skin in vivo, and that similar age-dependent alter-
ations are induced in fibroblasts, obtained from young
skin, by culture in three-dimensional collagen lattices
containing fragmented collagen. These data reveal po-
tential functional linkage between oxidant-driven cellular
aging (ie, free radical theory of aging) and structural
integrity of human skin connective tissue extracellular
matrix. Expression of this linkage establishes a self-per-
petuating cycle of damage whereby collagen fragmenta-
tion elevates cellular oxidation and MMP-1 expression,
which in turn results in more collagen fragmentation. This
mechanism of gradually escalating impairment of tissue
structure and function is consonant with the natural
course of the aging process.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum, trypsin solution, penicillin, and streptomycin were
purchased from Invitrogen Life Technology (Carlsbad, CA).
MMP-1 antibody and the Oxyblot protein oxidation detec-
tion kit were obtained from Chemicon Int. (Temecula,
CA); human MMP-1 and intestinal collagenase were pur-
chased from Calbiochem (La Jolla, CA); c-Jun antibody
was obtained from BD Transduction Laboratories (Lex-
ington, KY); RedoxSensor Red CC-1 and was purchased
from Molecular Probes (Eugene, OR); fluorescein isothio-
cyanate (FITC)-labeled type | collagen was obtained from
Elastin Product Co. (St. Louis, MO); rat tail type | collagen
was purchased from BD Biosciences (San Jose, CA);
TransAM AP-1 transcription factor assay kit was pur-
chased from Active Motif (Carlsbad, CA); human MMP-1
and Biotrak enzyme-linked immunosorbent assay system
were purchased from GE Health Care (Little Chalfont, UK);
MitoQs, MitoQ,,, and MitoE2 were obtained from An-
tipodean Pharmaceuticals (San Francisco, CA); ECF West-
ern blotting reagents were purchased from GE Health Care;
and unless otherwise stated, all other reagents including
NAC were purchased from the Sigma Chemical Company
(St. Louis, MO).



Procurement of Human Skin

Young and aged volunteers were grouped according to
age: 21 to 30 years for the young group and 80+ years
for the aged group. Full-thickness human skin biopsies
were obtained from sun-protected buttock skin of each
subject by punch biopsy, as previously described.*44°
All procedures involving human patients were conducted
in accordance with the regulations set forth by the Uni-
versity of Michigan Institutional Review Board, and all
patients provided written informed consent.

Human Skin Organ Culture

Organ culture of human skin has been previously de-
scribed.*®~4® Briefly, replicate 2-mm punch biopsies
were obtained from hip skin of volunteers 21 to 30 years
of age. Skin samples were incubated in wells of a 24-well
dish (one tissue piece per 500 wl of culture medium).
Culture medium consisted of keratinocyte basal medium
(Lonza, Walkersville, MD), supplemented with CaCl, to a
final concentration of 1.4 mmol/L. Skin samples were
either treated with vehicle or purified, activated human
MMP-1 (150 ng/ml), for 24 hours. At the end of the incu-
bation period, organ culture-conditioned medium was
collected and analyzed for the presence of collagen frag-
ments by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Intact collagen and collagen that had
been exposed to MMP-1 in vitro served as controls. At the
end of the incubation period, tissue was fixed in 10%
buffered formalin and processed for light microscopy.
Additional tissue pieces were fixed in 2% glutaraldehyde
and processed for scanning electron microscopy.

Three-Dimensional Collagen Lattice Fibroblast
Cell Culture

Adult human dermal fibroblasts were isolated from 4-mm
full-thickness punch biopsies of healthy patients, as pre-
viously described.*® Collagen lattices were prepared in a
sterile tube, by mixing appropriate volume of rat tail type
| collagen (BD Biosciences) to yield a final concentration
of 1 mg/ml with medium cocktail [DMEM, NaHCO, (44
mmol/L), L-glutamine (4 mmol/L), folic acid (9 mmol/L),
and neutralized with 1 N NaOH to pH 7.2]. Collagen
solution (0.5 ml per well of a 24-well plate) was placed in
an incubator at 37°C for 30 minutes to allow polymeriza-
tion of the collagen. Partially degraded collagen lattices
were prepared by treatment with purified human MMP-1
(50 ng per well, Calbiochem) for 16 hours at 37°C. Before
use full length MMP-1 was activated by trypsin treatment
(1.25 ng per 100 ng MMP-1) for 1 hour at 37°C. Cleavage
by trypsin converted full-length 52-kDa MMP-1 to a cat-
alytically active 42-kDa form (see Supplemental Figure
1A at http://ajp.amjpathol.org). Trypsin activity was inhib-
ited by addition of trypsin inhibitor (12.5 ng). Active
MMP-1 released characteristic % and "4 length collagen
fragments from the collagen lattices (see Supplemental
Figure 1B at http://ajp.amjpathol.org). MMP-1 was inacti-
vated by adding ethylenediaminetetraacetic acid (10
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mmol/L) followed by addition of CaCl, (15 mmol/L), and
gels were washed three times with fresh DMEM. Control
lattices were prepared as above, without addition of
MMP-1. Early passage (fewer than nine passages) pri-
mary adult human dermal fibroblasts (5 X 10%/well) were
placed on top of each collagen lattice, and allowed to
attach. After attachment, collagen lattices were covered
with 1 ml of media (DMEM, 10% fetal bovine serum) and
incubated 72 hours at 37°C, 5% CO.. For analyses, col-
lagen lattices were either embedded in OCT and frozen
for cryostat sectioning, or fibroblasts were harvested by
digesting collagen with 1 mg/ml of bacterial collagenase
(Sigma Chemical Co.) for 1 hour at 37°C. Fibroblasts
were collected by centrifugation. Recovery of viable fi-
broblasts averaged greater than 90%.

Laser Capture Microdissection (LCM) Coupled
with Real-Time Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

LCM were performed as previously described.*5:49:5°
Briefly, human skin punch biopsies were embedded in
OCT, sectioned (10 wm), and stained with the HistoGene
LCM slide preparation kit (Arcturus, Mountain View, CA).
Approximately 200 dermal fibroblasts were captured us-
ing LCM (Leica ASLMD system; Leica Microsystems,
Wetzlar, Germany). Total RNA was extracted from LCM-
captured dermal fibroblasts using a commercial kit
(RNeasy micro kit; Qiagen, Chatsworth, CA), and was
used for amplification of mMRNA using the RiboAmp HS
RNA amplification kit (Acturus). The quality and quantity
of amplified mRNA were determined with the Agilent
2100 bioanalyzer (Agilent Technologies, Santa Clara,
CA). Typically, we were able to obtain 50 to 100 ng of
amplified mRNA from LCM-captured 200 dermal fibro-
blasts (1 to 2 ng of total RNA). Only 5 ng of amplified
mRNA is required for quantitative analysis of transcript
levels by real-time RT-PCR. Therefore, we are able to
quantify transcript levels of 10 to 20 different genes in one
sample. We find that quantitation of transcript levels of
several different genes in samples of total RNA and am-
plified mMRNA yield essentially identical results. Quantita-
tion of transcript levels were performed by real-time RT-
PCR, as described previously.*®4°5° MMP-1, integrin a1,
integrin «2, and integrin g1, PCR primers and probes
were purchased from Applied Biosystems (Foster City,
CA). Other PCR primers and probes including 36B4, an
internal control, have been described previously.®’

Immunofiuorescence Staining

Immunohistology was performed as described previous-
ly. 4552 Briefly, OCT-embedded frozen tissue or three-
dimensional collagen gels were sectioned, and the slides
were fixed in 2% paraformaldehyde and permeabilized
with for 0.5% Triton X-100 in phosphate-buffered saline
(PBS) for 10 minutes at room temperature. The slides
were blocked with appropriate serum (5% in PBS) for 1
hour at room temperature. Subsequently, the slides were
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incubated for 1 hour at room temperature with primary
antibodies followed by incubation of appropriate second-
ary antibody for 1 hour at room temperature. After stain-
ing the slides were mounted with mounting media (Vector
Laboratories, Burlingame, CA), and examined using a
fluorescence microscope.

In Situ Zymography

In situ zymography was performed as previously de-
scribed.?*5 Briefly, FITC-labeled calf skin type | colla-
gen (50 wl, Elastin Products Co.) was coated onto glass
slides. Cryostat skin sections (5 um) were placed on top
of the collagen coating, and incubated for 24 hours in a
sealed, humidified chamber at 37°C. Sections were visu-
alized by fluorescence microscopy. MMP-1-catalyzed
degradation of FITC-collagen causes loss of fluores-
cence, which was visualized by fluorescent microscopy.

Western Analysis

Western blot was performed as previously described.*5!

Briefly, whole cell proteins were resolved on 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, trans-
ferred to polyvinylidene difluoride membrane, and blocked
with PBST (0.1% Tween 20 in PBS) containing 5% nonfat
milk. Primary antibodies were incubated with polyvinyli-
dene difluoride membrane for 1 hour at room tempera-
ture, and membranes were washed three times with
PBST solution and incubated with appropriate secondary
antibody for 1 hour at room temperature. After washing
three times with PBST, the blots were developed with ECF
(Vistra ECF Western blotting system, GE Health Care) fol-
lowing the manufacturer's protocol. The Western bands
were scanned with the STORM Phosphorimager (Molec-
ular Dynamics, Sunnyvale, CA), and the intensities of
each band were quantified by ImageQuant (GE Health
Care), and normalized using B-actin as a marker for
equal protein loading.

Measurement of ROS

Three-dimensional collagen lattice were cultured in
DMEM containing 2,3,4,5,6-pentafluorodihydrotetrameth-
ylrosamine (1 mmol/L RedoxSensor Red CC-1, Molecular
Probes), for 1 hour at 37°C, 5% CO,. After incubation,
samples were embedded in OCT and frozen. Oxidation of
RedoxSensor Red CC-1, an indicator of levels of ROS,%>*
were visualized in cryostat sections (10 um) by confocal
fluorescence microscopy using an Olympus (Tokyo, Japan)
FluoView 500 laser-scanning confocal microscope, housed
in the Morphology and Image Analysis Core, University of
Michigan Diabetes Research and Training Center. Image
analysis was performed using Imaged software (National
Institutes of Health, Bethesda, MD).

Activator Protein (AP-1) Activity Assay

AP-1 transcription activity was determined using
TransAM AP-1 transcription factor assay kit (Active Motif)

10~ <« Young *
l Aged —1
B ——

8 B-Actin
Young Aged

Oxidized Proteins
Relative Levels

o N A O ©

Figure 1. Increased protein oxidation in aged human dermis #n vivo. Dermis
was obtained by dissection of full thickness human skin, from young (21 to
30 years old) and aged (>80 years old) individuals. Protein oxidation was
determined by Western analysis of carbonyl residues. Results are means =+
SEM. n = 7, *P < 0.05. Inset shows representative immunoblot.

according to the manufacturer’s protocols. Briefly, the
cells were harvested by digesting collagen gel with bac-
terial collagenase (Sigma), as described above. The nu-
clear extract was prepared using nuclear and cytoplas-
mic extraction reagents (NE-PER; Pierce, Rockford, IL),
and c-Jun-dependent AP-1 transcriptional activation was
determined by phospho-c-Jun antibody (New England
Biolabs, Beverly, MA).

Statistical Analysis

Comparisons were made with the paired t-test (two groups)
or the repeated measures of analysis of variance (more than
two groups). Multiple pair-wise comparisons were made
with the Tukey Studentized range test. All P values are
two-tailed, and considered significant when <0.05.

Results

Protein Oxidation, a Marker of Oxidative Stress
Is Increased in the Dermis of Aged Human Skin
in Vivo

In model organisms, increased oxidative stress can result
in phenotypic and functional changes that resemble ag-
ing. A large body of evidence indicates that damage to
cellular constituents by ROS is a major driving force for
the aging process. However, whether age-dependent
alterations can promote oxidative stress is not estab-
lished. To investigate this issue, we determined levels of
protein carbonyls, a well-established biomarker of oxida-
tive damage, in dermis from young and aged individuals.
Figure 1 demonstrates that oxidative protein damage is
significantly increased (twofold) in aged human dermis,
compared with young dermis.

Collagen-Degrading MMP-1 Is Elevated in the
Dermis of Aged Human Skin in Vivo

In human skin, degradation of mature collagen fibrils can
be initiated by interstitial collagenase (MMP-1). Oxidative
stress, shown above to be increased in aged dermis, has
been shown to increase MMP-1 expression in cultured
cell models. Therefore, we dissected dermis from whole



skin and measured MMP-1 mRNA levels. As shown in
Figure 2A, MMP-1 mRNA was increased eightfold in
aged, compared with young dermis. Consistent with
these data, MMP-1 protein levels, detected by immuno-
fluorescence, were significantly elevated in aged, com-
pared with young human dermis (Figure 2B). Increased
MMP-1 expression in aged human skin was predomi-
nantly localized to fibroblasts in the upper dermis, where
fibroblasts display increased levels of oxidants. Quanti-
tation of immunostaining indicated twofold increase in
MMP-1 protein in aged, compared with young dermis
(Figure 2B). In addition, aged skin exhibited higher levels
of collagenase activity as revealed by in situ zymography.
This elevated activity, revealed as darkened areas result-
ing from hydrolysis of FITC-labeled collagen, was local-
ized to the upper dermis, consistent with localization of
MMP-1 protein (Figure 2C).

Tissue Inhibitors of Matrix Metalloproteinases
(TIMPs) Are Not Elevated in Aged Human Skin

in Vivo

TIMPs are a family of proteins that bind directly to MMPs
and inhibit their catalytic activity. MMPs and TIMPs are
often coordinately regulated as a means to control ex-
cess MMP activity.*®> We used LCM to obtain epidermis
and dermis from skin of aged and young individuals. The
upper half of the dermis, corresponding to the region
where increased MMP-1 expression was observed (Fig-
ure 2), was captured for analyses. TIMP-1, -2, -3, and -4
mMRNA levels in epidermis or dermis were not significantly
different between young and aged skin (see supple-
mental Figure 2A at http://ajp.amjpathol.org). In both
young and aged skin, transcripts for all four TIMPs
were lower in epidermis than in dermis. TIMP-1, -2, -3,
and -4 protein levels in whole dermis did not differ
between young and aged skin (see supplemental Fig-
ure 2B at http://ajp.amjpathol.org).

c-Jdun, a Major Regulator of MMP-1 Expression,
Is Elevated in the Dermis of Aged Human Skin

in Vivo

MMP-1 expression is primarily mediated by transcrip-
tional regulation. Transcription factor AP-1, typically com-
posed of c-Jun and c-Fos, is a major transcriptional reg-
ulator of MMP-1 expression. We have previously reported
that in human skin in vivo, AP-1 activity is limited by the
level of c-Jun, which can be induced, whereas c-Fos is
constitutively expressed.®® c-Jun mRNA was increased
2.4-fold in aged (>80 years old) dermis, compared with
young (21 to 30 years old) (Figure 3A). c-Fos mRNA
expression was similar in the aged and young dermis
(data not shown). In addition, c-Jun protein was elevated
fivefold in the of aged (>80 years old) dermis, compared
with young (21 to 30 years old) (Figure 3B). These data
suggest that increased expression of c-Jun may contrib-
ute to increased levels of MMP-1 observed in aged hu-
man dermis in vivo.
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Figure 2. MMP-1 mRNA, protein, and activity are increased in the dermis of
aged human skin in vivo. A: MMP-1 mRNA levels in dermal fibroblasts in
young (21 to 30 years old) and aged (>80 years old) human skin. Fibroblasts
(150 cells) were obtained by LCM, total RNA was isolated, mRNA was
amplified, and MMP-1 mRNA was quantified in 5 ng of amplified mRNA by
real-time RT-PCR. Results are means = SEM of MMP-1 mRNA normalized to
36B4 (housekeeping gene internal control) mRNA. 7 = 6, *P < 0.01. B:
Quantitation of MMP-1 protein immunostaining in young and aged human
skin. Figures show representative immunostaining. White line indicates der-
mal-epidermal boundary. n = 4, *P < 0.02. C: MMP-1 activity in young and
aged human skin in vivo. MMP-1 activity was detected by i situ zymogra-
phy, using FITC-labeled type I collagen as substrate (green fluorescence).
MMP-1-catalyzed collagen cleavage causes loss of green fluorescence, result-
ing in darkened areas, which are most noticeable in the upper dermis of aged
skin. Images are representative of three experiments.
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Figure 3. c-Jun mRNA and protein are elevated in aged human dermis in
vivo. A: c-Jun mRNA levels in young (21 to 30 years old) and aged (>80 years
old) human dermis were analyzed by real-time RT-PCR. Results are means =
SEM of c-Jun mRNA normalized to 36B4 (internal control) mRNA. 72 = 6, *P <
0.0001. B: c-Jun protein levels in young and aged human dermis was quan-
tified by Western analysis. Inset shows representative immunoblot. Results
are means = SEM. n = 6, *P < 0.05.

«a2B1 Integrin Is Elevated in the Dermis of Aged
Human Skin in Vivo

Integrins are the major cell surface receptors for extra-
cellular matrix. Activation of a2B1 integrin activates a
signal transduction cascade that results in increased
expression of c-Jun and MMP-1. This MMP-1 induction
via a2B1 integrin is thought to play an essential role in
connective tissue remodeling and wound healing. There-
fore, we examined «2 and B1 integrin expression in
young and aged human dermis. «2 and B1 integrin
mRNA levels were increased 2.9-fold and 9.8-fold, re-
spectively, in aged (>80 years old) dermis, compared
with young (21 to 30 years old) (Figure 4).

Exposure of Normal Human Skin to MMP-1
ex Vivo Generates Collagen Fragmentation that
Resembles Aged Human Skin

To directly investigate the ability of MMP-1 to degrade hu-
man skin collagen, sun-protected skin, from young individ-
uals was exposed to purified human MMP-1 in organ cul-
ture. This treatment resulted in collagen fragmentation, as
demonstrated by the release of characteristic three-quarter/
one-quarter proteolytic fragments into the media (see sup-
plemental Figure 3 at http.//ajp.amjpathol.org). MMP-1 treat-
ment caused alterations in the structure and organization
of collagen fibrils, and fibroblast shape that were quali-
tatively similar to those observed in aged skin (Figure 5).°
These alterations included thinning and reduced density
of collagen fibrils, and rounding of fibroblasts in areas of
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Figure 4. a2 and B1 integrins are elevated in aged human dermis in vivo. a2
integrin (A) and B1 integrin (B) mRNA levels were determined in young (21
to 30 years old) and aged (>80 years old) human dermis by real-time
RT-PCR. Results are means = SEM of integrin a2 and B1 mRNA normalized
to 36B4 mRNA (internal control). 7 = 3 to 6, *P < 0.05.

decreased collagen density, in comparison with the
stretched morphology of fibroblasts in nontreated young
skin. Scanning electron microscopy revealed fragmenta-
tion of collagen fibrils in MMP-1-treated young skin similar
to that seen in aged human skin (Figure 5).

Three-Dimensional Cell Culture Model to Study
Regulation of MMP-1

Data presented above provide a foundation for investi-
gating molecular mechanisms that lead to MMP-1-medi-
ated collagen fragmentation in aged human dermis in
vivo. Although observations of human skin in vivo are
invaluable for understanding the biology of aging, in vivo
observations alone generally do not reveal cause and
effect mechanistic relationships. The reason for this lim-
itation is the obvious restrictions on the type of experi-
mental manipulations that are possible in humans in vivo.

Therefore, we sought to establish a fibroblast culture
model that exhibited similar phenotypic and molecular
alterations observed in aged human skin in vivo. We
found that fibroblasts cultured from young and aged
individuals were primarily indistinguishable (see supple-
mental Figures 4 to 7 at http.//ajp.amjpathol.org). Addi-
tionally, we have been unable to observe increased ex-
pression of senescence markers in human dermal
fibroblasts in vivo. Therefore, we have used dermal fibro-
blasts cultured in intact or partially MMP-1-degraded
three-dimensional collagen lattices to model young and
aged, respectively, human dermis. This model has been
shown to mimic the fragmented collagen matrix that is
observed in aged human skin.®33 For these studies, we
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Figure 5. MMP-1 treatment of young human skin in organ culture causes collagen fragmentation similar to that observed in aged human skin in vivo. Samples
of young skin were treated with vehicle (left, top and bottom) or MMP-1 (middle, top and bottom). Top panels display paraffin-embedded sections stained
with H&E. MMP-1 treatment causes fibroblasts (circled in white) to appear less stretched and more rounded. Bottom panels display scanning electron
micrographs of dermal collagen, showing fragmentation of collagen fibrils in MMP-1-treated versus vehicle-treated young skin. Alterations of fibroblast
morphology and collagen fragmentation observed in young skin after MMP-1 treatment resemble those observed in aged human skin (right, top and bottom).

used fibroblasts cultured from the skin of younger indi-
viduals. We found that the age of the donor from which
fibroblasts were obtained did not significantly influence
their behavior in either monolayer or three-dimensional
intact collagen gel culture (see supplemental Figures 8 at
http://ajp.amjpathol.org). In other words, changes in fibro-
blast morphology and function, described below, result
from culture in partially fragmented collagen lattice,
rather than fibroblast donor age.

Dermal Fibroblasts Cultured in Fragmented
Collagen Lattices Are Smaller, Generate
Increased Levels of Oxidants, and Have
Increased Levels of Oxidized Proteins

A red fluorescent dye (Cell Tracker), which is taken up
into the cell cytoplasm, was used to assess the morphol-
ogy of fibroblasts in three-dimensional collagen lattices.
Dermal fibroblasts cultured in intact collagen lattices dis-
played spread flattened appearance (Figure 6A, left). In
contrast, fibroblasts in MMP-1-treated collagen gels, had
reduced cytoplasmic area, and a contracted appearance
(Figure BA, right), similar to fibroblasts in aged human
skin in vivo.® These data are consistent with reduced
mechanical tension in fibroblasts in a three-dimensional
lattice that contains fragmented collagen.

As discussed above, cellular damage from ROS likely
plays a key role in the aging process. We therefore ex-
amined the relative oxidant levels in fibroblasts cultured
in intact and partially-degraded collagen gels, using the
redox-sensitive fluorescent dye RedoxSensor Red CC-1.
Fibroblasts in intact collagen lattices displayed a rela-
tively low level of oxidant-generated fluorescence (Figure

6B, left). In contrast, fibroblasts in MMP-1-treated, par-
tially degraded collagen lattices displayed intense oxi-
dant-generated fluorescence (Figure 6B, right). The level
of oxidant-generated fluorescence was threefold greater
in fibroblasts cultured in partially degraded collagen lat-
tices, than in intact collagen lattices (Figure 6B). In-
creased oxidative stress in fibroblasts cultured in partially
degraded collagen was associated with significantly
more oxidation of intracellular proteins, as measured by
Western analyses of protein carbonyls (Figure 6C). Taken
together, these data indicate that reduced mechanical
tension, brought about by culture in partially degraded
collagen, induces oxidative stress and causes increased
protein oxidation in human dermal fibroblasts.

MMP-1 s Elevated in Fibroblasts Cultured in
Fragmented Collagen Lattices

As described above, the collagenous extracellular matrix
in aged dermis is partially fragmented, and fibroblasts
residing in this fragmented extracellular matrix have in-
creased levels of endogenous oxidants and express
higher levels of MMP-1. MMP-1 mRNA and protein were
also significantly increased in fibroblasts cultured in par-
tially degraded collagen lattices, compared with fibro-
blasts cultured in intact collagen lattices. MMP-1 mRNA
was elevated eightfold (Figure 7A), and immunostaining
revealed twofold increased intracellular MMP-1 protein
(Figure 7B). Secreted MMP-1 protein, quantified by en-
zyme-linked immunosorbent assay, was elevated three-
fold (Figure 7C). Western analysis revealed that expres-
sion of both full-length pro-MMP-1 and cleaved active
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MMP-1 were increased in partially degraded collagen
lattice cultures (Figure 7C).

Key Regulators of MMP-1 Expression
c-Jun/AP-1 and a2B1 Integrin Are Elevated
in Fibroblasts Cultured in Fragmented
Collagen Lattices

Transcription factors AP-1 and «2B1 integrin are major
regulators of MMP-1 gene expression in human fibro-
blasts. As shown in Figure 8A, culture of fibroblasts in
MMP-1-treated, partially degraded collagen-induced c-
Jun protein expression twofold, compared with fibro-
blasts cultured in intact collagen lattices. Increased c-
Jun was localized in the nucleus, and DNA binding of the
phosphorylated, active form of c-Jun was increased 3.5-
fold (Figure 8B). a2B1 integrin is the major cell surface
extracellular matrix receptor that positively regulates ex-
pression of MMP-1. As shown in Figure 8C, a2 and B1
integrins mMRNA were increased 2.8-fold and 1.7-fold,
respectively, in dermal fibroblasts cultured in fragmented
collagen lattices, compared with fibroblasts cultured in
intact collagen lattices.

Mitochondria-Targeted Antioxidant MitoQ;
Reduces Oxidant Levels and MMP-1
Expression in Fibroblasts Cultured in
Three-Dimensional Collagen Lattices

Data presented above indicate that collagen fragmenta-
tion elevates endogenous levels of oxidants, in human
dermal fibroblasts. Therefore, we investigated the impact
of antioxidants on oxidant levels and MMP-1 expression
in fibroblasts. Low concentration (1 nmol/L) of mitochon-
dria-targeted MitoQ,, (a derivative of ubiquinone or co-
enzyme Q) effectively reduced oxidant levels (Figure 9A).
In contrast, the antioxidants N-acetyl cysteine, or MitoQ
derivatives Qg and E,, which localize to mitochondria but
are less potent antioxidants than MitoQ,,, were substan-
tially less effective in reducing oxidant levels (Figure 9B).
The impact of MitoQ,,-mediated reduction of oxidant
levels on MMP-1 expression is shown in Figure 10. Mi-
toQ,, reduced MMP-1 mRNA levels 30% (Figure 10A)
and MMP-1 protein levels 40% (Figure 10B). Consistent

Figure 6. Dermal fibroblasts cultured in MMP-1-fragmented three-
dimensional collagen lattices have reduced spreading and increased levels
of oxidants. Human skin dermal fibroblasts were cultured in intact or
MMP-1-fragmented collagen lattices. A: Fibroblast morphology was
assessed by incubation of cultures with CellTracker fluorescent dye for 1
hour. Fibroblasts were imaged by confocal microscopy. Reddish
fluorescence delineates cell cytoplasm; blue fluorescence delineates nuclei.
Results are means = SEM. n = 5, *P < 0.05. Images are representative of
three experiments. B: Oxidant levels were assessed by incubation of
cultures with RedoxSensor Red CC-1 for 1 hour. Cells were imaged by
confocal microscopy. Reddish fluorescence indicates relative oxidant
levels; blue fluorescence delineates nuclei. Relative red fluorescence levels
were quantified by ImageJ (NIH). Results are means * SEM. n = 3, *P <
0.05. Top panels show representative images. C: Cellular lysates were
analyzed for protein oxidation (carbonyls) by Western blot.
Immunoreactive oxidized proteins were visualized by chemifluorescence,
and quantified by ImageQuant software. Results are means + SEM of
signal intensity in the entire lane. n = 3, *P < 0.05.
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Figure 7. MMP-1 is elevated in dermal fibroblasts cultured in MMP-1-
fragmented three-dimensional collagen lattices. Human dermal fibroblasts
were cultured in intact or MMP-1-fragmented, collagen lattices. A: Total RNA
was extracted and MMP-1 mRNA levels were determined by real-time RT-
PCR. Results are means = SEM of MMP-1 mRNA normalized to 36B4 (internal
control) mRNA. n = 4, *P < 0.05. B: MMP-1 protein expression in fibro-
blasts was determined by laser confocal immunofluorescence micros-
copy, and quantified by image analysis. Top panels show representative
images. Cell nuclei are stained blue, and MMP-1 protein is stained red.
Results are means = SEM. n = 3, *P < 0.05. C: Secreted MMP-1 protein
was quantified by enzyme-linked immunosorbent assay. Inset shows
representative Western blot demonstrating increased levels of both full-
length MMP-1 and cleaved activated MMP-1 secreted by fibroblasts in
fragmented collagen lattices. n = 4, *P < 0.05.
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with this partial reduction of MMP-1 expression, c-Jun,
and «2 integrin gene expression were reduced, 33% and
40%, respectively (data not shown).

Discussion

The free radical theory of aging was first proposed more
than 60 years ago. Since that time, a growing body of
evidence has revealed not only a central role of oxidative
stress in natural aging, but also in a variety of age-related
neurodegenerative, musculoskeletal, and inflammatory
diseases.®”"®" Age-related oxidative stress is generally
thought to occur as a consequence of accumulated cel-
lular damage primarily because of aerobic metabolism.
As such, much of aging research has focused on mech-
anisms of cellular oxidant generation and anti-oxidant
defenses. In general, these studies have primarily ne-
glected the role of the extracellular matrix as an active
participant in the aging process. It is becoming increas-
ingly clear that the extracellular matrix is not just an inert
substrate for cellular attachment, but rather is a critical
regulator of many aspects of cellular function.'362-66

The extracellular matrix influences cellular behavior
through multiple mechanisms including, integrin-medi-
ated cellular contacts that control cell shape and intra-
cellular mechanical forces, conferring structural integrity
and physical support to tissues, and acting as a depot for
bioactive proteins. In this report, we describe functional
linkage between fragmentation of the collagenous extra-
cellular matrix in the skin and oxidative stress, which is
associated with increased production of MMP-1. MMP-1
is elevated in aged human skin, and, is capable of initi-
ating cleavage of type | collagen fibrils, as shown by
addition of exogenous MMP-1 to skin in organ culture.
Collagen fragmentation reduces fibroblast stretch and
results in increased oxidative stress and MMP-1 expres-
sion. This self-perpetuating mechanism of extracellular
matrix degradation, with attendant impairment of skin
structure and function, may be considered a microcosm
of the aging process.

Increased MMP-1 expression in aged skin was most
prominent in the upper dermis. Localization of these al-
terations in the upper dermis may reflect greater collagen
fragmentation and/or greater number/activity of fibro-
blasts. Collagen fibers in the lower dermis have larger
diameter and are more highly organized than in the upper
dermis. These factors may confer greater structural rigid-
ity, which in turn may lessen the impact and/or degree of
collagen fragmentation on fibroblasts in the lower dermis.
Additionally, skin fibroblasts are heterogeneous, with dis-
tinct populations localized in the upper and lower der-
mis.®”~° The relative responsiveness of these different
subpopulations to collagen fragmentation is not known.

Exposure of cells to exogenous oxidants, or raising
endogenous levels of oxidants causes a multitude of
responses, depending on the nature of the oxidant and
cell type. Among these responses are activation of MAP
kinase signaling pathways, induction of c-Jun and AP-1
activity, and expression of AP-1 target genes, including
MMP-1. Alteration of endogenous oxidants is typically
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achieved by either overexpression or depletion of one or
more antioxidant enzymes. For example, it has been
shown that overexpression of mitochondrial superoxide
dismutase leads to elevated levels of hydrogen peroxide,
which can drive induction of AP-1 and its target gene
MMP-1.79 In this case, increased hydrogen peroxide re-
sults from an imbalance in the levels of anti-oxidant en-
zymes. The capacity of superoxide dismutase to gener-
ate hydrogen peroxide, from mitochondrial superoxide,
exceeds the capacity of catalase and glutathione perox-
idase to reduce hydrogen peroxide to water. In contrast,
overexpression of catalase in mitochondria has been
shown to reduce endogenous levels of hydrogen perox-
ide and extend the lifespan of transgenic mice.””

Although we observed increased MMP-1 levels in der-
mal fibroblasts in aged skin in vivo, we found no consis-
tent difference between fibroblasts cultured from young
or aged individuals. These data suggest that tissue en-
vironment, rather than inherent, permanent cellular differ-
ences, predominantly influences oxidant levels in vivo,
although we cannot rule out the possibility that adaptation
to culture conditions masks inherent differences between
young and aged fibroblasts. It should be noted that al-
though fragmentation and disorganization of collagen fi-
bers are prominent, consistent characteristics of aged
skin, there exist many other differences in the dermal
microenvironment between young and aged skin.”®"3
Nevertheless, our finding that culture of fibroblasts in
partially fragmented collagen lattices raises MMP-1 and
cellular oxidant levels, independent of fibroblast age (ie,
age of donor), supports the concept that the quality of the
extracellular matrix is an important determinant of cellular
aging.

Increased global protein oxidation, as measured by
protein carbonyls, was evident in the dermis of aged skin
and in fibroblasts cultured in fragmented collagen. An
age-dependent increase of protein carbonyl content has
been reported in other human tissues, including brain
and eye lens.*>7* These data suggest that increased
protein oxidation is a general feature of human aging that
is not restricted to specific organs.

Accumulating evidence suggests that aging is associ-
ated with increased frequency of mitochondrial DNA mu-
tations, and that such DNA damage can result in in-
creased production of ROS.*9€07579 However, such
observations have been made primarily in tissues with
high rates of oxidative metabolism such as brain and

Figure 8. c-Jun protein and DNA-binding are elevated in dermal
fibroblasts cultured in MMP-1-fragmented three-dimensional collagen
lattices. Human dermal fibroblasts were cultured in intact or MMP-1-
fragmented lattices. A: c-Jun protein levels were determined by laser
confocal immunofluorescence microscopy and quantified by image
analysis. Top Panels show representative images. Cell nuclei are stained
blue, and c-Jun protein is stained red. Results are means = SEM. n = 3,
*P < 0.05. B: Nuclear extracts were prepared and c-Jun DNA binding was
determined using the TransAM AP-1 kit (Active Motif). Results are
means = SEM. n = 3, *P < 0.05. C: o2 and B1 integrins are elevated in
dermal fibroblasts cultured in  MMP-1-fragmented three-dimensional
collagen lattices. Human dermal fibroblasts were cultured in intact and
MMP-1-fragmented three-dimensional collagen lattices. Total RNA was
extracted. @2 and B1 integrin mRNA levels were analyzed by real-time RT-
PCR (10 ng total RNA). Results are mean = SEM of a2 or B1 integrin
mRNA normalized to 36B4 (internal control) mRNA. n = 3, *P < 0.03.
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Figure 9. Antioxidant MitoQ,, reduces oxidant levels in human dermal
fibroblasts cultured in MMP-1-fragmented collagen lattices. A: Fibroblast
cultures were treated with vehicle (CTRL) or MitoQ,, (1 nmol/L) for 72 hours,
followed by incubation with RedoxSensor Red for 1 hour. Lattices were
embedded in OCT, sectioned, and imaged by fluorescence microscopy. Top
panels show representative images. Nuclei are stained blue; oxidized Re-
doxSensor Red is stained red. Bottom panel is quantitative image analyses
of RedoxSensor Red fluorescence. n = 5, *P < 0.01. B: MitoQ,, analogues,
MitoQs and MitoE,, and N-acetyl cysteine (NAC) do not reduce oxidant levels
in dermal fibroblasts cultured in MMP-1-fragmented collagen lattices. Fibro-
blast cultures were treated with vehicle (CTRL), MitoQs (100 nmol/L), MitoE,
(100 nmol/L), or NAC (10 mmol/L) for 72 hours, and analyzed for Redox-
Sensor Red fluorescence as described in A. Results are representative images
from three experiments.

muscle. The extent to which mitochondrial DNA damage
contributes to age-related changes in skin dermis re-
mains to be clarified. Although increased frequency of
DNA mutations have been reported in skin chronically or
repetitively exposed to UV irradiation, frequency of DNA
mutations in naturally aged, sun-protected skin, has not
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Figure 10. Antioxidant MitoQ,, reduces MMP-1 expression in human der-
mal fibroblasts cultured in collagen lattices. Fibroblast cultures were treated
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harvested and MMP-1 mRNA levels were determined by real-time RT-PCR. B:
MMP-1 protein levels were determined by enzyme-linked immunosorbent
assay. Results are means + SEM of five experiments. *P < 0.05.

been well documented.®® Our finding that fibroblasts cul-
tured from aged individuals did not display increased
levels of oxidants, compared with those from young indi-
viduals, suggests that mitochondrial mutations, with as-
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Figure 11. Proposed model for self-perpetuating, MMP-1-mediated age-
dependent collagen degradation in human skin connective tissue. MMP-1
induction in fibroblasts in aged dermis in vivo is mediated by coordinate
alteration of MMP-1 regulatory pathways involving the transcription factor
AP-1 and 21 integrin. MMP-1 breaks down collagen fibrils, thereby weak-
ening the structural integrity of the extracellular matrix. The weakened
extracellular matrix provides less resistance to mechanical forces exerted on
it by dermal fibroblasts, thereby reducing mechanical tension in the fibro-
blasts. This reduced mechanical tension in the fibroblasts results in increased
intracellular levels of oxidants, which in turn, through AP-1 and a2B1 inte-
grin-dependent mechanisms, stimulate expression of MMP-1. Reduced me-
chanical tension may also stimulate MMP-1 expression through oxidant-
independent pathways (dashed line). The positive feedback (or vicious
cycle) nature of this model of age-dependent skin collagen connective tissue
fragmentation is consistent with the biology of aging, which is epitomized by
continual reduction of homeostatic control.




112 Fisher et al
AJP January 2009, Vol. 174, No. 1

sociated increased oxidant production, may not be a
prominent feature of natural aging, as opposed to UV-
induced aging, of fibroblasts in human skin. However,
direct measurement of mitochondrial mutations in fibro-
blasts in aged versus young skin is needed to address
this issue.

Although oxidized RedoxSensor Red is preferentially
localized in mitochondria, initial oxidization can occur in
the cytosol.®' NADPH oxidase and Dual oxidase, which
are associated with surface membranes, are major
sources of cellular ROS.82 It has recently been sug-
gested that increased production of oxidants by these
enzymes is a contributing factor to oxidative stress ob-
served in many chronic diseases associated with ag-
ing.8384 Although beyond the scope of the present stud-
ies, investigating the roles of NADPH oxidase and Dual
oxidase in oxidant production by fibroblasts in frag-
mented collagen is of interest.

Aging is a complex process involving both cell intrinsic
and extrinsic mechanisms. Our data suggest that in skin
dermis, which is primarily composed of collagenous ex-
tracellular matrix, cell extrinsic factors play an important
role in the aging process. However, our data do not
exclude an important role for cell intrinsic alterations in
skin aging. Although we did not observe differences in
MMP-1 regulation in skin fibroblasts cultured from young
or aged individuals, other differences may exist. In aged
skin, fibroblasts adjacent to fragmented collagen are less
stretched, and by inference have lower mechanical ten-
sion.®®% Our results in collagen lattices demonstrate that
collagen fragmentation causes loss of stretch, which re-
sults in increased levels of oxidants. Mechanism(s) by
which loss of stretch (or mechanical tension) results in
increased oxidative stress in fibroblasts is currently un-
known. Mechanical tension impacts a multitude of cellu-
lar processes including signal transduction, gene ex-
pression, and metabolism. Recent evidence suggests
that cytoskeletal tension plays a key role in translation of
mechanical information into cell function.8~8° However,
knowledge regarding mechano-sensing mechanisms
and effector systems is in a nascent state. Therefore,
understanding mechanisms that couple mechanical ten-
sion to oxidative stress in human dermal fibroblasts, their
role in skin aging, and possible therapeutic implications
must await further studies.

The antioxidant MitoQ,, has been shown to concen-
trate in the inner membrane of mitochondria, where it is
effectively reduced by complex Il of the electron trans-
port chain.®®°' The 10 carbon alkyl chain, which con-
nects the ubiquinone and triphenyl phosphonium moi-
eties, confers optimal reduction efficiency, relative to
MitoQ analogues with shorter alkyl chains. These data
are consistent with our observations that MitoQ,, was
substantially more potent than MitoQg or MitoE,, which
have five and two carbon alkyl chains, respectively, in
reducing fibroblast oxidant levels. Reduction of oxidant
levels by MitoQ,, resulted in modest reduction of MMP-1
mRNA and protein levels. These results are consistent
with the known ability of oxidative stress to stimulate
MMP-1 production through activation of AP-1 activity.®?
Failure of short-term MitoQ,, treatment to fully normalize

MMP-1 expression indicates that although oxidative
stress is a contributing factor, it is not the sole determi-
nant of MMP-1 overexpression by fibroblasts in frag-
mented collagen lattices. It is possible that additional
signals brought about by reduced mechanical tension
contribute to altered MMP-1 regulation. This conclusion
suggests that the benefit of antioxidant therapy alone
may have limited potential, and better understanding of
mechano-sensing mechanisms is needed to develop
more effective therapies.

In summary, based on our findings in human skin in
vivo, and collagen lattice cell culture model, we postulate
that age-dependent collagen fragmentation alters fibro-
blast shape and mechanical tension. Reduced mechan-
ical tension brings about numerous alterations that
include integrin expression, signal transduction, cy-
toskeletal organization, gene expression, and oxidative
stress, which promote expression of MMP-1. Up-regula-
tion of MMP-1 in fibroblasts in aged human skin involves
multiple alterations, acting in a complex regulatory net-
work. We propose that coupling of collagen fragmenta-
tion, oxidative stress, and MMP-1 up-regulation forms a
self-perpetuating cycle, which is a critical mechanism of
human skin aging (Figure 11). This mechanism extends
current understanding of the oxidative theory of aging
beyond a cellular-centric view to include extracellular
matrix and the critical role that connective tissue micro-
environment plays in the biology of aging.
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