American Journal of Pathology, Vol. 158, No. 3, March 2001
Copyright © American Society for Investigative Pathology

Inhibition of Type | Procollagen Synthesis by
Damaged Collagen in Photoaged Skin and by
Collagenase-Degraded Collagen in Vitro

James Varani,* Dara Spearman,*

Patricia Perone,* Suzanne E. G. Fligiel,*
Subhash C. Datta,” Zeng Quan Wang,"

Yuan Shao," Sewon Kang," Gary J. Fisher," and
John J. Voorhees'

From the Departments of Pathology* and Dermatology,” The
University of Michigan Medical School, Ann Arbor, Michigan

Type I and type III procollagen are reduced in photo-
damaged human skin. This reduction could result
from increased degradation by metalloproteinases
and/or from reduced procollagen synthesis. In the
present study, we investigated type I procollagen pro-
duction in photodamaged and sun-protected human
skin. Skin samples from severely sun-damaged fore-
arm skin and matched sun-protected hip skin from
the same individuals were assessed for type I procol-
lagen gene expression by in situ hybridization and
for type I procollagen protein by immunostaining.
Both mRNA and protein were reduced (~65 and 57%,
respectively) in photodamaged forearm skin com-
pared to sun-protected hip skin. We next investigated
whether reduced type I procollagen production was
because of inherently reduced capacity of skin fibro-
blasts in severely photodamaged forearm skin to syn-
thesize procollagen, or whether contextual influ-
ences within photodamaged skin act to down-regulate
type I procollagen synthesis. For these studies, fibro-
blasts from photodamaged skin and matched sun-
protected skin were established in culture. Equivalent
numbers of fibroblasts were isolated from the two
skin sites. Fibroblasts from the two sites had similar
growth capacities and produced virtually identical
amounts of type I procollagen protein. These findings
indicate that the lack of type I procollagen synthesis
in sun-damaged skin is not because of irreversible
damage to fibroblast collagen-synthetic capacity. It
follows, therefore, that factors within the severely
photodamaged skin may act in some manner to in-
hibit procollagen production by cells that are inher-
ently capable of doing so. Interactions between fibro-
blasts and the collagenous extracellular matrix
regulate type I procollagen synthesis. In sun-pro-
tected skin, collagen fibrils exist as a highly organized
matrix. Fibroblasts are found within the matrix, in
close apposition with collagen fibers. In photodam-

aged skin, collagen fibrils are shortened, thinned,
and disorganized. The level of partially degraded col-
lagen is ~3.6-fold greater in photodamaged skin than
in sun-protected skin, and some fibroblasts are sur-
rounded by debris. To model this situation, skin fi-
broblasts were cultured in vitro on intact collagen or
on collagen that had been partially degraded by ex-
posure to collagenolytic enzymes. Collagen that had
been partially degraded by exposure to collagenolytic
enzymes from either bacteria or human skin under-
went contraction in the presence of dermal fibro-
blasts, whereas intact collagen did not. Fibroblasts
cultured on collagen that had been exposed to either
source of collagenolytic enzyme demonstrated re-
duced proliferative capacity (22 and 17% reduction on
collagen degraded by bacterial collagenase or human
skin collagenase, respectively) and synthesized less
type I procollagen (36 and 88% reduction, respec-
tively, on a per cell basis). Taken together, these
findings indicate that 1) fibroblasts from photoaged
and sun-protected skin are similar in their capacities
for growth and type I procollagen production; and 2)
the accumulation of partially degraded collagen ob-
served in photodamaged skin may inhibit, by an as
yet unidentified mechanism, type I procollagen syn-
thesis. (Am J Pathol 2001, 158:931-942)

Damage to the collagenous extracellular matrix that com-
prises the skin connective tissue is a characteristic fea-
ture of chronically sun-exposed human skin, and is
thought to underlie the coarse, rough, wrinkled appear-
ance that is the hallmark of photoaged skin.'"® Acute
exposure of human skin in vivo to ultraviolet (UV) irradia-
tion up-regulates synthesis of several matrix metallopro-
teinases (MMPs) including MMP-1 (interstitial collage-
nase), MMP-3 (stromelysin-1), and MMP-9 (92-kd
gelatinase B) that degrade skin collagen.”® Repeated
induction of these matrix-degrading enzymes, after ex-
posure to solar irradiation, throughout a period of years or
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decades likely initiates much of the damage to connec-
tive tissue that is seen in chronically sun-exposed skin. In
addition, previous studies have demonstrated decreased
levels of type | and type Il collagen precursors (procol-
lagens and pN collagens) in photodamaged human skin,
relative to sun-protected skin.®'° This suggests that fail-
ure to replace damaged collagen through new synthesis
also occurs.

Reduced procollagen levels in severely sun-damaged
skin may result from irreversible, UV-induced damage to
the cellular and molecular machinery governing collagen
synthesis and breakdown in skin fibroblasts. Alterna-
tively, damaged extracellular matrix may act in some
manner to down-regulate procollagen synthesis by resi-
dent skin fibroblasts. It is known in this regard that inter-
actions between collagen peptides and cell surface inte-
grins induce intracellular signaling events,”"'* and that
procollagen synthesis in fibroblasts is regulated by these
interactions.’®~ '8 In the presence of degraded collagen
fibers, intracellular signaling is disrupted.'®2° To distin-
guish between these two possibilities, we have assessed
type | procollagen synthesis by human fibroblasts in pho-
todamaged skin in vivo, and by fibroblasts from photo-
damaged skin cultured in vitro. In addition, we have de-
termined the level of partially degraded collagen in
photodamaged human skin relative to sun-protected
skin, and have examined the effect of partially degraded
collagen on type | procollagen synthesis. The data re-
ported herein demonstrate that collagen fragmentation is
increased, and that type | procollagen synthesis is re-
duced in sun-damaged human skin compared to sun-
protected skin. Despite this, fibroblasts isolated from se-
verely photodamaged skin possess similar capacity forin
vitro procollagen synthesis as fibroblasts from sun-pro-
tected skin. Furthermore, in vitro type | procollagen syn-
thesis is reduced in the presence of partially degraded
collagen relative to intact collagen. Taken together, these
data suggest that reduced collagen synthesis in photo-
aged skin occurs as a result of contextual influences,
including the effects of damaged collagen on dermal
fibroblast function.

Materials and Methods
Study Population and Skin Samples

A total of 42 individuals (22 males and 20 females) par-
ticipated in this study. All of the individuals were charac-
terized by the presence of severe photodamage on their
forearms based on clinical criteria (eg, coarseness of the
skin and degree of wrinkling). The age range was 46 to
83 years with the average age being 69 years. Replicate
4-mm full-thickness punch biopsies of forearm and sun-
protected hip skin were obtained from each individual. All
procedures involving human study subjects were ap-
proved by the University of Michigan Institutional Review
Board, and all study participants provided written in-
formed consent before their inclusion in the study. It
should be noted that in 18 of the individuals who partic-
ipated in this study, we were able to obtain biopsies of

sun-protected underarm skin as well as skin from the
other two sites. Overall, sun-protected skin from the un-
derarm and sun-protected hip skin were very similar in
regards to the parameters assessed (ie, collagen frag-
mentation, fibroblast isolation rates, proliferation, and col-
lagen synthesis; see below).

Electron Microscopy

Skin biopsies from forearm and hip skin were fixed over-
night in 4% electron-microscopic grade glutaraldehyde
in 0.1 mol/L of cacodylate buffer (Sigma, St. Louis, MO)
at pH 7.4. After fixation with 2% osmium tetroxide (EM
Sciences, Fort Washington, PA) buffered in 0.1 mol/L of
cacodylate buffer, sections were dehydrated with graded
alcohol to 2xX 100% alcohol and 2X propylene oxide (EM
Sciences). The samples were embedded in pure epon
resin. One-um tissue sections were cut, stained with
Toluidine blue, and examined at the light microscopic
level. Ultrathin sections were cut from areas of interest,
stained with lead citrate and uranyl acetate (all from EM
Sciences), and observed in a Phillips 400 transmission
electron microscope.

Assessment of Collagen Degradation in
Human Skin

Skin biopsies from forearm and hip skin were homoge-
nized in Tris buffer (20 mmol/L, pH 7.3) and centrifuged.
The pellet, containing the collagenous extracellular ma-
trix, was resuspended in 150 ul of Tris buffer containing
75 ng of a-chymotrypsin, and incubated for 8 hours at
37°C. The pellet from homogenized skin biopsies incu-
bated in buffer alone served as control. At the end of the
incubation period, the reaction tubes were centrifuged at
10,000 X g for 10 minutes. Supernatants were collected
and assayed for hydroxyproline using automated amino
acid analysis. Unlike intact fibrillar collagen, partially de-
graded collagen can be further broken down and the
hydrolysis products liberated from tissue by a-chymo-
trypsin.?! The amount of released collagen hydrolysis
product can be determined by measurement of hy-
droxyproline, which is a modified amino acid present in
collagen but rarely found in other proteins.??

Assessment of Type | Procollagen Synthesis in
Human Skin in Vivo

Assays for type | procollagen mRNA and protein were
used to identify and quantify collagen-elaborating cells in
skin samples. Type | procollagen (a1) gene expression
was assessed by in situ hybridization. Fresh skin samples
were immersed in OCT and frozen in liquid nitrogen.
Frozen sections (6 wm) were hybridized with digoxigenin-
labeled antisense and sense type | procollagen a1 cRNA
probes, as described previously.?® Cells expressing type
| procollagen (a1) mRNA were quantified by counting
under light microscopy. Type | procollagen protein was
assessed by immunohistology. Frozen sections (6 um)



were stained with either one of two mouse monoclonal
antibodies (SP1.D8, and M38) to human type | procolla-
gen (a1 chain) and an immunoperoxidase-conjugated
secondary antibody.”'° The SP1.D8 antibody was devel-
oped by Dr. Heinz Furthmayr and obtained from the
Developmental Studies Hybridoma Bank under the aus-
pices of the National Institutes of Child Health and Human
Development and maintained by the Department of Bio-
logical Sciences, University of lowa, lowa City, IA. This
antibody predominantly stains extracellular type | procol-
lagen. The M38 antibody was obtained from Takara Bio-
medicals, Shiga, Japan. This antibody stains cellular and
extracellular type | procollagen. Stained sections were
examined by light microscopy. The amount of staining
(cellular and extracellular) with M38 was assessed visu-
ally and scored as 0, 0.25, 0.5, 0.75, or 1, where 0
indicates no staining and 1 indicates extensive extracel-
lular staining as well as staining of most of the interstitial
cells. The three other values (0.25, 0.5, and 0.75) repre-
sent intermediates between these two extremes.

Quantitative Fibroblast Outgrowth Assay

Skin samples were cut into small fragments (12 to 15
fragments per 4-mm biopsy) and each fragment placed
in a separate well of a 96-well plate. Tissue fragments
were incubated for up to 1 month in Dulbecco’s modified
minimal essential medium of Eagle with nonessential
amino acids and 10% fetal bovine serum at 37°C in a
humidified atmosphere containing 5% CO,. The number
of tissue fragments that yielded fibroblasts was deter-
mined at the end of the incubation period®® and ex-
pressed as a percentage of the total number of tissue
fragments incubated. Cells were defined as fibroblasts
on the basis of spindle-shaped morphology, reactivity
with antibodies to vimentin, and a lack of reactivity with
antibodies to keratin. Fibroblasts isolated in this manner
were used without subculture or passaged 1 to 2 times
before use.

Assessment of Type | Procollagen Synthesis
and Fibroblast Proliferation in Vitro

Fibroblasts cultured from photodamaged forearm and
sun-protected hip skin were plated in Dulbecco’s modi-
fied minimal essential medium of Eagle with nonessential
amino acids and 10% fetal bovine serum at 8 x 10* cells
per well in a 24-well culture plate. After allowing the cells
to attach and spread, cells were washed twice in MCDB-
153 basal medium (Clonetics Inc., Walkersville, MD),
supplemented with 1.4 mmol/L Ca®"* (final concentration)
and incubated for 2 days at 37°C and 5% CO.,,. At the end
of the 2-day incubation period, cells were washed twice
in Ca®"-supplemented MCDB-153 and incubated for an
additional 1 hour at 37°C and 5% CO,. The 1-hour culture
fluid was collected and analyzed for type | procollagen
protein by enzyme-linked immunoassay (Takara Bio-
medicals). Preliminary studies showed that the rate of
accumulation of immunoreactive type | procollagen in
medium conditioned by 8 x 10* dermal fibroblasts was

Fibroblasts from Photodamaged Skin 933
AJP March 2001, Vol. 158, No. 3

linear through at least 2 hours. After collection of the
culture medium, cells were harvested by brief exposure
to trypsin/ethylenediaminetetraacetic acid (EDTA) and
counted with the aid of a particle counter.

Preparation of Polymerized Collagen Gels

Rat tail collagen (4.7 mg/ml in 1 N HCI; Collaborative
Biomedical Products, Bedford, MA) was diluted to 1
mg/ml with Ca®*-supplemented MCDB-153. The solution
was made isotonic by addition of an appropriate amount
of a 10X concentrated solution of Hanks’ balanced salt
solution, and the pH brought to 7.2. The collagen solution
was added to wells of a 24-well plate (0.5 ml/well) and
incubated for 2 hours at 37°C. During this period, the
collagen formed a polymerized gel.?526

Collagen-Degrading Enzyme Preparations

A collagenolytic enzyme preparation from Clostridium his-
tolyticum (Collagenase type |; Worthington Biochemical
Corp, Freehold, NJ) was used to produce fragmentation
of the collagen. This enzyme preparation contains collag-
enolytic activities at 105 and 55 kd,?” and the presence of
these activities was confirmed by reactivity with gelatin
and monomeric collagen, but not with B-casein in zymog-
raphy. Reactivity was lost when 10 mmol/L of EDTA was
included in the overnight incubation buffer. The bacterial
enzyme preparation cleaves intact collagen at numerous
sites to produce low molecular weight fragments.?” Col-
lagenolytic activity was quantified by exposing 1 mg of
rat tail (monomeric) collagen to varying concentrations of
enzyme preparation for 5 hours at 37°C. Intact collagen
exposed to buffer alone served as control. At the end of
the incubation period, the control collagen and enzyme-
treated collagen were resolved on sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and stained with
Coomassie brilliant blue. Laser densitometry was used to
quantify a1(l) and a2(l) bands in the intact and digested
preparations. When 10 mmol/L of EDTA was included in
the reaction mixture, no detectable collagen breakdown
occurred.

Human basal cell carcinoma tissue was used as a
source of collagen-degrading enzymes from human skin.
Fresh tumor specimens obtained at surgery were cut into
2-mm pieces, and 6 to 8 tissue pieces incubated for 72
hours in 0.5 ml of Ca®*-supplemented MCDB-153. Incu-
bation was at 37°C and 5% CO,. At the end of the
incubation period, the culture fluid was obtained and
used as the enzyme source. The conditioned medium
from basal cell tumors contains large amounts of active
MMP-1 as well as small amounts of MMP-8 (neutrophil
collagenase) and MMP-13 (collagenase-3).?® Active
forms of gelatinolytic enzymes (eg, MMP-2 and MMP-9)
are also present.?® Zymography with gelatin, collagen,
and B-casein was used in the present study to confirm
the presence of these activities, and collagen-degrading
activity was quantified using digestion of monomeric col-
lagen followed by sodium dodecy! sulfate-polyacrylam-
ide gel electrophoresis resolution as described above.
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As with the bacterial enzyme preparation, inclusion of 10
mmol/L of EDTA in the incubation buffer suppressed
zymographic activities, and inclusion of 10 mmol/L of
EDTA in the reaction mixture suppressed collagen deg-
radation.

Polymerized collagen gels were treated for 5 hours at
37°C with varying amounts of either the bacterial enzyme
or human-skin enzyme preparation. At the end of the
incubation period, the collagenase solutions were de-
canted. The polymerized collagen gels were briefly ex-
posed in sequence to 10 mmol/L of EDTA and 14 mmol/L
of Ca®*, and then rinsed exhaustively with Ca®*-supple-
mented MCDB-153.

Assessment of Collagen Contraction and Type |
Procollagen Synthesis by Fibroblasts on
Polymerized Collagen Gels

Four isolates of adult fibroblasts (two from forearm and
two from hip) and five isolates of neonatal foreskin fibro-
blasts at passage 1 to 2 were added to the collagen gels
at a final concentration of 1 to 8 X 10* cells per culture.
For this, Ca®*-containing MCDB-153 medium was further
supplemented with 0.1 ng/ml of epidermal growth factor,
0.5 pg/ml of insulin, and 2% of pituitary extract. Cells
were incubated for 4 days, with fresh culture medium
provided on day 2. Contraction of the collagen gels oc-
curred during a 2-day period. The diameter of the colla-
gen gel was measured at day 2 using a microscope with
a calibrated grid in the eyepiece. Collagen contraction in
this assay depends on fibroblasts binding to the collagen
fibers and pulling the fibers as the cells themselves un-
dergo actin-mediated and myosin-sliding filament-medi-
ated contraction.?®3°

At the end of the incubation period (day 4), the culture
fluid was removed, and the collagen gels rinsed two
times with Ca®*-supplemented MCDB-153 (without the
added growth factors). Fresh culture medium (Ca®*-sup-
plemented MCDB-153 without growth factors) was
added to the wells and incubated for a further 1 hour. The
1-hour culture fluid was collected and assayed for type |
procollagen by enzyme-linked immunosorbent assay as
described above. The cells were then released from the
collagen gels by sequential treatment with a high con-
centration of the bacterial collagenase preparation (100
wng for 2 hours) and trypsin (0.5% for 15 minutes) and
counted.

Results

Collagen Destruction Is Increased in
Photodamaged Forearm Skin Relative to
Sun-Protected Hip Skin

Damage to the collagenous matrix of the dermis has
been observed at both the light- and electron-micro-
scopic levels in photoaged skin.®'"%” Reductions in both
the number and size of the collagen fiber bundles as well
as ultrastructural abnormalities in the collagen fibrils

themselves have been noted. However, the presence of
elastotic material often masks structural evidence of
damage, and makes quantification of damage difficult. In
the present study we used transmission electron micro-
scopy in conjunction with a sensitive (albeit, indirect)
biochemical assay to compare structural features of the
collagen in severely photodamaged skin and in matched
sun-protected skin from the same individuals. Consistent
with past reports,**>=*37 large bundles of collagenous
fibers were present throughout the dermis of sun-pro-
tected skin. Healthy fibroblasts in intimate contact with
the collagen bundles could be seen (Figure 1, A and C).
In contrast, severely photodamaged skin was character-
ized by the presence of fewer bundles of collagen, and
many individual, disorganized fibers. The space between
the collagen bundles, where not occupied with elastotic
material, was filled with mostly acellular debris. Instead of
being in contact with intact collagen, many of the fibro-
blasts in the damaged skin were surrounded by the de-
bris. Some of the cells demonstrated a rounded rather
than elongated morphology and, in some cases, there
were aggregates of two or more cells. These features are
shown in Figure 1, B and D. Thus, electron microscopy
proved useful for identifying a reduction in the relative
amount of intact collagen in the photodamaged skin, the
presence of acellular debris, and contact/interaction of
dermal fibroblasts with this debris rather than with intact
collagen.

Ultrastructural analysis also provided evidence of
damage to the collagen fibers themselves. Although
some of the collagen fibers in photodamaged skin dem-
onstrated the same overall width (~1,500 A) and period-
icity in photoaged skin as in sun-protected skin, others
appeared shortened and thinned. To quantitatively as-
sess collagen fragmentation, we took advantage of the
fact that intact collagen is insensitive to in vitro hydrolysis
by a-chymotrypsin, whereas collagen that has been par-
tially degraded in vivo is susceptible to further hydrolysis
by this enzyme in vitro.?" Digestion of partially degraded
collagen by a-chymotrypsin liberates collagen fragments
from the tissue, and the liberated collagen fragments can
be quantified by hydroxyproline measurement.?® Hy-
droxyproline content after a-chymotrypsin digestion is,
therefore, a measure of partially degraded collagen in
the tissue. Figure 2 compares amounts of hydroxyproline
released by a-chymotrypsin treatment of matched sam-
ples of severely photodamaged forearm skin and sun-pro-
tected hip skin from nine individuals. The amount re-
leased from photodamaged skin was 3.6-fold higher than
the amount released from matched sun-protected skin.

Type | Procollagen Synthesis Is Reduced in
Photodamaged Forearm Skin Compared to
Sun-Protected Hip Skin

We next assessed levels of type | procollagen (a1) gene
expression and type | procollagen (a1) protein expres-
sion in severely photodamaged forearm and sun-pro-
tected hip skin. As shown in Figure 3, type | procollagen
(a1) mRNA-expressing cells were readily detected in the
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FOREARM

Figure 1. Histological and ultrastructural appearance of collagen fibers and dermal fibroblasts in severely photodamaged skin and sun-protected hip skin. Top:
Light microscopy of Toluidine blue-stained thick sections. Bottom: Transmission electron microscopy. A and C: Sections of sun-protected hip skin. B and D:
Sections of severely sun-damaged forearm skin. Original magnifications: X160 (A and B), X4,600 (C and D).

dermal connective tissue of sun-protected hip skin.
mRNA-expressing cells were observed throughout the
entire dermis. In severely photodamaged forearm skin
from the same individuals, cellular expression of type |
procollagen (a1) mRNA was markedly reduced (Figure
3). The number of cells expressing type | procollagen
(a1) mRNA was reduced by ~65% in severely photo-

damaged forearm skin, compared to sun-protected hip
skin (n = 7).

Immunohistology using monoclonal antibodies to the
N-terminal and C-terminal propeptides of type | procol-
lagen (a1) revealed a pattern of type | procollagen ex-
pression similar to that observed with in situ hybridization.
Using antibody M38, protein expression was observed



936 Varani et al
AJP March 2001, Vol. 158, No. 3

* %%k
150 l
-
g 120-
°
- O
23 %0
-
-E o 60—
E‘ £ — —
r 30
£
o 0
hip forearm

Figure 2. Degraded collagen is increased in severely photodamaged forearm
skin compared to sun-protected hip skin. Values shown represent amounts
of hydroxyproline released per mg of homogenized tissue after treatment
with a-chymotrypsin * standard errors (12 = 9). Statistical significance was
determined using the Student’s rtest. *** P < 0.001.

within cells and extracellularly throughout the dermis in
sun-protected hip skin (Figure 4). In contrast, cellular and
extracellular expression of type | procollagen protein was
nearly absent in severely damaged forearm skin (Figure
4). Semiquantitative scoring for both cellular and extra-
cellular staining (as described in Materials and Methods)
revealed a decrease in staining of ~57% in severely
photodamaged skin, compared to sun-protected hip skin
(n = 9). When a second antibody (SP1.D8) was used in
place of M38, cellular bodies did not stain well but extra-
cellular type | procollagen did. The extracellular staining
pattern with this antibody was virtually identical to that
seen with M38 (not shown). Together, the reduced level
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Figure 3. Type I procollagen (al) mRNA expression is reduced in cells in
severely photodamaged forearm skin compared to sun-protected hip skin.
Values shown represent average numbers of type I procollagen (a1) mRNA-
positive cells per section * standard errors (1 = 7). Statistical significance
was determined using the Student’s #test. *, P < 0.05. Inset: Examples of
forearm and hip skin. Original magnification, X160.
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Figure 4. Type I procollagen (al) protein expression is reduced in cells in
severely photodamaged forearm skin compared to sun-protected hip skin.
Values shown represent relative amount of cellular and extracellular stain-
ing = standard errors (7 = 9). Statistical significance was determined using
the Student’s rtest. *, P < 0.05. Inset: Examples of forearm and hip skin.
Original magnification, X160.

of type | (a1) procollagen gene expression and reduced
level of cellular type | procollagen protein expression
indicate that type | procollagen synthesis is decreased in
photodamaged skin relative to sun-protected skin. The
reduced procollagen synthesis in photodamaged skin is
unlikely to reflect the presence of fewer interstitial fibro-
blasts in the sun-damaged skin. Past studies have re-
ported no change or an increased number of interstitial
cells present in photodamaged skin.®® Likewise, the abil-
ity of topical retinoid treatment to induce type | procolla-
gen synthesis in photodamaged skin implies the exis-
tence of cells with potential for collagen synthesis in the
tissue.®'© Finally, the present studies (see below) show
that equivalent numbers of fibroblasts can be isolated
from severely sun-damaged forearm skin and matched
sun-protected hip skin. Based on these data, we favor the
interpretation that interstitial fibroblasts are present in
photodamaged skin but are producing little type | pro-
collagen.

Proliferation of Fibroblasts from Photodamaged
Forearm Skin and Sun-Protected Hip Skin Is
Similar

We next determined if reduced type | procollagen syn-
thesis in vivo resulted from a permanent incapacitation of
collagen synthetic activity in fibroblasts from photodam-
aged skin. To do this, we isolated dermal fibroblasts from
fragments of severely photodamaged skin and from
matched sun-protected skin. The frequency of fibroblast
outgrowth was similar for the two skin sites. A total of 36
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Figure 5. Proliferation and type I procollagen synthesis by fibroblasts from
severely photodamaged forearm skin and sun-protected hip skin are similar.
Cell number values (top) are averages * standard errors, based on 22 and 29
isolates from forearm and hip, respectively. Collagen synthesis values (bot-
tom) represent average amounts of type I procollagen secreted into 1 ml of
culture medium (normalized to 8 X 10" cells) during a 1-hour incubation
period * standard errors, based on 12 and 23 isolates from forearm and hip,
respectively. Statistical significance was determined by Student’s #test. Val-
ues from the two groups were not different from one another at the P < 0.05
level.

fibroblast isolates were obtained from 108 fragments of
photodamaged skin (33%) and 43 isolates were obtained
from 122 fragments of sun-protected hip skin (35%) (not
statistically different based on chi-square test).

Fibroblasts isolated from severely photodamaged fore-
arm skin and corresponding sun-protected hip skin were
examined for proliferation in vitro in a 2-day assay. As
shown in Figure 5A, cell growth was virtually indistin-
guishable between fibroblast isolates from the two skin
sites.

Type | Procollagen Synthesis by Fibroblasts
Cultured from Photodamaged Forearm Skin and
Sun-Protected Hip Skin Is Similar

Having demonstrated that growth potential of fibroblasts
from photodamaged and sun-protected skin was similar,
we next determined the capacity of these cells to synthe-
size type | procollagen. As shown in Figure 5B, type |
procollagen protein production was virtually indistin-
guishable between fibroblast isolates from photodam-
aged and sun-protected skin.

Type I Procollagen Production in Vitro Is
Inhibited on Partially Degraded Collagen
Polymerized collagen gels were prepared as described

in Materials and Methods and treated with bacterial col-
lagenase or with human skin collagenase from condi-
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Figure 6. Degradation of monomeric collagen by bacterial collagenase and
human skin collagenase. Intact collagen and collagenase-treated collagen
were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. o (D and a,(I) bands were quantified (together) by densitometry scan-
ning after staining with Coomassie brilliant blue. Values for intact collagen
were set at 1.0 and the others valued normalized to this. Inset: Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis showing the appearance
of intact and degraded collagen. Note: the major difference between the two
enzyme preparations is the production of characteristic one-quarter-size and
three-quarter-size fragments by the human skin collagenase but not the
bacterial collagenase.

tioned medium of basal cell carcinomas. Enzyme con-
centrations were standardized based on degradation of
monomeric collagen, as shown in Figure 6. Both enzyme
preparations produced dose-dependent degradation of
intact collagen. The major difference between the two
enzymes was the direct formation of low molecular weight
fragments by the bacterial enzyme and the initial forma-
tion of three-quarter-size and one-quarter-size fragments
by the human skin collagenase, followed by subsequent
degradation of these fragments (Figure 6).

Collagen gels treated with high concentrations of ei-
ther enzyme preparation (up to 200 ng of the bacterial
enzyme per gel or 200 wl of the tumor culture fluid per
gel) remained polymerized and appeared indistinguish-
able from untreated control collagen gels. However, after
exposure of the collagen gels to the same concentrations
of collagenolytic enzymes that produced fragmentation
of monomeric collagen and subsequent addition of der-
mal fibroblasts (8 x 10% cells) to the gels, the behavior of
the cells was considerably different from when the cells
were added to intact collagen. Specifically, cells plated
on intact collagen spread out diffusely and uniformly on
the collagen surface (as they do on plastic or on a dried
collagen film). Some cells also migrated into the collagen
matrix as single cells. These features can be seen in
Figure 7A, which shows a vertical section through the
plane of the collagen surface. On partially degraded
collagen, dermal fibroblasts initially spread on the sur-
face. Throughout the subsequent 1 to 2 day period, ex-
tensive cell-cell contacts were formed. Cell-cell aggrega-
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Figure 7. Histological and ultrastructural appearance of collagen fibers and dermal fibroblasts on polymerized intact collagen and polymerized collagen after

partial degradation by collagenolytic enzymes. Top: Light microscopy of Toluidine blue-stained thick sections. Bottom: Transmission electron microscopy. A and
C: Intact collagen. B and D: Partially degraded collagen. Original magnifications: X260 (A and B), X8,000 (C and D).

tion occurred, and as it did, the collagen contracted
around the aggregated cells. This can be seen in Figure
7B, which is a section through the three-dimensional cell
aggregate produced as the cells contracted the collagen
around them.

The appearance of the collagen fibers and the inter-
action of dermal fibroblasts with intact or partially de-
graded collagen were examined at the electron micro-
scopic level (Figure 7, C and D). In both cases, collagen

fibers of similar length and width were seen. As com-
pared to the collagen in whole skin, the reconstituted
fibers were shorter; periodicity was evident. The density
of fibers was high in the collagen gels not exposed to
collagenolytic enzymes. Both vertical and horizontal ori-
entation of fibers was evident, and fibroblasts with their
numerous processes were in close and frequent contact
with these fibers. In contrast, the density of intact colla-
gen fibers was much lower in the gels that had been
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exposed to the collagenolytic enzymes. Many of the fi-
bers appeared shortened and fragmented. There was no
discernable orientation to the fibers in these gels, and a
large amount of debris was evident. Fibroblasts were
surrounded by the debris, and many cells showed de-
creased process formation. Overall, there were few cell
contacts with intact collagen fibers. Thus, the interac-
tions of dermal fibroblasts with reconstituted intact or par-
tially degraded collagen in vitro paralleled what was ob-
served in sun-protected versus severely sun-damaged
skin in vivo.

Figure 8 demonstrates that collagen contraction re-
quires both collagen digestion and fibroblast activity.
Figure 8A shows the relationship between enzyme con-
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centrations needed to produce collagen fragmentation
(see Figure 6) and concentrations that facilitated colla-
gen contraction. Inhibitor studies indicated that MMPs in
the enzyme preparations are, in fact, responsible for
collagen digestion. When collagen gels were exposed to
either enzyme preparation in the presence of 10 mmol/L
of EDTA, and then subsequently exposed to fibroblasts
(after neutralization of the EDTA with Ca®"), no contrac-
tion of the collagen occurred (Figure 8B). Other gels were
treated with 10 ug of human recombinant tissue inhibitor
of metalloproteinase-2 (TIMP-2) or 10 pg of aprotinin
along with the human tumor enzyme preparation. Colla-
gen contraction was inhibited by TIMP-2 but no inhibition
was observed in the presence of aprotinin (Figure 8B).
Figure 8C demonstrates that contraction of partially di-
gested collagen was dependent on fibroblast activity.
Full contraction occurred in the presence of 4 to 8 x 10*
cells and partial contraction was observed with as few as
2 x 10* cells. However, contraction did not occur when
fewer cells (1 X 10%) were used.

Cell growth and type | procollagen production by fi-
broblasts on intact collagen gels and gels partially de-
graded by either enzyme preparation were assessed. For
these studies, four different adult isolates (two from fore-
arm and two from hip) and five different isolates of neo-
natal (foreskin) fibroblasts were used. Both cell growth
and the amount of type | procollagen produced were
lower on partially degraded collagen than on intact col-
lagen (Figure 9, A and B). Reduced cell growth and type
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| procollagen elaboration were observed with all of the
neonatal and adult dermal fibroblast isolates tested.

Discussion

Damage to the collagenous matrix is thought to underlie
the coarse, rough, wrinkled appearance of photoaged
skin. How collagen damage is brought about during pho-
toaging is not fully understood. Exposure of skin to UV
irradiation transiently up-regulates production of MMPs
that are capable of degrading skin collagen.”® Repeated
MMP induction throughout years or decades could give
rise to the damage seen in the matrix of chronically
sun-exposed skin. Although proteolytic attack on struc-
tural collagen is clearly part of the overall process, failure
to replace damaged collagen with newly synthesized
collagen also contributes to the progressive degenera-
tive changes that occur in the connective tissue of sun-
exposed skin throughout time.®~'°

Mechanisms underlying decreased collagen synthesis
by fibroblasts in severely photodamaged skin are not
completely understood. Based on the results of the
present study, we conclude that whereas fibroblast syn-
thesis of type | procollagen is greatly diminished in pho-
toaged human skin in vivo, growth capacity and synthesis
of type | procollagen by fibroblasts from sun-damaged
skin and age-matched sun-protected skin are indistin-
guishable when the cells are removed from the skin and
examined in vitro. It should be noted that whereas the
studies described here made use of sun-exposed fore-
arm skin and sun-protected hip skin for most of the com-
parisons, we did, in fact, have the opportunity to assess
a number of parameters (ie, collagen fragmentation in
vivo and fibroblast isolation rates, growth rates and type |
procollagen production in vitro) in underarm skin from 18
of the same volunteers. Sun-protected underarm skin and
sun-protected hip skin from these individuals were similar
in regard to all of the parameters assessed.

Because our data indicate that equivalent numbers of
fibroblasts can be isolated from photodamaged skin and
sun-protected skin, and because our data are based on
results of multiple isolates from both tissue sites (from
nine different individuals), it is unlikely that the in vitro data
are skewed by a small subpopulation of cells in the
photodamaged skin that grow out from the tissue and
demonstrate the same phenotype as fibroblasts from
sun-protected skin in vitro. Rather, these studies indicate
that reduced procollagen production observed in vivo in
severely sun-damaged skin is not because of reduced
synthetic capacity of the fibroblasts per se. Consistent
with these observations, it has been demonstrated pre-
viously that synthesis of collagen (as well as fibronectin)
is low or undetectable in organ cultures of sun-exposed
skin relative to organ cultures of healthy young skin.?*3°
Synthesis of both matrix components is normalized®*3°
when the organ cultures are treated with concentrations
of all-trans retinoic acid that induce collagen expression
in photoaged skin in vivo.?® Taken together with these
previous observations, the present finding that fibroblasts
in severely photoaged skin are not intrinsically damaged

(with respect to collagen production) provides a rationale
for therapeutic intervention with agents such as all-trans
retinoic acid to stimulate collagen synthesis to repair
photodamaged skin.*®*" In a like manner, any number of
other agents may be found that have the capacity to
restore collagen synthetic capacity to dermal fibroblasts
that have been switched off in some manner by the
presence of severely damaged connective tissue. It
should be noted that the present data, particularly the
mRNA data, strongly argue for reduced procollagen syn-
thesis (independent of changes in collagen degradation).
None-the-less, altered (ie, increased) elaboration of ma-
trix-degrading MMPs could also lead to reduced procol-
lagen deposition in the extracellular matrix. In fact, we
assessed a number of forearm and hip skin samples for
collagenase levels, but no significant differences were
noted (J Varani and SC Datta, unpublished observation).
This is in contrast to findings from studies with acute
UV-irradiated skin, where increased collagenase was ob-
served relative to nonirradiated controls.”® This is also in
contrast to findings in natural aging, where a higher level
of collagenase was observed in sun-protected skin from
>80-year-old individuals than in sun-protected skin of
younger (18- to 29-year-old) individuals.*?

Because dermal fibroblasts do not seem to be intrin-
sically damaged in severely photoaged skin, it follows
that inhibitory influences within the in vivo environment of
severely photodamaged skin may act in some way to
prevent cells that are inherently capable of elaborating
collagen from doing so. In vitro studies performed with
intact and partially degraded collagen gels support this
suggestion. When skin fibroblasts (either neonatal or
adult) were added to polymerized collagen, they rapidly
attached and spread; they continued to proliferate and
synthesize type | procollagen. In contrast, when fibro-
blasts were added to collagen gels that had been ex-
posed to collagenase, cell growth and type | procollagen
synthesis were reduced. Although extrapolating from in
vitro experiments to what may occur in vivo is difficult,
these data provide evidence that fibroblast functions that
are important for maintenance of dermal connective tis-
sue are inhibited in the presence of fragmented collagen.
It should be noted that whereas both cell growth and type
| procollagen production were reduced on the degraded
collagen, the decrease in procollagen production was
greater. Whether this reflects a specific inhibition of procol-
lagen synthesis or whether procollagen elaboration is sim-
ply a more sensitive indicator of the overall functioning of the
cells cannot be distinguished from the present data.

How damaged collagen exerts its influence on dermal
fibroblast function is not known. A number of potential
mechanisms exist. One possibility involves a change in
cell shape that occurs during collagen contraction. Fibro-
blast interaction with structural collagen depends on the
primary, secondary, and tertiary structure of the collagen
fibrils." Fibroblasts attach to collagen fibers and express
the typical, elongated spindle-cell morphology. When
enough breaks are introduced into the three-dimensional
collagen scaffold, it is no longer capable of resisting the
contractile force of the cells and collapses. As the colla-
gen scaffold collapses, the cytoskeleton disassembles



and cell shape changes from elongated to round. Previ-
ous studies have demonstrated that optimal fibroblast
function (including growth and collagen production) de-
pend on maintenance of the elongated cell shape.*® 4°
Thus, it may be that loss of cell shape in the presence of
degraded collagen directly underlies reduced growth
and collagen production on the partially degraded colla-
gen gels. Based on the in vivo ultrastructural findings
presented here, we suggest that loss of cell shape could
underlie reduced collagen synthesis in severely photo-
damaged skin.

Alternatively, it may not be loss of cell shape per se
that underlies reduced growth and collagen production.
Rather, it may be abnormal signaling, brought about by
cellular interactions with degraded collagen rather than
with the intact triple helical molecule, that directly causes
abnormal cell function. Cellular interactions with collagen
are mediated by multiple members of the B1 integrin
family, including a1, a2, and «3."27'646 Although a num-
ber of different a subunits mediate cell adhesion to col-
lagen, other functions including collagen synthesis, elab-
oration of matrix-degrading enzymes, and collagen
contraction are mediated more specifically by different «
subunits.'# 13151646 \When the collagen fibers are de-
graded, the contribution of different integrins to cell-ma-
trix interactions changes,?® leading to alterations in mo-
tility and, perhaps, alterations in proliferation/matrix
production. In support of this, Gardner and colleagues'®
have argued that fibroblast interactions with collagen
through specific integrins rather than contraction of the
collagen is directly responsible for modulating collagen
production because reduced collagen synthesis is seen
in the dermis of mice with a specific integrin gene defect.
It should be noted that although signaling through inte-
grin receptors has been well studied, these molecules
are probably not the only molecules through which cell-
matrix interactions occur. Recent studies have shown, for
example, that cell interactions with collagen can occur
through discoidin domain receptors.*” A role for these
receptors in collagen metabolism has been suggested.
Which cell surface receptors are ultimately responsible
for the modulation of cell behavior in the presence of
degraded collagen fibers will need to be addressed ex-
perimentally in future studies.

Ultimately, it may not be possible to completely distin-
guish between altered cell shape because of contraction
of the collagen versus altered signaling because of cell
interactions with collagen fragments as the reason for
decreased cell growth and new collagen synthesis. It has
recently been shown that collagen fragments actively
promote disassembly of focal adhesion contacts, result-
ing in cleavage of cytoskeletal proteins and loss of cell
shape.'®

Finally, it must be noted that although our studies have
focused mainly on type | collagen (because it is by far the
most abundant structural protein in the skin), the dermis
contains a number of collagenous and noncollagenous
extracellular matrix molecules. Virtually every one of
these molecules can be degraded by members of the
MMP family.“® Fibroblast interactions with enzyme-de-
graded forms of any of these molecules could result in
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faulty signaling and subsequent alterations in fibroblast
function. By focusing on collagenous components in the
present study, we do not mean to rule out possible con-
tributions of other components of the extracellular matrix.
Regardless of the molecular mechanisms underlying re-
duced collagen synthesis in photodamaged skin, the
beneficial effects of agents such as all-trans retinoic acid
may derive not only from direct action on fibroblasts to
stimulate collagen synthesis®'® and decrease collage-
nase expression,”® but also from indirectly promoting
(through the newly synthesized collagen) additional ma-
trix-regenerative signals not present in untreated photo-
damaged skin.

A final question concerns the possible relationship
between fibroblast-induced contraction of partially de-
graded collagen and the structural features seen in se-
verely photodamaged skin. Until now, we have consid-
ered collagen contraction only as an indicator of collagen
damage or as a modulator of new collagen synthesis.
Could the presence of extensive amounts of contracted
collagen contribute directly to the clinical appearance of
severely photodamaged skin? Although there is no direct
evidence to show that contraction of damaged collagen
contributes to coarse wrinkling in photoaged skin, colla-
gen contraction in the context of repeated cycles of dam-
age and repair could distort and disrupt structural fea-
tures of the tissue.*® In support of such a possibility, it has
been shown in a past study that skin wounds with minimal
collagen damage (for example freeze wounds) heal with-
out contraction of the collagen at the wound site and
consequently, the healed skin at these sites is smooth. In
contrast, where damage to the matrix is more extensive
(in burn wounds or traumatic injury), collagen contraction
occurs during wound closure. Healed skin at these sites
is rough and wrinkled.*® Studies to determine whether
collagen contraction could play a similar role in photo-
aged skin are in progress.
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