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ABSTRACT

Background Long-term exposure to ultraviolet ir-
radiation from sunlight causes premature skin aging
(photoaging), characterized in part by wrinkles, al-
tered pigmentation, and loss of skin tone. Photoaged
skin displays prominent alterations in the collage-
nous extracellular matrix of connective tissue. We
investigated the role of matrix-degrading metallo-
proteinases, a family of proteolytic enzymes, as me-
diators of collagen damage in photoaging.

Methods We studied 59 whites (33 men and 26
women, ranging in age from 21 to 58 years) with
light-to-moderate skin pigmentation, none of whom
had current or prior skin disease. Only some of the
participants were included in each of the studies. We
irradiated their buttock skin with fluorescent ultravio-
let lights under standard conditions and obtained skin
samples from irradiated and nonirradiated areas by
keratome or punch biopsy. In some studies, tretinoin
and its vehicle were applied to skin under occlusion
48 hours before ultraviolet irradiation. The expression
of matrix metalloproteinases was determined by in
situ hybridization, immunohistology, and in situ zy-
mography. Irradiation-induced degradation of skin
collagen was measured by radioimmunoassay of sol-
uble cross-linked telopeptides. The protein level of tis-
sue inhibitor of matrix metalloproteinases type 1 was
determined by Western blot analysis.

Results A single exposure to ultraviolet irradia-
tion increased the expression of three matrix metal-
loproteinases — collagenase, a 92-kd gelatinase, and
stromelysin — in skin connective tissue and outer
skin layers, as compared with nonirradiated skin.
The degradation of endogenous type | collagen fibrils
was increased by 58 percent in irradiated skin, as
compared with nonirradiated skin. Collagenase and
gelatinase activity remained maximally elevated (4.4
and 2.3 times, respectively) for seven days with four
exposures to ultraviolet irradiation, delivered at two-
day intervals, as compared with base-line levels. Pre-
treatment of skin with tretinoin (all-trans-retinoic
acid) inhibited the induction of matrix metallopro-
teinase proteins and activity (by 70 to 80 percent) in
both connective tissue and outer layers of irradiated
skin. Ultraviolet irradiation also induced tissue inhib-
itor of matrix metalloproteinases-1, which regulates
the enzyme. Induction of the inhibitor was not affect-
ed by tretinoin.

Conclusions Multiple exposures to ultraviolet irra-
diation lead to sustained elevations of matrix metal-
loproteinases that degrade skin collagen and may
contribute to photoaging. Treatment with topical tret-
inoin inhibits irradiation-induced matrix metallopro-
teinases but not their endogenous inhibitor. (N Engl
J Med 1997;337:1419-28.)
©1997, Massachusetts Medical Society.

LTRAVIOLET irradiation from the sun
has deleterious effects in human skin, in-
cluding sunburn, immune suppression,!
cancer, and premature aging (photoag-
ing). Sunburn and immune suppression occur acute-
ly in response to excessive exposure to the sun,
whereas skin cancer and photoaging result from ac-
cumulated damage caused by repeated exposures.
Skin cancer, the most prevalent form of cancer in
humans,? typically occurs in skin that is photoaged.3
Photoaged skin is characterized by wrinkles, laxity,
uneven pigmentation, brown spots, and a leathery
appearance.* In contrast, chronologically aged skin
that has been protected from the sun is thin and has
reduced elasticity but is otherwise smooth and un-
blemished.5
Histologic and ultrastructural studies have shown
that alterations in photoaged skin are found in dermal
connective tissue.®” The dermis lies below and pro-
vides mechanical support for the outer, protective lay-
er of skin, the epidermis. The extracellular matrix in
the dermis is composed primarily of type I collagen,
with lesser amounts of type III collagen, elastin, pro-
teoglycans, and fibronectin. Collagen fibrils are re-
sponsible for the strength and resiliency of skin.?
Dermal damage induced by ultraviolet irradiation
is principally manifested histologically as the disor-
ganization of collagen fibrils® and the accumulation
of abnormal elastin-containing material.5 Biochemi-
cal evidence of connective-tissue alterations in pho-
toaged skin includes reduced levels of types I and III
collagen precursors'® and cross-links,!! an increased
ratio of type III to type I collagen,!? and an increased
level of elastin.!® Improvement in the appearance of
photoaged skin after treatment with tretinoin (all-
trans-retinoic acid) is associated with the restoration
of type I procollagen to levels approaching those in
skin that has not been exposed to sun.!* These ob-
servations have led to the belief that the aged appear-
ance of sun-exposed skin results from alterations in
the structure and composition of collagen and elastin
in the dermal extracellular matrix. Mechanisms re-
sponsible for skin connective-tissue damage caused
by ultraviolet irradiation are not known.
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Matrix-degrading metalloproteinases are a family
of proteolytic enzymes that specifically degrade col-
lagens, elastin, and other proteins in connective tis-
sue and bone.!>1¢ Matrix metalloproteinases are crit-
ical for matrix remodeling during development and
wound healing.!” Their activities are regulated by tis-
sue inhibitors of matrix metalloproteinases.!® The
expression of tissue inhibitor of matrix metallopro-
teinases type 1 often parallels that of matrix metal-
loproteinases, to prevent excessive matrix degrada-
tion.1%:20

In a previous study, we demonstrated by bio-
chemical methods that a single exposure to ultravi-
olet irradiation induces three matrix metalloprotein-
ases in human skin in vivo — collagenase, 92-kd
gelatinase, and stromelysin-1 — and that pretreat-
ment of skin with tretinoin inhibits the induction of
all three.2! The combined actions of collagenase, 92-
kd gelatinase, and stromelysin can fully degrade skin
collagen.!s17 This raises the possibility that matrix
metalloproteinases induced by ultraviolet irradiation
are largely responsible for dermal damage in photo-
aging and that tretinoin, by inhibiting the induction
of matrix metalloproteinases, may prevent this dam-
age. We performed the current study to demonstrate
that matrix metalloproteinases induced by ultravio-
let irradiation are expressed in the dermis (the site of
damage in photoaging), where they degrade skin
collagen; that the expression of matrix metallopro-
teinases remains maximally elevated after multiple
exposures to ultraviolet irradiation; and that pre-
treatment of skin with tretinoin inhibits the expres-
sion of matrix metalloproteinases due to ultraviolet
irradiation.

METHODS

Ultraviolet Irradiation and Tissue Samples

We studied 59 white adults (33 men and 26 women; mean age,
35.3 years; range, 21 to 58), without current or prior skin disease
and with light-to-moderate pigmentation. We irradiated buttock
skin with four fluorescent ultraviolet lights (F36T12 ERE-VHO).
A Kodacel filter (TA401/407, Kodak, Rochester, N.Y.) was
mounted 4 cm in front of the tubes to remove wavelengths of less
than 290 nm (ultraviolet C). The intensity of irradiation was
monitored with the use of a phototherapy radiometer (model
443, International Light, Newburyport, Mass.) and a photode-
tector (SED240/UVB/W, International Light). Spectroradiome-
try was performed with the OL 754 system (Optronic Laborato-
ries, Orlando, Fla.). The total irradiation (290 to 800 nm) 17
inches from the light source was 1.49X10-3 W per square centi-
meter. The distribution of power output was 47 percent ultravi-
olet B (290 to 320 nm), 18 percent ultraviolet A2 (320 to 340
nm), 9 percent ultraviolet Al (340 to 400 nm), and 26 percent
visible and near-infrared (400 to 800 nm). The dose causing min-
imal erythema was determined 24 hours after irradiation. Irradi-
ated and nonirradiated skin samples were obtained from each
subject by keratome or punch biopsy, as previously described.22
Tretinoin and its vehicle (70 percent ethanol, 30 percent polyeth-
ylene glycol, and 0.05 percent butylated hydroxytoluene) were
applied to skin, to which a protective covering was then applied,
48 hours before exposure to ultraviolet irradiation. For studies
with multiple time points or treatments, tissue was obtained from
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each subject for each time point or treatment. Twenty-five of the
105 subjects who donated skin specimens for studies described in
a prior report?! also donated skin specimens for the studies re-
ported here. The study was approved by the institutional review
board at the University of Michigan, and all subjects provided
written informed consent.

Measurements of Matrix Metalloproteinases

Skin specimens from irradiated and nonirradiated sites were ho-
mogenized in 20 mM TRIS-hydrochloric acid (pH 7.6) and
5 mM calcium chloride and centrifuged at 3000 X g for 10 min-
utes. Supernatants were used to measure collagenase and gelatinase
activity by hydrolysis of trittum-labeled fibrillar collagen!” (100 ug
per assay) and gelatin zymography?? (20 ug per assay), respectively.

In Situ Hybridization

Digoxigenin-containing sense and antisense riboprobes to de-
tect human collagenase, 92-kd gelatinase, and stromelysin-1 mes-
senger RNA (mRNA) were synthesized with the use of T3 and
T7 ribonucleic acid polymerases. Frozen skin sections (5 um)
were mounted, fixed, treated, and hybridized as described else-
where.2¢ Hybridization signals were detected immunohistochem-
ically with the use of alkaline phosphatase—conjugated antidigox-
igenin antibody.

Immunohistologic Analysis

Immunohistologic analysis of collagenase, gelatinase, and stro-
melysin was performed as described elsewhere.1* Collagenase and
gelatinase were detected with affinity-purified polyclonal IgG an-
tibody (Cambio, Cambridge, United Kingdom). Stromelysin was
detected with mouse monoclonal antibody (a gift from Dr. Con-
stance E. Brinckerhoff, Dartmouth Medical School, Hanover,
N.H.). Sheep IgG and mouse IgG (Sigma Chemical, St. Louis)
were used as controls.

In Situ Zymography

In situ zymography with the use of fluorescein isothiocyanate—
gelatin and resorufin—casein substrates has been described else-
where.2s The same procedures were followed with the use of fluo-
rescein—collagen (Elastin Products, Owensville, Mo.) as substrate,
except that fluorescein—collagen (4 mg per millimeter) was coated
directly onto slides, without the addition of agarose.

Radioimmunoassay for Type | Collagen Telopeptide

Punch-biopsy specimens were homogenized in 150 mM sodi-
um chloride, 50 mM TRIS (pH 7.5), 0.02 percent sodium azide,
2 mM phenylmethylsulfonyl fluoride, and 10 ug of aprotinin per
milliliter and centrifuged at 25,000 X 4 for 30 minutes. Superna-
tants were used to measure soluble type I collagen cross-linked
telopeptides with the use of a commercial radioimmunoassay kit26
(Incstar, Stillwater, Minn.).

Western Blot Analysis

Levels of tissue inhibitor of matrix metalloproteinases-1 and
stromelysin were determined in supernatants from skin homoge-
nates, as described elsewhere.2! Samples (100 ng) were incubated
for 16 hours with antibodies (Cambio). Immunoreactive stromel-
ysin and tissue inhibitor of matrix metalloproteinases-1 were vis-
ualized with enhanced chemiluminescence.

Statistical Analysis

Data were analyzed with paired t-tests (for the telopeptide data
and the comparison of tretinoin-treated skin and vehicle-treated
skin) or repeated-measures analysis of variance and with Tukey’s
studentized range test?” (for the data on multiple exposures and
different doses of radiation). All P values are two-tailed, and dif-
ferences were considered significant when P values were less than
or equal to 0.05.
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RESULTS

Ultraviolet Irradiation and Induction
of Matrix Metalloproteinases

Collagenase mRNA was minimally detectable in
nonirradiated skin (Fig. 1A). Twenty-four hours af-
ter exposure to ultraviolet irradiation, collagenase
mRNA was induced in all keratinocytes throughout
the epidermis (Fig. 1B). Ultraviolet irradiation also
induced collagenase mRNA in cells in the connective
tissue, although to a lesser extent than in keratino-
cytes (Fig. 1B, inset). Hybridization of irradiation-
exposed skin with a sense probe, a control for non-
specific hybridization, yielded no detectable signal
(data not shown). Collagenase protein was minimal-
ly detectable in nonirradiated skin (Fig. 1C). Expo-
sure to ultraviolet irradiation induced the expression
of collagenase protein throughout the epidermis and
in connective tissue (Fig. 1D). Immunoreactivity in
the epidermis and dermis was detected intracellularly
in keratinocytes and fibroblasts, respectively, and ex-
tracellularly. Extracellular staining was especially no-
ticeable in the dermis, where immunoreactivity was
seen throughout the collagenous matrix (reddish-
brown staining in Fig. 1D). Staining of irradiation-
exposed skin specimens with control IgG revealed
minimal background staining (data not shown). The
level of in situ collagenase activity was very low in
nonirradiated skin (Fig. 1E). In irradiated skin, col-
lagenase activity was detectable throughout the epi-
dermis and dermis (Fig. 1F). The addition of tissue
inhibitor of matrix metalloproteinases-1 or a cation
chelator (EDTA) to irradiated skin sections reduced
the level of collagen breakdown to control values
(Fig. 1E), as expected for collagen degradation by
collagenase (data not shown). In sections of irradiat-
ed skin incubated at 4°C as a control, collagenase ac-
tivity was not detectable (data not shown).

The findings for 92-kd gelatinase and stromelysin
in nonirradiated and irradiated skin were very similar
to those for collagenase. Ultraviolet irradiation in-
duced the expression of mRNA for 92-kd gelatinase
and stromelysin predominantly in the epidermis,
whereas gelatinase and stromelysin proteins were in-
duced in the connective tissue and the epidermis
(data not shown). Gelatinase activity was induced
throughout the dermis and epidermis, whereas stro-
melysin activity was predominantly located in the
dermis (data not shown).

Ultraviolet Irradiation and Degradation
of Endogenous Collagen

The induction of dermal matrix metalloproteinase
activity in skin exposed to ultraviolet irradiation
would be expected to cause increased degradation of
endogenous collagen. To examine this hypothesis,
we quantified soluble type I collagen C-terminal
cross-linked telopeptides, a reliable measure of en-
dogenous destruction of type I collagen,2628 in non-

irradiated and irradiated skin. The level of soluble
cross-linked telopeptides was elevated by 58 percent
24 hours after ultraviolet irradiation (mean [*SE]
level, 30.2%+4.6 ng per 100 ug of protein in five
specimens, vs. 19.0*+2.2 ng per 100 ug of protein
in five specimens of nonirradiated skin; P=0.02)
and remained elevated for at least 72 hours (mean
level, 27.0 = 3.4 ng per 100 ug of protein; P=0.02).

Multiple Exposures to Ultraviolet Irradiation

Since photoaging results from the accumulation
of damage caused by repeated exposures to ultravio-
let light, we investigated the effect of single and mul-
tiple exposures on collagenase and 92-kd gelatinase
activity in vivo. After a single exposure, collagenase
and gelatinase activity increased within 8 hours,
peaked within 24 hours, and returned to nearly basal
(nonirradiated) levels within 72 hours (data not
shown). For studies of multiple exposures, each sub-
ject was exposed to ultraviolet irradiation at four
separate sites, with each site exposed one, two, three,
or four times to irradiation delivered at 48-hour in-
tervals. Skin specimens were obtained from each ir-
radiated site 24 hours after the last exposure at that
site and were also obtained from nonirradiated (con-
trol) sites for analyses. After a single exposure to
ultraviolet irradiation, collagenase and 92-kd ge-
latinase activity was elevated 4.4+0.2 times the val-
ues in nonirradiated skin (in eight specimens) and
2.3%+0.4 times (in five specimens), respectively (Fig.
2). Collagenase and gelatinase activity remained max-
imally elevated after the second, third, and fourth ex-
posures on days 3, 5, and 7, respectively (Fig. 2).
Thus, multiple exposures led to the sustained induc-
tion of matrix metalloproteinases.

Pretreatment with Tretinoin

Topical pretreatment with tretinoin inhibits the
induction of matrix metalloproteinases, detected
biochemically, in skin exposed to ultraviolet irradia-
tion in vivo.2! This finding suggests that tretinoin
may prevent dermal damage. To do so, tretinoin
must block the induction of matrix metalloprotein-
ases in the dermis. We used immunohistologic meth-
ods and in situ zymography to localize the effects of
tretinoin on the induced expression of collagenase,
92-kd gelatinase, and stromelysin in skin exposed to
ultraviolet irradiation.

The treatment of skin with tretinoin, or its vehicle
alone, did not alter the low basal levels of collag-
enase, 92-kd gelatinase, or stromelysin proteins or
activity (data not shown). However, treatment with
tretinoin before exposure to ultraviolet irradiation
substantially reduced the subsequent induction of all
three matrix metalloproteinases. Tretinoin blocked
the epidermal and dermal expression of collagenase,
92-kd gelatinase, and stromelysin proteins (data not
shown) and activity (Fig. 3).
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Figure 1. Induction of Collagenase Messenger RNA, Protein, and Activity in Skin Specimens from Three Subjects
Exposed to Ultraviolet Irradiation.

Buttock skin was irradiated with twice the dose of ultraviolet irradiation that caused minimal erythema. Specimens
of irradiated and nonirradiated buttock skin were obtained from each subject 24 hours after irradiation. Collage-
nase messenger RNA (mRNA) was detected with the use of digoxigenin-riboprobe in situ hybridization in nonir-
radiated skin (Panel A) and irradiated skin (Panel B). Collagenase mRNA is stained purple by this technique. The
inset in Panel A shows the dermis at greater magnification. The inset in Panel B shows collagenase mRNA (arrows)
in cells in the dermis. The specimens are from one subject and are representative of the findings in nonirradiated
and irradiated tissue from six subjects.

Collagenase protein was detected by peroxidase immunohistologic techniques in nonirradiated skin (Panel C) and
irradiated skin (Panel D). Collagenase protein is stained reddish brown by this technique. The specimens are from
one subject and are representative of the findings in nonirradiated and irradiated tissue from six subjects.
Collagenase activity was detected by in situ zymography in nonirradiated skin (Panel E) and irradiated skin (Panel
F). The green color is fluorescein-labeled collagen, which was coated onto a glass slide. The skin section was laid
on top of the slide and incubated for 24 hours to allow collagenase in the tissue to degrade the fluorescein-labeled
collagen on the slide. Darkened areas, especially noticeable in the specimen of irradiated skin (Panel F), are due
to the degradation of fluorescein—collagen substrate. The white lines demarcate the boundary between the epi-
dermis (top) and the dermis (bottom). The specimens are from one subject and are representative of the findings
in nonirradiated and irradiated tissue from five subjects.
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Figure 2. Sustained Elevations in Collagenase and 92-kd Gelati-
nase Activity after Multiple Exposures to Ultraviolet Irradiation.

Skin was obtained from five separate sites on the buttock. The
first site was not irradiated, the second site was irradiated one
time (on day 0), the third site was irradiated a second time (on
day 2), the fourth site was irradiated a third time (on day 4),
and the fifth site was irradiated a fourth time (on day 6). Skin
was irradiated with half the dose that caused minimal erythe-
ma; doses were given at 48-hour intervals. Tissue specimens
were obtained 24 hours after the last exposure and assayed for
collagenase activity (in eight specimens) and 92-kd gelatinase
activity (in five specimens). The values shown are means, with
standard errors indicated by the bars. For each set of expo-
sures, metalloproteinase activity was significantly higher in ir-
radiated tissue than in nonirradiated tissue (P<0.05).

Induction of Tissue Inhibitor of Matrix
Metalloproteinases-1

Since the regulation of matrix metalloproteinases
and the regulation of their tissue inhibitors is coor-
dinated, we investigated whether tissue inhibitors of
matrix metalloproteinases are induced in skin ex-
posed to ultraviolet irradiation. Nonirradiated skin
expressed mRNA for tissue inhibitor of matrix me-
talloproteinases types 1 and 2. In irradiated skin,
mRNA for tissue inhibitor of matrix metalloprotein-
ases-1 was induced in a time- and dose-dependent
manner. Induction occurred within 8 hours after ex-
posure, peaked within 16 to 24 hours, and remained
elevated for at least 72 hours (data not shown). The
time course for induction of tissue inhibitor of ma-
trix metalloproteinases-1 protein mirrored that of its
mRNA (data not shown). The expression of mRNA
for tissue inhibitor of matrix metalloproteinases-2
was not induced by ultraviolet irradiation (data not
shown).

Tissue inhibitor of matrix metalloproteinases-1
was significantly induced by Y10 the amount of ultra-
violet irradiation that caused minimal erythema (0.1

minimal-erythema dose) and maximally induced by
one minimal-erythema dose (Fig. 4A). The induc-
tion of stromelysin protein showed a similar dose de-
pendence (Fig. 4A). Pretreatment of skin for 48
hours with tretinoin did not alter either basal or ir-
radiation-induced values for tissue inhibitor of ma-
trix metalloproteinases-1 mRNA (data not shown)
or protein levels (Fig. 4B). In contrast, tretinoin sig-
nificantly inhibited the induction of stromelysin
mRNA (data not shown) and protein in irradiated
skin (Fig. 4B).

DISCUSSION

We found that ultraviolet irradiation induced ma-
trix metalloproteinases in the epidermis and dermis
(these substances degrade collagen in the dermis)
and that their induction was sustained with multiple
exposures. These results support the concept that
matrix metalloproteinases are primary mediators of
connective-tissue damage in skin exposed to ultravi-
olet irradiation and of the premature aging of skin
that results.

Figure 5 shows a model of the pathophysiology of
dermal damage caused by ultraviolet irradiation and
leading to skin wrinkling in photoaging. The model
does not address aspects of photoaging that occur in
the epidermis and lead to alterations in skin pigmen-
tation and surface texture. We offer the hypothesis
that agents that block the induction of matrix me-
talloproteinases by ultraviolet irradiation, such as
tretinoin and its metabolic precursor, retinol, 23 or
direct inhibitors of matrix metalloproteinases may
prevent the dermal damage that leads to photoag-
ing. An evaluation of this hypothesis will require
long-term clinical trials.

Although irradiation-induced expression of the
genes for collagenase, 92-kd gelatinase, and stromel-
ysin-1 occurred predominantly in the epidermis, ma-
trix metalloproteinase proteins and their enzymatic
activity were abundant in both the dermis and the
epidermis. Therefore, a substantial fraction of the
matrix metalloproteinases synthesized in the epider-
mis was transported to the dermis. This was not an
unexpected finding, since collagenase, 92-kd gelati-
nase, and stromelysin-1 are secreted proteins, and
the basement-membrane zone, which separates the
epidermis from the dermis, readily allows the passage
of proteins between the two compartments.3132

Collagenases are the only mammalian proteases
capable of hydrolyzing fibrillar collagen, within its
triple helical domain, and are required for normal
collagen turnover in adult animals.3* Once cleaved,
collagen is further broken down by gelatinases and
stromelysins. In situ hydrolysis of collagen, which we
observed in skin exposed to ultraviolet irradiation,
therefore presumably reflects the combined activities
of collagenase and other proteinases, including 92-
kd gelatinase and stromelysin-1, which were also el-
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Figure 3. Induction of Collagenase, 92-kd Gelatinase, and Stromelysin Activity in Skin Specimens from Three
Subjects Pretreated with Tretinoin and Exposed to Ultraviolet Irradiation.

In each subject, one site was treated with the vehicle and one site with 0.1 percent tretinoin 48 hours before
ultraviolet irradiation with two times the dose that caused minimal erythema. Specimens of treated skin were
obtained 24 hours after irradiation, and collagenase, 92-kd gelatinase, and stromelysin activity was assessed
by in situ zymography.

Collagenase activity in irradiated skin pretreated with the vehicle (Panel A) and in irradiated skin pretreated
with tretinoin (Panel B) was measured with the use of fluorescein-labeled collagen as substrate. The specimens
are from one subject and are representative of the findings in tissue from five subjects. Gelatinase activity in
irradiated skin pretreated with the vehicle (Panel C) and in irradiated skin pretreated with tretinoin (Panel D)
was measured with the use of fluorescein-labeled gelatin as substrate. The specimens are from one subject
and are representative of the findings in tissue from five subjects. Stromelysin activity in irradiated skin pre-
treated with the vehicle (Panel E) and in irradiated skin pretreated with tretinoin (Panel F) was measured with
the use of resorufin-labeled casein as substrate. The specimens are from one subject and are representative
of the findings in tissue from five subjects. Darkened areas, especially noticeable in Panels A, C, and E, are due
to the degradation of colored substrates. The white lines demarcate the boundary between the epidermis (top)
and the dermis (bottom).
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evated in the dermis in skin exposed to ultraviolet ir-
radiation.

Type 1 collagen fibrils are stabilized by intermo-
lecular covalent cross-links,3* which connect N- or
C-terminal telopeptide domains to central triple hel-
ical domains on adjacent type I collagen molecules.
Cross-linked telopeptides are released in soluble
form after collagen has been broken down.26:28 Lev-
els of type I collagen C-terminal telopeptide cross-
links were significantly higher in skin exposed to
ultraviolet irradiation than in nonirradiated skin.
Taken together, the results of in situ zymography
and cross-linked telopeptide measurements demon-

Figure 4. Effect of Ultraviolet Irradiation (UV) and
Treatment with Tretinoin on the Induction of Tissue
Inhibitor of Matrix Metalloproteinases-1 (TIMP-1)
and Stromelysin-1.

Panel A shows the relation between the dose of ul-
traviolet irradiation and induction of TIMP-1 and
stromelysin-1. The level of protein in untreated skin
was assigned a value of 1. Levels measured after
treatment are expressed in relation to that level.
Each subject was irradiated on seven separate sites
of the buttock with one of the indicated dose levels.
One dose was defined as the amount of irradiation
causing minimal erythema. Specimens of treated
skin were obtained 24 hours after irradiation, and
the levels of TIMP-1 (in specimens from three sub-
jects) and stromelysin-1 (in specimens from nine
subjects) were determined by Western blot analy-
ses. Asterisks denote values that differ significantly
from those in nonirradiated specimens (P<0.05).
Three of the subjects were the same for the two
analyses.

Panel B shows the effect of tretinoin on the induc-
tion of TIMP-1 and stromelysin-1 in irradiated skin.
In each subject, separate sites were treated with
the vehicle or 0.1 percent tretinoin 48 hours before
irradiation at two times the dose causing minimal
erythema. Specimens of treated skin were ob-
tained 24 hours after irradiation and analyzed for
TIMP-1 (in specimens from seven subjects) and
stromelysin-1 (in specimens from nine subjects) by
Western blot analyses. Three of the subjects were
the same for the two analyses. The induction of
stromelysin-1 was significantly decreased in speci-
mens treated with tretinoin, as compared with
those treated with the vehicle alone (P<0.001).
Bands from representative Western blot analyses
are shown at the top of each panel. The values
shown are means, with standard errors indicated
by the bars.

strated that metalloproteinases induced by ultravio-
let irradiation degrade dermal collagen in vivo.
Collagenase activity and 92-kd gelatinase activity,
measured after four consecutive exposures to ultra-
violet irradiation at 48-hour intervals, were induced
to the same maximal level as that observed after a
single exposure. Thus, there was no evidence of a
lessened response over time. These studies, involving
whites with light-to-moderate skin color, used a
dose of ultraviolet irradiation that does not cause
reddening of the skin. The dose used is equivalent
to 5 to 15 minutes of exposure to noonday sun. In
practical terms, this means that brief exposure to sun
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Figure 5. Hypothetical Model of the Pathophysiology of Dermal Damage and Photoaging Induced by Ultraviolet Irradiation.
Exposure to levels of ultraviolet (UV) light that cause no detectable sunburn induces the expression of matrix metalloproteinases
(MMPs) in keratinocytes (KC) in the outer layers of skin, as well as fibroblasts (FB) in connective tissue; these metalloproteinases
degrade collagen in the extracellular matrix of the dermis. The extent of matrix destruction is limited by the simultaneous induction
of tissue inhibitor of matrix metalloproteinases-1 (TIMP-1), which partially inhibits the activity of matrix metalloproteinases. The
breakdown of collagen is followed by synthesis and repair, which, as with all types of wound healing, is imperfect and leaves subtle,
clinically undetectable deficits in the organization or composition of the extracellular matrix, or both. Matrix damage, followed by
imperfect repair, occurs with each ensuing exposure to the sun, leading to the accumulation of altered matrix (solar scar) and, even-
tually, observable photoaging (wrinkles). The upper panels with the blue background depict the processes examined in our study,
and the upper and lower panels with the yellow background depict hypothetical processes that are consistent with our results.
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every other day should maintain elevated levels of
matrix metalloproteinases, in the absence of skin
reddening, in comparable persons. Although direct
evidence is lacking, this mechanism may lead to per-
sistent breakdown of skin connective tissue and ac-
celerated premature skin aging.

Pretreatment of skin with tretinoin substantially
inhibited the induction of collagenase, 92-kd gelati-
nase, and stromelysin-1, in both the epidermis and
the dermis, in skin exposed to ultraviolet irradiation.
The transcription of the genes for collagenase, 92-
kd gelatinase, and stromelysin-1 is dependent on the
transcription factor activating protein 1 (AP-1),35-38
which is activated by ultraviolet irradiation and an-
tagonized by tretinoin in human skin.2! Pretreat-
ment of skin with tretinoin did not inhibit induction
of tissue inhibitor of matrix metalloproteinases-1. By
inhibiting the induction of matrix metalloprotein-
ases but not the induction of tissue inhibitor of ma-
trix metalloproteinases-1, tretinoin alters their ratio
in favor of the inhibition of matrix metalloprotein-
ase. This may account for our observation that tret-
inoin substantially inhibited the induction of matrix
metalloproteinase activities. The transcription of tis-
sue inhibitor of matrix metalloproteinases-1, like
that of the matrix metalloproteinases,?”-3 is regulat-
ed by AP-1.1° The fact that tretinoin does not inhibit
the induction of tissue inhibitor of matrix metallo-
proteinases-1 suggests that other transcription fac-
tors activated by ultraviolet irradiation, besides AP-1,
stimulate the expression of tissue inhibitor of matrix
metalloproteinases-1 in human skin. It is also possi-
ble that residual AP-1 activity in tretinoin-treated,
ultraviolet-irradiated skin (approximately 30 percent
of that in untreated skin?!) may be sufficient for the
full induction of tissue inhibitor of metalloprotein-
ases-1 by ultraviolet irradiation.

Topical tretinoin improves the appearance of pho-
toaged skin by reducing fine lines and wrinkles#® and
lightening brown spots.#! Topical tretinoin prepara-
tions are available by prescription in the United
States and several other countries for the treatment
of visible photoaging. Our data suggest that tretino-
in may also have a role in preventing the aspect of
photoaging attributable to matrix metalloprotein-
ase-mediated dermal damage (i.e., wrinkling). We
used alcoholic solutions of tretinoin, not prescrip-
tion products, in our study, and it was designed to
test the concept that tretinoin may prevent photoag-
ing rather than to assess its effectiveness in practice.

Whether topical tretinoin can in fact prevent pho-
toaging must be determined by carefully controlled
clinical trials. Such trials should also address the
merits of topical tretinoin in relation to sunscreens,
which are generally believed to provide protection
against photoaging, and the widely held belief, based
on anecdotal observations, that tretinoin increases
the sensitivity of the skin to sun.
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