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Background: The dramatic alterations in the appearance
of the integument with increasing age are due in part to
a progressive destruction of the delicate architecture of the
connective tissue components of the dermis. Both collag-
enous and elastic components display a degeneration con-

sistent with the overexpression ofproteolytic activity. Re-
cent advances in the field of molecular gerontology, us-

ing in vitro models of cellular aging, are yielding clues as

to the fundamental causes of dermal aging.

Observations: Dermal fibroblasts possess a finite rep-
licative capacity of 50 to 100 doublings, then cease rep-
licating in response to growth factors. Cells cultivated to
the end of their replicative lifespan in vitro display al-

terations consistent with their playing a role in aging in
vivo. In particular, senescent dermal fibroblasts overex-

press metalloproteinase activities that may explain the
age-related atrophy of extracellular matrix architecture.

Conclusions: The recent discovery of a structural change
in the telomeric region of the genome with cellular ag-
ing and new insights into DNA damage checkpoint mecha-
nisms offer new opportunities to uncover both the mo-
lecular mechanisms regulating cellular aging and possibly
to devise new strategies to manipulate these molecular
events for therapeutic effect.

(Arch Dermatol. 1994;130:87-95)

THE RAPID growth in the
aged sector of the popula-
tion is changing the prac-
tice of dermatology. Life
expectancy has increased

from a mere 47 years in the United States
in 1900 to approximately 75 years in 1990.
While there were only three million people
in the United States over 65 years of age
in 1900, by 1990 the number had grown
to 32 million and the aged continue to be
the most rapidly growing segment of the
population.1 This demographic shift will
result in a marked increase in age-related
dermatologic disease in the coming de-
cades and highlights the need for an im-
proved understanding of the fundamen-
tal molecular mechanisms of skin aging.

Cutaneous aging presents as an in-
sidious and progressive degenerative pro-
cess, inevitable in course, and predictable
in outcome. On a macroscopic level, the
changes include the following: dermal at-

rophy, wrinkling, and a loss ofelasticity and
subcutaneous fat. The gross appearance of
aging skin, in turn, heralds dramatic un-

derlying histologic alterations. There is a

profound atrophy of the architecture of the
dermis with destruction of both collag-
enous and elastic components. There is also
a disregulation of the proliferative homeo-
stasis of numerous cell types resulting in
benign and malignant lesions.

The histopathologic findings ofaging
skin have been carefully described in pre-
vious articles; however, there have been no

attempts to review the data in the light of
cellularaging models. In this review, we will
discuss the salient features ofagingskin and
describe recent advances in the molecular
genetics of cellular aging that are supply-
ing important new insights into its etiology.

Numerous reviews have adequately
described the difference between normal
cutaneous aging and damage from solar ex-

posure. The prior is referred to as intrin-
sic aging, and the latter as actinic aging.
In this article, we will, therefore, empha-
size only the intrinsic process and the data
discussed will be limited to protected re-

gions of skin from identical sites and dif-
ferent ages.

From the Geron Corp, Menlo
Park, Calif.
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HISTOLOGIC ALTERATIONS ASSOCIATED
WITH CUTANEOUS AGING

The Epidermis
The epidermis is classified as stratified squamous epithe¬
lium. Keratinocytes originate from a stem cell layer (stra¬
tum básale) in contact with the basal lamina. The basal
cells replicate with one remaining in contact with the basal
lamina and maintaining the stem cell phenotype, and the
other dividing a few times and then differentiating into a

terminally nondividing cell. During this differentiation pro¬
cess, the cells migrate into the stratum spinosum (char¬
acterized by pronounced desmosomes), then into the stra¬
tum granulosum (named for the visible accumulation of
keratohyalin that forms a watertight barrier), and finally
into the stratum corneum (containing flat keratinized cells).

The epidermis is a highly mitotic tissue, and it is com¬

monly assumed that the basal keratinocytes are dividing
thousands of times during the lifespanof the individual. How¬
ever, recent studies performed in pig and rodent skin sug¬
gest that epidermal stem cells may divide far fewer times.2
The number of doublings required is dependent on the na¬

ture of the replicative cascade. A tangential cascade proceed¬
ing from a single stem cell doubling (Figure 1, left) would
require thousands ofstem cell doublings to produce the num¬

ber of keratinocytes observed in normal aging skin. In con¬

trast, an exponential cascade, shown in Figure 1, right, would
allow a single stem cell doubling to produce hundreds ofdif¬
ferentiated keratinocytes. Since the flattenedkeratinocyte has
many times the surface area of the small basal keratinocyte,
it is reasonable to assume that, under the exponential scheme,
a single basal keratinocyte division followedby a chain offour
to sixmitotic events could generate enoughdifferentiated ke¬
ratinocytes for 1 to3years. Insupportofthe exponentialmodel,
suprabasilarmitotic cells arewell documented in pigand hu¬
man skin.3 Also, the basal cells appear to be organized into
epidermal proliferative units,4 with about 11 basal cells un¬

derlying each flattened differentiated cell, and a single cen¬

tral basal cell (presumably the stem cell) proliferating only
rarely. In furthersupportof the exponential model, basal stem
cells are observed at the base of rete ridges, where they rarely
divide, giving rise to a burst of transit proliferative cells car¬

rying out further exponential amplification.35 Many of these
transit laterallyalong the basal lamina, as shown in Figure 1,
right. These observations suggest that epidermal stem cells
maydivide less than one hundreddoublingsduring the course

of human aging. This, in turn, has important implications
for the role of cellular aging in the aging of the epidermis.

It is frequently reported that there is a thinning of the
epidermis during aging.6,7 However, these observations are

disputed by other investigators.8,9 No perceptible changes
have been reported in the ultrastructure of the stratum spi¬
nosum orstratumgranulosum, and the thickness of the stra¬
tum corneum appears to remain unchanged.6 On an ultra-
structural level, only the cells of the stratum básale display

alterations in morphologic appearance. Aging skin stratum
básale cells show an increased heterogeneity of size, mor¬

phologic appearance, and staining properties.10 Similar
changes are reported to occur in actinic aging and are oc¬

casionally referred to as diffuse epidermal dyscrasia.
Thedermoepidermaljunctionshowswell-documented

alterations in aging skin.1112 There is a clear flattening of
the junction resulting in a decrease in the junction surface
area from 2.64 to 1.90 mm2 in abdominal skin, with a cor¬

responding decrease in interdigitating papillae.13 This is
likely due to a proportionate decrease in the number of rete

ridges and dermal papillae per unit surface area ofskin.14
The young basal cells display villous cytoplasmic projec¬
tions into the dermis thatare strikingly reduced inagedskin.615
This decreases the surface area of the junction of the der¬
mis and epidermis decreasing the adhesion of the two lay¬
ers. This effacement of the interdigitations predisposes the
skin to shearing and bullae formation from stresses such
as lichen planus or lichen sclerosus et atrophicus.

Agingepidermisshowsadecrease in thenumberofmel¬
anocytes and Langerhans cells. The number of dopamine-
reactive melanocytes has been reported to decrease from 8%
to 20% per decade after 30 years ofage.16 The result is a weak¬
ened tanning response. The decreased proliferation ofmel¬
anocytes, in turn, could result in increased UV exposure to
the stratum básale, with a resulting increase in basal cell car¬
cinoma. Paradoxically, there is a tendency for melanocytes
toproliferate focallyand to clusterand form lentigines. These
hyperpigmentedmaculesare designatedsenile lentigo, or "liver
spots." While these lesions appearwith increasing frequency
with age and occasionally appear in unexposed areas, they
are most frequently observed in regions chronically exposed
to the sun.17 The melanocytes are reported to be larger and
morphologically more heterogeneous in aging skin.18"20

The Dermis

The dermis is mostly composed principally ofextracellular
connective tissue matrix ofwhich collagen comprises some

70% of the dry weight.21,22 The dermis can be divided into
two layers: the papillary dermis, composed of relatively fine
collagen fibrils roughlycorresponding to the depth of the der¬
mal papillae; and the reticular layer,which is deeper, and com¬

posed of more dense collagen fibrils. In contrast to the epi¬
dermis, the dermis shows striking alterations during aging.
Studies ofaging dermis have revealed that aging dermal ma¬

trix is more disorganized,23,24 more avascular,12 and more acel-
lular. The disintegration of the matrix protein is character¬
ized by a loss of the fascicular collagen fibrils and an increase
in fibrils with a disorganized and granular appearance. Fur¬
thermore, collagen content, expressed as collagen per unit
area ofskin surface, has been shown to decrease duringskin
aging at a rate ofapproximately 1% per year throughoutadult
life.25There are also reports that collagen fibers become more

compact perhaps due to a loss ofproteoglycan ground sub¬
stance.15 There is reported to be a decrease in the amount of
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"ground substance" or proteoglycans with age; specifically,
decreased hyaluronic acid and dermatan sulfate.26

These results suggest that there may be a decrease in
matrix collagen synthesis and/or an increase in proteoly-
sis during aging. In support of the latter interpretation,
while there is a marked decrease in procollagen synthesis
from fetal to adult skin, from about 30 to 40 years of age
onward there is no discernable decrease.27 An overexpres-
sion ofprotease activity may explain not only the decreased
collagen content, but also the widespread destruction of
extracellular matrix architecture. Collagen imparts ten¬
sile strength to skin; therefore, the loss of integrity of col¬
lagen fibers may explain the proclivity of skin in elderly
patients to tear under even moderate stress.

Elastin is a fibrousstructuralprotein ofthe dermis. While
comprising only about 2% of the total protein,28 it supplies
the skin with important elastic properties. There is a marked
disintegration of elastin fibers in the papillary dermis dur¬
ing intrinsic aging.w,3° This disintegration is increasingly ap¬
parent with age, such that by the age of 70 years the major¬
ity of the fibers are affected. The fibers are decreased in num¬

ber and diameter and often appear fragmented, especially
in the dermoepidermal region.12 The fibers are frequently
reported to have "fuzzy" margins consistent with damage
by elastolytic enzymes.15,30 In addition, focal differences (ie,
patchy loss or proliferation ofelastin fibers) become appar¬
ent. Actinic changes are similar, although more severe.31 It
is, therefore, widely acknowledged that intrinsic to the ag¬
ing ofskin is a pronounced autologous progressive destruc¬
tionofthe elastin fiberarchitecture thatbegins after the age
of 30 years and becomes profound after the age of 70
years.30,32 The role ofelastolysis in the phenotype ofskin ag¬
ing is easilyvisualized in the case of inherited defects in elas¬
tin metabolism, such as cutis laxa (Figure 2). In this syn¬
drome, there is a remarkable premature aging of skin and
other connective tissues resulting in skin wrinkling, laxity,
emphysema, osteoporosis, loss of subcutaneous fat, and
cataracts.33"36 In at least one case, the cause is attributable to
elevated levels ofproteolytic activity.37 In summary, the age-
related alteration in the mechanical properties of skin may
be explained in part by the fragmentation of collagen and
elastin fiber architecture and supramolecular organization
that, in turn, may reflect increased extracellular proteolytic
activity.

There is a decreased vascularity in the papillary der¬
mis with age. The capillary loops that run perpendicular to
the dermoepidermal junction are decreased in number.12,38
In one study, the cross-sectional area ofdermal venules de¬
creased by 35%.39 There is a reduction of mast cells in the
dermisofabout50%. These cellsprovideangiogenicstimu¬
lus; therefore, their loss may play a role in the decreased vas¬

cularity. The vascularnetwork of the dermis also shows evi¬
dence of less adventitial support. A decrease in the thick¬
ness ofthe wall ofpostcapillaryvenules and a corresponding
decrease in the number of veil cells is reported in patients
over 80 years ofage.40 Similarly, electron micrographie analy-

Figure 1. Tangential and exponential epidermal cell kinetics. Left, A model
of tangential basal epidermal stem cell replication. Right, A model of epider¬
mal cells replicating and amplifying their number in an exponential manner
thereby reducing the requisite number of doublings of the stem cell.

Figure 2. Progeroid faciès of cutis laxa. The patient at the left was diagnosed
with cutis laxa at the age of 3.5 years. She presented with unusually lax skin
on the face and neck that made her look approximately four times her actual
age. In this photograph she was 16 years of age, while her mother on the
right was 51 years old. (Courtesy of Victor A. McKusick, MD.)

sis of the elastic component ofcutaneous arterioles revealed
occasional granular degeneration in the aged samples. The
loss ofdermal vasculature leads to increased pallor and de¬
creased temperature,41 and the progressive loss ofstructural
support for dermal vessels may lead to the increased bruis¬
ing seen in the aged.

The eccrine glands decrease in number and show a de¬
crease in organization10 in aged skin. Concommitant with
this degeneration is an increase in lipofuscin content in the
epithelial cells.42 Changes in the apocrine glands are not
as well characterized. The secretion is reported to de¬
crease,43 and the glandular cells show increased lipofuscin
deposition.10 "H The sebaceous glands undergo unusual changes
in aging. Sebum production parallels sebaceous gland size
in the young. Both are high at birth when the fetal adrenal
gland produces high levels ofandrogens; they subsequently
decline with decreasing androgen levels until puberty
when both increase again. The number of sebaceous glands
changes little with age, however, they undergo a character¬
istic hyperplasia.45 Sebum production in the elderly differs
from the young in that it does notparallel gland size and de¬
creases approximately 23% per decade in men and 32% per
decade in women.46 The changes in sebum production are

usually attributed to decreased androgen production in the
elderly,47 although this is not consistent with the hyperpla¬
sia ofthe gland, an event usuallyalso thoughtofas an androgen-
mediated event. Sebaceous gland hyperplasia is a common
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lesion in the elderly. The gland is profoundly enlarged with
multiple hyperplastic lobules; the cause of these alterations
in the sebaceous glands is poorly understood, although al¬
terations in androgen metabolism have been implicated.48

Hair also undergoes numerous changes in aging. The
number ofterminal hairs and hair follicles decreases inboth
men and women.49 It is estimated that 70% ofall men over

the age of 50 years have marked balding and the majority
have some degree of graying.50 Graying is a consequence
ofless melanindeposition. Gray hair is reported to have vacu-

olated, poorly pigmented melanocytes, and white hair has
anabsence ofmelanocytes ineither the papillae or the shafts.ls

In summary, skin exhibits numerous alterations with
age that can be described as morpholytic. The most vis¬
ible changes occurring in aging skin are seen in the der¬
mis. Therefore, it seems logical to suggest that aging re¬

search should focus on the cells whose role is to synthe¬
size and maintain this matrix. Fibroblasts are the most
numerous and the most important cells regulating matrix
metabolism in skin. It is no coincidence, therefore, that
the cultured fibroblast has historicallybeen the first choice
as a cellular model for organismic aging.

THE BIOCHEMISTRY OF CONNECTIVE
TISSUE MAINTENANCE

The fibroblast plays a pivotal role in the morphogenesis and
dynamic remodeling of the dermis as well as other connec¬

tive tissues. The remodeling process includes both a clastic
or destructive aspect whereby the cells destroy the extracel¬
lular protein, and a blastic aspect whereby they synthesize
newprotein. Fibroblasts, likemanyother replicatingcell popu¬
lations, display at least two phenotypes depending on sig¬
nals from the extracellular environment (Figure 3). In their
normal maintenance mode, designated quiescence, they pro¬
liferate at a low rate and synthesize relatively low levels of
proteolytic enzymes. In response to numerous stimuli, in¬
cluding inflammation and wounding, they dramatically al¬
ter their phenotype, re-enter the cell cycle, and upregulate
the expression ofproteolytic enzymes in a proenzyme form.
This is frequently designated the activated phenotype. The
proenzymes of the metalloproteins are then activated and be¬
gin to destroy extracellular matrix (Figure 3). The upregu-
lationofcollagenase synthesis is observed inboth invitro mod¬
els and in inflammation andwound repair. For example, col¬
lagenase activity peaks on postoperative day 1 in sutured
incisionsand day 5 of large-defect full-thickness wounds and
decreases progressively thereafter.51

Fibroblastactivity is regulatedbya host ofcytokines and
hormones. These regulate the synthesisofbothstructural pro¬
teins of the extracellular matrix and a family ofproteases and
protease inhibitors that sculpt the structural proteins dur¬
ing the construction of the extracellular matrix and catabo-
lize it in remodeling. Connective tissue résorption is a nor¬

mal part ofcell migration, growth, angiogenesis, andwound

healing and is normally a process tightly regulated by extra¬
cellular signals.52

The family of matrix metalloproteinases play a ma¬

jor role in the proteolysis of dermal extracellular matrix
components. Collagenase is the rate-limiting enzyme in
the degradative pathway ofcollagen.53 It produces the ini¬
tial cleavage of the molecule, thereby allowing it to "un¬
wind" and leaving it to be further digested by gelatinases.
Elevated collagenase activity is thought to play a role in
numerous pathologic changes and examples of tissue re¬

modeling, including arthritis, gingivitis, bone résorption,
and postpartum involution of the uterus.54 Stromelysins
1 and 2 possess a broadersubstratespecificity, withstromel-
ysin 1 being the more potent.55"57 They target such matrix
components as fibronectin; proteoglycancoreprotein; the
nonhelical regions ofelastin; collagen types II, IV, and IX;
laminin; procollagens I and III; and gelatin. Both collage¬
nase and stromelysin mustbe converted to theiractive forms,
probably by plasmin, the product of the plasminogen
activator-mediated activation of plasminogen.58"60

There is evidence of continuing remodeling of elastic
fibers as well.30 Elastin fiber formation in a young adult has
been documented.61 The turnover time, however, is poorly
measured and is reported to be several years for rodent aorta
and lung.62 64 Treatment ofskin withpancreatic elastase re¬
sulted in protein that remained in the shape ofshort fibers,
frequently in tangles with indistinct margins, with cysts and
lacunaewithin the fibersvirtually identical to those observed
in normal aging. No such changes were observed usingother
agents such as collagenase, hyaluronidase, ordithiothreitol.30

THE MOLECULAR BIOLOGY
OF CELLULAR AGING

In an essay written in 1881 called "The Duration ofLife,"
the German naturalist August Weismann proposed a wa¬

tershed concept in the history ofbiology. The theory, fre¬
quently referred to as the immortality of the germ plasm,
stated that the cells of the germline were immortal hav¬
ing an infinite replicative capacity, whereas somatic cells
from all of the bodily tissues except the germline were

mortal and possessed a finite replicative capacity. "Death
takes place because a worn-out tissue cannot forever re¬

new itself, and because a capacity for increase by means

of cell division is not everlasting but finite."65
The modern study of the cellular and molecular basis

ofage-related disease owes its origin to the pioneeringwork
of Leonard Hayflick. In 1961, Hayflick and Moorhead re¬

ported that connective tissue fibroblasts possess a limited
capacity for division, generally 50 to 100 population dou¬
blings depending on the age of the donor.66"69 As shown in
Figure 4, cells placed in tissue culture soon acclimate and
enter a period of logarithmic growth. After a finite number
ofdoublings, the cells slow their division rate and then be¬
come refractory to growth factor-inducedproliferation. In
Figure5,itcanbe seen thatyoung fibroblasts have a spindle-
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Figure 3. Dynamics of young fibroblast function. Left, Young proliferation-competent cells such as
dermal fibroblasts normally reside in quiescent nondividing states and secrete a pattern of proteins
that maintains extracellular matrix (ECM). Right, In the case of activation from inflammation or
wounding, the cells enter the cell cycle and upregulate the secretion of secreted protease activities
that transiently destroy extracellular proteins as remodeling commences. Procollagenase (ProCL)
and prostromelysin (proSL) are activated by plasminogen activator (PA). Activated stromelysin (SL)
in turn cleaves activated collagenase (CL) into a super-activated form (*CL). Activated fibroblasts
downregulate the expression of quiescent-specific proteins such as EPC-1.
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Figure 4. Replicative senescence in vitro. The
curve represents the replicative history of a typi¬
cal culture of skin cells. After phase 1, which
represents primary culture, a period of active
growth commences—termed phase 2. After
about 50 to 100 doublings, cell proliferation
ceases in what has been termed phase 3 (now
designated mortality 1 [M1]). In the presence of
viral oncoproteins, M1 may be bypassed, which
imparts to the cell an increased replicative capac¬
ity to a later horizon designated mortality 2 (M2).
Rare clones of cells rising from populations of
M2 cells may then become capable of indefinite
growth designated "immortalization" (arrow).

Figure 5. Phase contrast photographs of young and senescent fibroblasts. Young human foreskin fibroblasts (left) were photographed after 28 population
doublings in vitro. They are shown in a subconfluent monolayer grown in the presence of 10% fetal calf serum. After 64 doublings, the cells became
senescent (right) and ceased replication despite adequate growth media.

shaped morphologic appearance and actively replicate in
the presence of 10% fetal calfserum. In contrast, senescent
fibroblasts exit the cell cycle and display an altered mor¬

phologic appearance. For the last 30 years, the in vitro
model of cellular senescence has been used to analyze the
role of cellular aging in age-related disease separated from
in vivo fluctuations in hormones and other parameters.

The most provocative discovery since the discovery
that somatic cells possess a finite replicative capacity was

that they progressively lose telomeric repeats from the end
chromosomes. The telomere hypothesis70,71 proposes that
somatic cells lack sufficient amounts of activity of the en¬

zyme telomerase to maintain the telomeric repeats in the
face of the end replication problem. Therefore, with each
round ofcell division, mortal cells lose on average 50 to 200
base pairs (bp) of telomeric repeats with each cell division.
Beginning with the fertilized zygote, the length ofterminal
restriction fragments is believed to be approximately 15 ki-

Downloaded From: http://archderm.jamanetwork.com/ by a New York University User  on 05/29/2015



10-

- Germline
(Telomerase Active)

Somatic Cells
(Telomerase Inactive)

Immortalization
(Telomerase Active)

Agei

Figure 6. The telomere hypothesis. Human germ¬
line cells display terminal restriction fragments
averaging 15 kilobase pairs (kbp), which are
maintained in the germline where telomerase
activity is abundant. In contrast, somatic cells
contain little or no telomerase activity and telo¬
meric repeat sequences are progressively lost
with cell division. The elimination of the gene
products of the tumor supressor gene products
p53 and pRb allows the extension of the replica¬
tive lifespan of cells, such that they now enter a
second horizon of growth arrest designated mor¬
tality (M) 2, from which rare cells may Immortal¬
ize by reactivating telomerase. The terminal re¬
striction fragment length (TRF) represents the
residual telomere fragments after digestion by
restriction enzymes.
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Figure 7. Dynamics of young and senescent fibroblast function. Summary of the alterations observed in
senescent fibroblast function in vitro and illustration ofhow such alterations may result in changes associ¬
ated with the in vivo aging of skin. Left, A young fibroblast that has the capacity to enter quiescence (G0)
when in mature extracellular matrix (ECM) and low growth factors concentrations. Top right, Young fibro¬
blasts can be induced by serum growth factors secreted from clotted blood, and the clot's provisional extra¬
cellular matrix, to become activated. Bottom right, Mortality 1 activation. Senescent fibroblasts lose respon¬
siveness to growth factors in terms of both cell division and extracellular matrix metabolism. Senescent fi¬
broblasts also lose the capacity to become quiescent and instead are blocked in a cell cycle phase
distinguishable from G„ designated Gs. The shift from G0 to Gs results in an inappropriately fibroclastic activ¬
ity toward mature extracellular matrix. PA indicates plasminogen activator; CL, collagenase.

lobase pairs (kbp) (Figure 6). In the case ofdermal fibro¬
blasts, the length has decreased to about 10 kbp at birth,
andsubsequently shortens during aging, until it reaches se¬

nescence, now designated as mortality 1 (Ml). The telo¬
mere hypothesis was an important advance in cellular ger¬
ontology as it allows researchers for the first time to care¬

fully track the replicative life history ofcells, and study the
role ofcellular senescence inage-relatedpathologic changes.

THE ROLE OF CELLULAR SENESCENCE
IN SKIN AGING

The cells residing in the skin are believed to possess a finite
replicative capacity that is gradually manifested during the
course ofaging. The dermal fibroblast is a discontinuously
replicatingcell. While normallyquiescentand dividing only
every 1 to 5 years, it retains the capacity to rapidly re-enter
the cell cycle in response to a need signaled by wounding
or inflammation. Subsequent to the repair response, the cells
again quiesce. As shown in Figure 7, the fibroblast spends
the majority of time in the quiescent state, which is char¬
acterized by a pattern ofextracellular gene expression that
results in the normal maintenance of the dermis. In response
to activation, the fibroblast dramatically alters the pattern

ofextracellular gene expression consistentwith the remod¬
eling of the dermal matrix. Genes characteristically upregu-
lated in the activated state are collagenase and stromelysin.
An example of a gene downregulated is EPC-1.72

When senescent cells are compared with young cells,
it can be seen that the senescent fibroblast has lost not only
the ability ofserum growth factors to induce cell prolifera¬
tion, but also the ability of growth factors to modulate fi¬
broblast extracellular function. Surprisingly, senescent cells
do not appear to be blocked in a quiescent nonactivatable
state, but instead are locked into what approximates a con-

stitutively activated state, herein designated M1 activation.
The telomere hypothesis provides an intriguing expla-

nationforMl activation. The loss oftelomeric repeats may
trigger "checkpoint" mechanisms, mediated by the tumor

suppressors p53 and pRb that both arrest cell division and
upregulate gene expression normally stimulated by activa¬
tion. In support of this mechanism ofMl activation, viral
oncoproteins, such as SV40 T antigen that inactivate pS3
and pRb, allow cells to replicate past the M1 limit until they
cease proliferation from presumably a loss ofchromosomal
integrity. This latter limit is designated mortality 2 (M2).
Additional evidence that checkpoint mechanisms can lead
not only to an arrest of proliferation but also the upregu-
lation of secreted proteases is seen in studies where DNA
damaging agents increase the expression of plasminogen
activator and collagenase.73"75

Since telomere length predicts the replicative capacity
of cells,76 it may provide the best biomarker for cellular ag-
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ing. Dermal fibroblasts obtained from neonates show a mean

terminal restriction fragment length (TRF) ofapproximately
10 kbp and at replicative senescence in vitro a TRF length of
about 5.0 kbp. When applied to total skin samples from do¬
nors aged 0 to 92 years ofage, an inverse correlation between
TRF size and donor age was observedwith cells losing on av¬

erage approximately 20 bp per year.77 Similarly, dermal fi¬
broblasts obtained from explanted skin ofvariously aged do¬
nors showed a progressive loss of TRF size with age, aver¬

aging about 15-bp loss per year.76 It was also observed that
dermal fibroblasts obtained from donorswith the premature
agingdisorderHutchinson-GilfordsyndromehaveTRF lengths
ofapproximately 5.5 kbp compared with age-matched con¬

trol subjects, whose TRF size was approximately 9.0 kbp.76
A model suggesting a role for replicative senescence

in age-related changes in the skin implies that an increas¬
ing proportion of the dermal fibroblasts have reached Ml
replicative senescence withadvancing age. As a result ofM1

-activated gene expression, senescent fibroblasts display
marked changes in the secretionofproteins relating to col¬
lagen metabolism. In support of this hypothesis, pig skin
fibroblasts grown to replicative senescence in vitro showed
decreased a 1 (I) messenger RNA synthesis.78 Both a decrease
in collagen synthesis and an increase in collagenolysis has
been reported in rat skin fibroblasts cultured to senescence

in vitro and aged in vivo.79 Similarly, senescent lung fibro¬
blasts show decreased synthesis ofmessenger RNA for a 1 (I)
and a2(I) collagen80 and decreased collagen production is
reported in senescent gingival fibroblasts.81

In addition to decreased synthesis of collagen, senes¬

cent fibroblastsmarkedly overexpress collagenase activity.82,83
Collagenase expression is linked with the growth state of
the cell; therefore, it is important to compare the dynamics
of expression in young and aged cells. Whereas early pas¬
sage fibroblasts are capable of increased expression of col¬
lagenase in response to cytokines such as serum growth
factors, senescent cells overexpress the gene more constitu-
tively.82 Therefore, the distinction between young and se¬

nescent collagenase expression is best described as aged cells
expressing collagenase under inappropriate conditions, such
as in an environment in which there is no extracellular sig¬
nals for increased expression. In a third path leading to pro-
teolysis, senescent cells express less TIMP-1, the naturally-
occurring inhibitorof the metalloproteinases collagenase and
stromelysin.82,84 Therefore, in regard to collagenmetabolism,
skin fibroblasts grown to replicative senescence invitro, un-

derexpress procollagen, overexpress collagenase, and un-

derexpress collagenase inhibitory activity. The result is that
aged cells become increasingly proteolytic with age, a phe¬
nomenon consistentwith the observed decrease in total col¬
lagen andstructurally intact collagen fiberswithaging invivo.

Skin fibroblasts are reported to synthesize elastin and
are believed to be the source of the protein in the dermis.85,86
In part, this may be due to a decreased elastin production as

observed in fibroblasts aged to senescence in vitro.86 As in
the case of the collagen fibers, the steady-state maintenance
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Figure 8. Loss of proliferative capacity in dermal fibroblasts during aging in
vivo. Dermal fibroblasts were cultured from Syrian hamsters to determine their
maximum replicative capacity. Serial expiants were obtained from a single
animal as that animal aged. Top, A progressive loss of replicative capacity is
observed during the aging of the animal. Bottom, Correlating with a progres¬
sive loss of replicative capacity is a progressive slowing of wound closure.
(Courtesy of Sarah Bruce, MD, modified from Bruce and Deamond.91)
ofelastic fibers is dependent on the balance ofstructural pro¬
tein synthesis, and netproteolytic activity that is, in turn, de¬
pendent on the balance ofprotease secretion, activation, and
inhibitionbyspecific inhibitors. An imbalance in any of these
pathwayswould lead topoormaintenancewith resultingpatho¬
logic consequences. Numerous cells resident in the dermis
secrete proteolytic enzymes capable of digesting elastin fi¬
bers; however, no increase in inflammatory cells has been
observed.30 A possible source is the activation of macro¬

phage proelastase by senescent fibroblast-derived plasmin.
The cellularity ofthe dermis decreases duringaging. The

number of fibroblasts decreases at least 50% between birth
and the age of80 years.14 The decreased numbers ofdermal
fibroblasts, mast cells, and Langerhans cells may simply re¬

flect the increasing unresponsiveness of aging cells to nor¬

mal growth signals. Even the changes observed in the basal
layer of the epidermis may reflect cellular senescence. Given
four to eight mitoses from the stem cell to the cornifying cell
and the relatively larger surface area coveredby the fullykera-
tinized cell, 60 to 100 cell doublings by the stem cell may ac¬

count for all of the keratinocytes produced in a lifetime, and
the heterogeneity seen in the basal cells in advanced age may
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reflect cells approaching senescence. Also, the appearance
of the aging pigment lipofuscin in cells is observed during
both in vivo and in vitro aging.

The progressive loss of replicative capacity of fibro¬
blasts and keratinocytes mayaccount for the impairedwound
healing response of aged animals.87"90 Longitudinal stud¬
ies in aging hamsters show an age-dependent loss of rep¬
licative capacity in dermal fibroblasts coincident with an

age-dependentslowingofwoundclosure (Figure8).91 Char¬
acteristics of senescent fibroblasts that may play a role in
the slowed wound healing are as follows: impaired prolif¬
erative response to mitogens, diminished migration,92"94 and
alterations in secreted proteins are as described above.

The pattern ofgene expression displayedby senescent
skin fibroblasts is consistent with cellular aging playing a

role in the degenerative alterations observed in aging skin.
Therefore, agents that manipulate the pattern of gene ex¬

pression to downregulate proteolytic activities and upregu-
late structural protein synthesis would be predicted to have
therapeutic effect. Retinoic acid is now well known for its
beneficial effects on aging skin. In this regard it is interest¬
ing that retinoids downregulate collagenase expression in
human skin and synovial fibroblasts95"98 and upregulate the
expression of TIMP-1 messenger RNA.98

CONCLUSIONS

Normal skin ages in a characteristic fashion. While there
are only subtle changes in the epidermis, there are profound
alterations in the dermis. There is widespread destruction
ofextracellularmatrixarchitecture characterizedbydecreased
organization ofcollagen and proteoglycanground substance
andbroken and frayed collagen and elastin fibers. Collagen
imparts the tensile strength to the skin and elastin gives it
resiliency and elasticity. The destruction of the architecture
of these fibrillar proteins decreases the tensile strength of
the skin, leaving itmore vulnerable to sheer forces and tears,
the loss ofelasticity leads to sagging and wrinkling. The phe¬
nomenon ofcellular senescence may provide new insights
into the etiology of these age-related changes.

Progress in understanding the pathogenesis of age-
related changes in skin has been unusually slow. This is due
in part to the fact that age-related changes are manifold and
complex. These new research tools may provide new in¬
sights into the pathogenesis of age-related changes in skin
and related connective tissues. These insights may, in turn,
lead to new strategies for biotechnological intervention.

Accepted for publication August 6, 1993.
Reprint requests to Geron Corp, 200 Constitution Dr,

Menlo Park, CA 94025 (Dr West).

REFERENCES

1. Aging America. Washington, DC: US Dept Health and Human Services; 1991.
Publication No. 91-28001.

2. Morris GM, Hopewell JW. Epidermal cell kinetics of the pig: a review. Cell Tis-
sue Kinet. 1990;23:271-282.

3. Pennys NS, Fulton JE, Weinstein GD, Frost P. Location of proliferating cells in
human epidermis. Arch Dermatol. 1970;101:323-327.

4. Potten CS. The epidermal proliferative unit: the possible role of the central
basal cell. Cell Tissue Kinet. 1974;7:77-88.

5. Lavker RM, Sun TT. Epidermal stem cells. J Invest Dermatol. 1983;81:121s-127s.
6. Lavker RM. Structural alterations in exposed and unexposed aged skin. J In-

vest Dermatol. 1979;73:59-66.
7. Selmanowitz VJ, Rizer KL, Orentreich N. Aging of the skin and its appendages. In:

Finch CE, Hayflick L, eds. Handbook of the Biology of Aging. New York, NY: Van
Nostrand Reinhold Co; 1977:496-507.

8. Evans R, Cowdry EV, Nielson PE. Ageing of human skin. Anat Rec. 1943;86:
545-550.

9. Whitton JT, Everall JD. The thickness of the epidermis. Br J Dermatol. 1973;
89:467-476.

10. Montagna W. Morphology of the ageing skin: the cutaneous appendages. In:
Montagna W, ed. Advances in the Biology of the Skin. Oxford, England: Per-
gamon Press; 1965;6:1-16.

11. Hill WR, Montgomery H. Regional changes and changes caused by age in the
normal skin. J Invest Dermatol. 1940;3:321-345.

12. Montagna W, Carlisle K. Structural changes in aging human skin. J Invest Der-
matol. 1979;73:47-53.

13. Katzberg AA. The area of the dermo-epidermal junction in human skin. Anat
Rec. 1958;131:717-723.

14. Andrew W, Behnke RH, Sato T. Changes with advancing age in the cell popu-
lation of human dermis. Gerontologia. 1965;10:1-19.

15. Lavker RM, Zheng PO, Dong G. Aged skin: a study by light transmission elec-
tron and scanning electron microscopy. J Invest Dermatol. 1987;88:44s-51s.

16. Gilchrest BA, Blog FB, Szabo G. Effects of aging and chronic sun exposure on
melanocytes in human skin. J Invest Dermatol. 1979;73:141-143.

17. Hodgson C. Senile lentigo. Arch Dermatol. 1963;87:197-207.
18. Fitzpatrick TB, Szabo G, Mitchell R. Age change in the human melanocyte sys-

tem. In: Montagna W, ed. Advances in the Biology of the Skin. Oxford, England:
Pergamon Press; 1965:35-50.

19. Hu F. Aging of melanocytes. J Invest Dermatol. 1979;73:70-79.
20. Maize JC, Foster G. Age-related changes in melanocytic naevi. Clin Exp Der-

matol. 1979;4:49-58.
21. Bauer EA, Uitto J. Collagen in cutaneous diseases. Int JDermatol. 1979;18:251-270.
22. Weinstein GD, Boucek RJ. Collagen and elastin of human dermis. J Invest Der-

matol. 1960;35:227-229.
23. Bouissou H, Pieraggi M, Julian M, Douste-Blaze. Cutaneous ageing [its relation

with arteriosclerosis and atheroma]. Front Matrix Biol. 1973;1:190-211.
24. Pieraggi MT, Julian M, Bouissou H. Fibroblast changes in cutaneous aging.

Virchows Arch Pathol Anat. 1984;402:275-287.
25. Shuster S, Black MM, McVitie E. The influence of age and sex on skin thick-

ness, skin collagen and density. Br J Dermatol. 1975;93:639-643.
26. Fleischmajer R, Perlish JS, Bashey RI. Aging of human dermis. In: Robert CL,

ed. Frontiers Matrix Biology. Basel, Switzerland: S Karger AG; 1973;1:90-106.
27. Uitto J. A method for studying collagen biosynthesis in human skin biopsies

in vitro. Biochim Biophys Acta. 1970;201:438-445.
28. Uitto J, Paul JL, Brockly K, Pearce RH, Clark JG. Elastic fibers in human skin: quan-

titation of elastic fibers by computerized digital image analysis and determination
of elastin by radioimmunoassay of desmosine. Lab Invest. 1983;49:499-505.

29. Tsuji T, Hamada T. Elastotic material and elastic fibers in aged skin: an ultrastructural
study with conventional and tannic acid stain. Acta Derm Venereol. 1981;61:93-100.

30. Braverman IM, Fonferko E. Studies in cutaneous aging, I: the elastic fiber net-
work. J Invest Dermatol. 1982;78:434-443.

31. Montagna W, Kirchner S, Carlisle K. Histology of sun-damaged human skin.
J Am Acad Dermatol. 1989;21:907-918.

32. Kligman AM, Zeng P, Lavker RM. The anatomy and pathogenesis of wrinkles.
Br J Dermatol. 1985;113:37-42.

33. Sakati NO, Nyhan WL. Congenital cutis laxa and osteoporosis. AJDC. 1983;
137:452-454.

34. Kunze J, Majewski F, Montgomery P, Hockey A, Karkut I, Riebel T. DeBarsy syn-
drome: an autosomal recessive, progeroid syndrome. Eur J Pediatr. 1985;144:
348-354.

35. Pontz BF, Zepp F, Stob H. Biochemical, morphological and immunological find-
ings in a patient with cutis laxa-associated inborn disorder (DeBarsy syn-
drome). Eur J Pediatr. 1986;145:428-434.

36. Anderson CE, Finkelstein JZ, Nussbaum E, et al. Association of hemolytic ane-
mia and early-onset pulmonary emphysema in three siblings. J Pediatr. 1984;
105:247-251.

37. Anderson CE, Oikarinen AI, Ryhanen L, Anderson CE, Uitto J. Characterization

Downloaded From: http://archderm.jamanetwork.com/ by a New York University User  on 05/29/2015



and partial purification of a neutral protease from the serum of a patient with
autosomal recessive pulmonary emphysema and cutis laxa. J Lab Clin Med.
1985;105:537-546.

38. Kligman AM. Perspectives and problems in cutaneous gerontology. J Invest
Dermatol. 1979;73:39-46.

39. Gilchrest BA, Stoff JS, Soter NA. Chronologic aging alters the response to ultraviolet-
induced inflammation in human skin. J Invest Dermatol. 1982;79:11-15.

40. Braverman IM, Fonferko E. Studies in cutaneous aging, II: the microvascula-
ture. J Invest Dermatol. 1982;78:444-448.

41. Howell TH. Skin temperature gradient in the lower limbs of old women. Exp
Gerontol. 1982;17:65-67.

42. Cawley E, Hsu YT, Sturgill BC, Harman LE. Lipofuscin (wear-and-tear pigment)
in human sweat glands. J Invest Dermatol. 1973;61:105-107.

43. Hurley JH, Shelley WB. The Apocrine Sweat Gland in Health and Disease. Spring-
field, III: Charles C Thomas Publisher; 1960.

44. Kligman AM, Balin AK. Aging of human skin. In: Balin AK, Kligman AM, eds.
Aging and the Skin. New York, NY: Raven Press; 1989.

45. Plewig G, Kligman AM. Proliferative activity of the sebaceous glands of the
aged. J Invest Dermatol. 1978;70:314-317.

46. Jacobsen E, Billings JK, Frantz RA, Kinney CK, Stewart ME, Downing DT. Age\x=req-\
related changes in sebaceous wax ester secretion rates in men and women.

J Invest Dermatol. 1985;85:483-485.
47. Gilchrest BA. Aging. J Am Acad Dermatol. 1984;11:995-997.
48. Sansone-Bazzano G, Seeler AK, Cummings B, Reisner RM. Steroid hormone

metabolism in skin and isolated sebaceous glands: preliminary observations
on the effects of age. J Invest Dermatol. 1979;73:118-122.

49. Barman JM, Astore I, Percararo V. The normal trichogram of the adult. J Invest
Dermatol. 1965;44:233-236.

50. Burch PRJ, Murray JJ, Jackson D. The age-prevalence of arcus senilis, greying
of hair, and baldness: etiological considerations. J Gerontol. 1971;26:364-372.

51. Agren MS, Taplin CJ, Woessner JH, Eaglstein WH, Mertz PM. Collagenase in wound
healing: effect of wound age and type. Soc Invest Dermatol. 1992;99:709-714.

52. Matrisian LM. Metalloproteinases and their inhibitors in matrix remodeling. Trends
Genet. 1990;6:121-125.

53. Gross J. Aspects of animal collagenases. In: Ramachandran GN, Reddi AH,
eds. Biochemistry of Collagen. New York, NY: Plenum Press; 1976:275-317.

54. Jeffrey JJ. The biological regulation of collagenase activity. In: Mecham RP, ed.
Regulation ofMatrixAccumulation. Orlando, Fla: Academic Press Inc; 1986:53-98.

55. Galloway WA, Murphy G, Sandy JD, Gavrilovic J, Cawston TE, Reynolds JJ. Pu-
rification and characterization of a rabbit bone metalloproteinase that degrades pro-
teoglycan and other connective tissue components. Biochem J. 1983;209:741-751.

56. Chin JP, Murphy G, Werb Z. Stromelysin, a connective tissue-degrading me-

talloendopeptidase secreted by stimulated rabbit synovial fibroblasts in parallel
with collagenase: biosynthesis, isolation, characterization and substrate. J Biol
Chem. 1985;260:13267-13276.

57. Murphy G, Cockett MI, Ward RV, Docherty AJP. Matrix metalloproteinase degra-
dation of elastin type IV collagen and proteoglycan. Biochem J. 1991;277:277-279.

58. Nagase H, Enghild JJ, Suzuki K, Salvesen G. Stepwise activation mechanism of
the precursor of matrix metalloproteinase 3 (stromelysin) by proteinases and
(4-aminophenyl) mercuric acetate. Biochemistry. 1990;29:5783-5789.

59. Gavrilovic J, Murphy G. The role of plasminogen in cell-mediated collagen deg-
radation. Cell Biol Int Rep. 1989;13:367-375.

60. Murphy G, Ward R, Gavrilovic J, Atkinson S. Physiological mechanisms for
metalloproteinase activation. Matrix. 1992;(suppl 1):224-230.

61. Ross R. The elastic fiber: a review. J Histochem Cytochem. 1973;21:199-208.
62. Dubick MA, Rucker RB, Cross CE, Last JA. Elastin metabolism in rodent lung.

Biochim Biophys Acta. 1981;672:303-306.
63. Lefevre M, Rucker RB. Aorta elastin turnover in normal and hypercholester-

olemic Japanese quail. Biochim Biophys Acta. 1980;630:519-529.
64. Rucker RB, Tinker D. Structure and metabolism of arterial elastin. Int Rev Exp

Pathol. 1977;17:1-47.
65. Westmann A. Essays Upon Heredity and Kindred Biological Problems. New

York, NY: Oxford University Press; 1891.
66. Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains.

Exp Cell Res. 1961;25:585-621.
67. Hayflick L. The limited in vitro lifetime of human diploid cell strains. Exp Cell

Res. 1965;37:614-636.
68. Martin GM, Sprague CA, Epstein CJ. Replicative life-span of cultivated human

cells. Lab Invest. 1970;23:86-92.
69. Schneider EL, Mitsui Y. The relationship between in vitro cellular aging and in

vivo human age. Proc Natl Acad Sci U S A. 1976;73:3584-3588.
70. Harley CB, Futcher AB, Greider CW. Telomeres shorten during ageing of hu-

man fibroblasts. Nature. 1990;345:458-460.
71. Harley CB. Telomere loss: mitotic clock or genetic time bomb? Mutation Res.

1991;256:271-282.
72. Pigolo RJ, Cristofalo VJ, Rotenberg MO. Senescent WI-38 cells fail to express

EPC-1, a gene induced in young cells upon entry into the G\s=deg\state. J Biol Chem.
1993;268:8949-8957.

73. Ben-Ishai R, Sharon R, Rothman M, Miskin R. DNA repair and induction of
plasminogen activator in human fetal cells treated with ultraviolet light. Car-
cinogenesis. 1984;5:357-362.

74. Rotem N, Axelrod JH, Mishkin R. Induction of urokinase-type plasminogen
activator by UV light in human fetal fibroblasts is mediated through a UV\x=req-\
induced secreted protein. Mol Cell Biol. 1987;7:622-631.

75. Scharffetter K, Wlaschek M, Hogg A, et al. UVA radiation induces collagenase in
human dermal fibroblasts in vitro and in vivo. Arch Dermatol. 1991;283:506-511.

76. Allsopp RC, Vaziri H, Patterson C, et al. Telomere length predicts replicative ca-
pacity of human fibroblasts. Proc Natl Acad Sci U S A. 1992;89:10114-10118.

77. Lindsey J, McGill NI, Lindsey LA, Green DK, Cooke HJ. In vivo loss of telomeric
repeats with age in humans. Mutat Res. 1991;256:45-48.

78. Martin M, Nabout RE, Lafuma C, Crechet F, Remy J. Fibronectin and collagen gene
expression during in vitro aging of pig skin fibroblasts. Exp Cell Res. 1990;191:8-13.

79. Mays PK, McAnuly RI, Campa JS, Cambray AD, Laurent GJ. Similar age-related
alterations in collagen metabolism in rat tissues in vivo and fibroblasts in vitro.
Biochem Soc Trans. 1990;18:957.

80. Furth JJ. The steady-state levels of type I collagen mRNA are reduced in se-
nescent fibroblasts. J Gerontol. 1991;46:B122-B124.

81. Johnson BD, Page RC, Narayanan AS, Pieters HP. Effects of donor age on
protein and collagen synthesis in vitro by human diploid fibroblasts. Lab In-
vest. 1986;55:490-496.

82. West MD, Pereira-Smith O, Smith JR. Replicative senescence of human skin
fibroblasts correlates with a loss of regulation and over expression of colla-
genase activity. Exp Cell Res. 1989;184:138-147.

83. Millis AJT, Sottile J, Hoyle M, Mann DM, Diemer V. Collagenase production by early
and late passage cultures of human fibroblasts. Exp Gerontol. 1989;24:559-575.

84. Millis AJT, Hoyle M, McCue HM, Martini H. Differential expression of metal-
loproteinase and tissue inhibitor of metalloproteinase genes in aged human
fibroblasts. Exp Cell Res. 1992;201:373-379.

85. Giro MG, Oikarinen AI, Oikarinen H, Sephel G, Uitto I, Davidson JM. Demon-
stration of elastin gene expression in human skin fibroblast cultures and re-
duced tropoelastin production by cells from a patient with atrophoderma.
J Clin Invest. 1985;75:672-678.

86. Gregory C, Sephel BZ, Davidson JM. Elastin production in human skin fibro-
blast cultures and its decline with age. J Invest Dermatol. 1986;86:279-285.

87. Goodson WH, Hunt TK. Wound healing and aging. J Invest Dermatol. 1979;
73:88-91.

88. Kennedy DF, Cliff WJ. A systematic study of wound contraction in mammalian
skin. Pathology. 1979;11:207-222.

89. Grove GL. Age-related differences in the healing of superficial skin wounds in
humans. Arch Dermatol Res. 1982;272:381-385.

90. Cohen BJ, Danon D, Roth GS. Wound repair in mice as influenced by age and
antimacrophage serum. J Gerontol. 1987;42:295-301.

91. Bruce SA, Deamond SF. Longitudinal study of in vivo wound repair and in vitro
cellular senescence of dermal fibroblasts. Exp Gerontol. 1991;26:17-27.

92. Muggleton-Harris AL, Reisert PS, Burghoff RL. In vitro characterization of re-

sponse to stimulus (wounding) with regard to ageing in human skin fibro-
blasts. Mech Ageing Dev. 1982;19:37-43.

93. Albini A, Pontz B, Pulz M, Allavena G, Mensin H, Muller PO. Decline of fibro-
blast chemotaxis with age of donor and cell passage number. Collagen Rel
Res. 1988;1:23-37.

94. Pienta KJ, Coffey DS. Characterization of the subtypes of cell motility in ageing
human skin fibroblasts. Mech Ageing Dev. 1990;56:99-105.

95. Brinckerhoff CE, McMillan RM, Dayer JM, Harris ED. Inhibition by retinoic acid
of collagenase production in rheumatoid synovial cells. N Engl J Med. 1980;303:
432-436.

96. Brinckerhoff CE, Harris ED. Modulation by retinoic acid and corticosteroids of
collagenase production by rabbit synovial cells treated with phorbol myristate
acetate or polyethylene glycol. Biochim BIophys Acta. 1981;677:424-432.

97. Bauer EA, Seltzer JL, Eisen AZ. Retinoic acid inhibition of collagenase and ge-
latinase expression in human skin fibroblast cultures: evidence for a dual mecha-
nism. J Invest Dermatol. 1983;81:162-169.

98. Clark SD, Kobayashi DK, Welgus HG. Regulation of the expression of tissue
inhibitor of metalloproteinases and collagenase by retinoids and glucocorti-
coids in human fibroblasts. J Clin Invest. 1987;80:1280-1288.

Downloaded From: http://archderm.jamanetwork.com/ by a New York University User  on 05/29/2015


