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Involvement of MIF in Basement Membrane Damage in
Chronically UVB-Exposed Skin in Mice
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Abstract

Solar ultraviolet (UV) B radiation is known to induce matrix metalloproteinases (MMPs) that degrade collagen in the
basement membrane. Macrophage migration inhibitory factor (MIF) is a pluripotent cytokine that plays an essential role in
the pathophysiology of skin inflammation induced by UV irradiation. This study examined the effects of MIF on basement
membrane damage following chronic UVB irradiation in mice. The back skin of MIF transgenic (Tg) and wild-type (WT) mice
was exposed to UVB three times a week for 10 weeks. There was a decrease in intact protein levels of type IV collagen and
increased basement membrane damage in the exposed skin of the MIF Tg mice compared to that observed in the WT mice.
Moreover, the skin of the MIF Tg mice exhibited higher MIF, MMP-2 and MMP-9 expression and protein levels than those
observed in the WT mice. We also found that chronic UVB exposure in MIF Tg mice resulted in higher levels of neutrophil
infiltration in the dermis compared with that observed in the WT mice. In vitro experiments revealed that MIF induced
increases in the MMPs expression, including that of MMP-9 in keratinocytes and MMP-2 in fibroblasts. Cultured neutrophils
also secreted MMP-9 stimulated by MIF. Therefore, MIF-mediated basement membrane damage occurs primarily through
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Introduction

Exposure to ultraviolet (UV) radiation leads to various acute
deleterious cutaneous effects, including sunburn and immunosup-
pression. One of the detrimental long-term effects of UV exposure
is cutaneous photoaging. Photoaged skin is biochemically charac-
terized by a predominance of abnormal elastic fibers in the dermis
and a dramatic decrease in certain types of collagen. Interstitial
collagens, the major structural components of the dermis, are
particularly reduced in UV-irradiated actinically damaged skin [1—
3].There are several morphological and biochemical indicators
suggesting that the amount and normal structure of collagen type I
is reduced in UV damaged skin [4].

UV-exposed skin cells, including keratinocytes and fibroblasts,
contain large quantities of active collagenase [5]. Matrix
metalloproteinases (MMPs) are a family of secreted and trans-
membrane proteins capable of digesting the extracellular matrix
and basement membrane components under physiological condi-
tions. MMPs are induced by various extracellular stimuli such as
UV radiation, growth factors and cytokines [6-8]. The MMP-1
expression plays a major role in the photoaging process induced by
degeneration of type I collagen in the dermis [4,9]. Other MMPs
are also associated with the degradation of the epidermal
basement membrane/extracellular matrix and the formation of
wrinkles, resulting in skin aging [10]. MMP-9 and MMP-2
potently promote the degradation of collagen type IV, a major
component of the basement membrane.
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Basement membranes are specialized, sheet-like extracellular
matrixes that divide tissues into two compartments, ie., the
epithelia and the stromal tissue. The basement membranes located
at the dermal-epidermal junction have many functions, the most
obvious of which is to tightly link the epidermis to the dermis. The
basement membrane is divided into three layers on the basis of
morphological studies: the lamina lucida, the lamina densa and the
lamina fibroreticularis derived from the epithelia [11]. The lamina
densa 1s a sheet-like structure that is composed mainly of type IV
collagen.

Cytokine macrophage migration inhibitory factor (MIF) was
first discovered 45 years ago as a T-cell-derived factor that inhibits
the random migration of macrophages [12,13]. MIF was later
reevaluated to be a proinflammatory cytokine and pituitary-
derived hormone that potentiates endotoxemia [14,15]. Subse-
quent work showed that T-cells and macrophages secrete MIF in
response to glucocorticoids as well as activation by various
proinflammatory stimuli [16]. MIF functions as a pleiotropic
cytokine by participating in inflammation and immune responses
[17]. MIF is overexpressed in many solid tumors [18,19]. In many
cases, the degree of MIF overexpression is correlated with tumor
progression and/or metastatic potential. MIF plays a key role in
cell proliferation and angiogenesis [20,21]. MIF is expressed
primarily in T-cells and macrophages; however, recent studies
have revealed that this protein is ubiquitously expressed by various
types of cells [22-25]. MIF is expressed in the epidermis of skin,
particularly in the basal layer [26], and plays a critical role in
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numerous inflammatory skin diseases [27,28]. Skin keratinocytes
are capable of producing a variety of cytokines and are thought to
be the principal source of cytokines derived from the epidermis
after UV irradiation. Enhanced MIF production is observed in the
skin after UVB irradiation [29]. Therefore, MIF may play a
pathophysiological role in inflammatory reactions in the skin.

This study investigated the role of MIF in UVB-induced
basement membrane damage using MIF transgenic (MIF Tg)
mice. Furthermore, the expressions of MMPs were examined in
cultured keratinocytes and fibroblasts obtained from MIF Tg
mice.

Materials and Methods

Reagents

The following materials were obtained from commercial
sources. The Isogen RNA extraction kit was purchased from
Nippon Gene (Tokyo, Japan), M-MLV reverse transcriptase was
purchased from GIBCO (Grand Island, NY), Taq DNA
polymerase was purchased from Perkin-Elmer (Norwalk, CO),
nylon membranes were purchased from Schleicher & Schuell
(Keene, NH), Dulbecco’s modified Eagle’s minimal medium
(DMEM) was purchased from Gibco (Grand Island, NY) and
CnT-07 was purchased from CellnTec Co (Huissen, The Nether-
lands). Recombinant rat MIF (which cross-reacts with that of mice
[30]) was expressed in FEscherichia coli BL21/DE3 (Novagen,
Madison, WI) and was purified as described previously [31].
The protein eluate was dialyzed extensively against phosphate
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Figure 1. Enhanced expression and production of MIF in the
MIF Tg mouse skin following chronic UVB exposure. The total
RNA and protein were isolated at 0, 4 and 10 weeks after UVB
irradiation (300 mJ/cm?x3/week). (A) The expression of MIF mRNA was
examined by RT-PCR. (B) A Western blot analysis was performed, and f3-
actin was used to normalize each expression level. A densitometric
analysis was also performed to quantify the intensity of each band.
(Each experiment was repeated two times with similar results).
doi:10.1371/journal.pone.0089569.9001
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Figure 2. Enhanced production of MIF, MMP-9 and MMP-2 in
the MIF Tg mouse skin following chronic UVB exposure. (A)
Western blot analysis of MIF, MMP-2 and MMP-9 was conducted to
evaluate the effects of UVB (300 mJ/cm? x3/week) on the expressions of
these compounds in comparison with those observed in WT mice. The
band of B-actin was used to normalize each expression level. Each band
shows a representative result of the Western blotting analyses, which
were repeated five times. A densitometric analysis was also performed
to evaluate the intensity of each band. (B) Zymography, using the total
skin specimens of each indicative sample, is shown. (These experiments
were repeated two times with similar results).
doi:10.1371/journal.pone.0089569.9002

buffer saline (PBS) to remove reduced glutathione, passed over a
polymyxin B column (Pierce, Rockford, IL), or subjected to Triton
X-114 extraction to remove any contaminating lipopolysaccha-
ride, and was stored in aliquots at —20°C until use. MIF siRNA
(sc-37138), anti-MMP-2 and MMP-9 polyclonal antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA), anti-
type IV collagen polyclonal antibodies were purchased from
Abcam (Cambridge, MA), casein and anti-B-actin antibodies were
purchased from Sigma-Aldrich Co (St. Louis, MO). The Western
blot detection system was obtained from Cell Signaling Technol-
ogy (Beverly, MA). The MIF inhibitor (ISO-1) was obtained from
Merck (Darmstadt, Germany). All other reagents were of
analytical grade.

UVB radiation

The UVB light source was a BLE-8T312 bulb (Spectronics
Corp., Westbury, NY) fluorescent lamp that emitted 0.1 mW/cm?
of UV between 280 and 315 nm (peak 306 nm) at a distance of
40 cm, as measured by a UV radiometer (UVP, Inc., Upland,
CA).

Mice and treatments

MIF-overexpressing transgenic (MIF Tg) mice were established
following ¢cDNA microinjection. The physical and biochemical
characteristics of mice, including their body weight (30 g approx.),
blood pressure, blood sugar and the serum levels of cholesterol
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Figure 3. Changes in the levels of basement membrane
collagen and basement membrane ultrastructure in the MIF
Tg mouse skin following chronic UVB exposure. (A) Western blot
analysis of type IV collagen was conducted to evaluate the effects of
UVB (300 mJ/cm?x3/week) on the expression of this compound. The
band of B-actin was used to normalize the expression level. Each band
shows a representative result of the Western blotting analyses, which
were repeated five times. A densitometric analysis was also performed
to evaluate the intensity of each band. *P<<0.001. The values reported
here represent the means * SD as determined by a one-way ANOVA.
(B) Murine skin was irradiated with UVB (300 mJ/cm?x3/week) for
10 weeks. The disruption areas of basal lamina were counted under
electron microscope at a magnification of x12000 and expressed as the
mean number in ten random fields (two sections per mouse, five mice
per group). *P<<0.005. The values reported here represent the means =
SD analyzed by Student’s t-test. (C) An ultrastructure of junctional
cleavages with disruptions of basal lamina in WT mice (a) and MIF Tg
mice (b) after 10 weeks of UVB irradiation. An ultrastructure of the
normal basal lamina in non-irradiated WT mice (c) and MIF Tg mice (d).
Arrowheads indicate the disruptions of basal lamina. Scale bars
=0.5 um. (These experiments were repeated two times with similar
results).

doi:10.1371/journal.pone.0089569.g003

were normal, as reported previously [32]. The expression of the
transgene was regulated by a hybrid promoter composed of a
cytomegalovirus (CMV) enhancer and a P-actin/f-globin pro-
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Figure 4. Effects of chronic UVB irradiation on murine skin
neutrophils and mast cells. Murine skin was irradiated with UVB
(300 mJ/cm? x3/week) for 10 weeks. Staining of neutrophils and mast
cells in the UV irradiated murine skin sections using the H&E and
toluidine blue methods. (A) A quantitative analysis of the number of
neutrophils in the UV irradiated (0 and 10 weeks) skin sections was
analyzed by a one-way ANOVA (n=5 in each section). (B) UV irradiated
skin (H&E, WT and MIF Tg mouse, 10 weeks). Arrowheads point to
neutrophils. Scale bars =100 pm. (C) A quantitative analysis of the
number of mast cells in the UV irradiated (0 and 10 weeks) skin sections
was analyzed by a one-way ANOVA (n=5 in each section). And UV
irradiated skin (Toluidine blue, WT and MIF Tg mouse, 10 weeks). Scale
bars =200 pum. (The experiments were repeated two times and similar
results were obtained).

doi:10.1371/journal.pone.0089569.g004

moter, as reported previously [33]. The strain of the original MIF
Tg was ICR, and the mice were backcrossed with C57BL/6 for at
least 10 generations. The Tg mice were maintained using
heterozygous sibling mating. MIF Tg and wild-type (W'T) mice
were maintained under specific pathogen-free conditions at the
Institute for Animal Experiments at the University of Toyama.
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The experiments using mice were conducted according to the
guidelines set by the University of Toyama Institutional Animal
Care and Use Committee under an approved protocol. All
experiments were performed on 8-week-old female adult mice
(Five mice were used in each group). The MIF Tg and WT mice
had their backs shaved with electric clippers and were exposed to
300 mJ/cm? of UVB. UVB radiation was administered three
times weekly (on days 1, 3 and 5), and skin was obtained at 0, 2, 4
and 10 weeks. Following UVB irradiation, the mice were
euthanized at the indicated time points. In brief, all mice were
injected intraperitoneally with pentobarbital (10%) at 10 mg/kg,
including control mice, and we waited for five minutes before
macroscopically observing the mice and excising skin sections from
the dorsal surface, which were used for the RT-PCR, Western
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Figure 5. Enhanced expression and production of MMP-9 and
MMP-2 in the keratinocytes and fibroblasts of the MIF Tg mice
following acute UVB exposure. (A) The expressions of MIF, MMP-2
and MMP-9 mRNA were examined. Total RNA was isolated at six hours
after UVB irradiation (30 mJ/cm?) and analyzed with RT-PCR (n=5). (B)
Western blot analysis of MIF, MMP-2 and MMP-9 was performed
24 hours after UVB (30 mJ/cm?) on the production of these com-
pounds. The band of B-actin was used to normalize the expression level.
A densitometric analysis was also performed to evaluate the intensity of
each band. The data shown are representative of three independent
experiments.

doi:10.1371/journal.pone.0089569.g005
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blot, zymography, electron microscopy or immunohistochemical
staining studies. The experiments were repeated two times.

Ethics Statement

This study was carried out in strict accordance with the
recommendations in the Institute for Animal Experiments at
University of Toyama. The protocol was approved by the
Committee on the Ethics of Animal Experiments of University
of Toyama.

Reverse transcription-PCR (RT-PCR) analysis

Total RNA was extracted from each murine skin specimen or
cultured cells. RNA reverse transcription was performed with M-
MLV reverse transcriptase using random hexamer primers and
subsequent amplification using Taq DNA polymerase. PCR was
carried out for 35 cycles for MMP-2 and MMP-9 and for 40 cycles
for MIF, with denaturation at 94°C for 30 seconds, annealing
from 46 to 64°C for one minute and extension at 72°C for
45 seconds using a thermal cycler (PE Applied Biosystems Gene
Amp PCR system 9700) [34]. The murine MIF primers used in
the present study were 5'-GTTTCTGTCGGAGCTCAC-3'
(forward) and 5-AGCGAAGGTGGAACCGTTCCA-3" (re-
verse). The MMP-2 primers used were: 5'-AGATCTTCTTCTT-
CAAGGACCGGTT-3’ (forward) and 5'-
GGCTGGTCAGTGGCTTGGGGTA-3' (reverse). The MMP-
9 primers used were: 5-CGACAGCACCTCCCACTATG-3’
(forward) and 5'-CCCAACTTATCCAGACTCCT-3' (reverse)
[35]. After PCR, the amplified products were analyzed using 2%
agarose gel electrophoresis.

Western blot analysis

The each murine skin specimen was homogenized with a
Polytron homogenizer (Kinematica, Lausanne, Switzerland).
Homogenized skin or cultured cells were collected and washed
with cold PBS then lysed in RIPA buffer (1 M Tris-HCL 5 M
NaCl, 1% Nonidet P-40 (v/v), 1% sodium deoxycholate, 0.05%
SDS, 1 mM phenylmethyl sulfonyl fluoride) for 20 minutes.
Following brief sonication, the lysates were centrifuged at
12,000 xg for 10 minutes at 4°C, and the protein content in the
supernatant was measured using the Bio-Rad protein assay kit
(Bio-Rad, Hercules, CA). The protein lysates were denatured at
96°C for 5 minutes after mixing with 5 pl of SDS-loading buffer,
applied on an SDS-polyacrylamide gel for electrophoresis and
transferred to nitrocellulose membranes. A Western blot analysis
was performed to detect the MIF, MMP-2, MMP-9 and type IV
collagen expressions using specific antibodies. The band signals
were visualized on X-ray film using a chemiluminescence ECL
detection reagent (Amersham Biosciences, Buckinghamshire, UK)
[36]. The band density was quantified using a BIO-ID image
analyzer, and the relative amounts of proteins associated with
specific antibodies were normalized according to the intensities of
B-actin.

In situ gelatin zymography

The gelatinolytic activities of tryptase-activated MMP-2 and
MMP-9 were analyzed using zymography according to the
method of Heussen and Dowle [37], with some modifications.
MMP-2 and MMP-9 exist predominantly in the zymogen
(proMMP-2 and proMMP-9) form, with a small amount of active
enzyme present. The skin samples were placed on 12% acrylamide
gel containing 0.1% human type IV collagen (Sigma-Aldrich)
under non-reducing conditions. Electrophoresis was carried out at
4°C. After electrophoresis, the gel was incubated with zymogram
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Figure 6. Effects of an MIF inhibitor (ISO-1) or MIF si RNA on the expression and production of MMP-9 and MMP-2 following UVB
radiation. (A) The cells were treated with ISO-1 at 50 uM for 24 hours or MIF siRNA (30 pmol/ml) for 48 hours. Next, the expression of MIF mRNA
and MIF protein was examined. (B) The expression levels of MMP-9 and MMP-2 mRNA were examined. Cells were pretreated with ISO-1 at 50 uM for
24 hours or MIF siRNA (30 pmol/ml) for 48 hours, and then were exposed to UVB light (30 mJ/cm?). Total RNA was isolated six hours after UVB
exposure and analyzed by RT-PCR. (C) Cells were pretreated with ISO-1 at 50 uM for 24 hours or MIF siRNA (30 pmol/ml) for 48 hours, and were then
exposed to UVB light (30 mJ/cm?). The Western blot analysis for the MMP-9 and MMP-2 proteins (30 pg of protein for each group) was performed
24 hours after UVB irradiation. The band of B-actin was used to normalize the expression level. A densitometric analysis was also performed to
evaluate the intensity of each band. The data shown are representative of three independent experiments.
doi:10.1371/journal.pone.0089569.9g006

renaturing buffer for 30 minutes. Then, the gel was transferred to
zymogram developing buffer and incubated overnight at 37°C
then stained with Coomassie brilliant blue 250-R (CBB). The
zymograms were destained and visualized as transparent areas
against a blue background.

Electron microscopy

The dorsal skin was collected and fixed with Karnovsky fixative
in 0.1 M cacodylate buffer for two hours and 1% osmium
tetroxide for one hour at 41°C. The tissues were dehydrated
through a graded ethanol series and embedded in Epon 812.
Ultrathin sections were cut using an ultramicrotome (Reichert
Ultracut S, Reichert, Vienna, Austria), stained with saturated
uranyl acetate and lead citrate and observed under a transmission
electron microscope (Hitachi H-7100, Hitachi Co. Ltd., Tokyo,
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Japan). The disruptions area of the basal lamina were counted
under electron microscope at a magnification of x12000 and
expressed as the mean number in ten random fields (two sections
per mouse, five mice per group).

Immunohistochemical staining

Six micrometer-thick skin sections were stained with hematox-
ylin and eosin (H&E). Neutrophils were counted under a
microscope at a magnification of X400 and expressed as the
mean number of cells in five random fields (one section per mouse,
five mice per group). Mast cells were detected using classical
staining of sulfated proteoglycans in secretory granules. The tissue
sections were dewaxed, rehydrated and immersed in 0.1%
toluidine blue (Sigma-Aldrich) in 1% NaCl for one to two
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Figure 7. Effects of MIF on the acute UVB-induced expression
and production of MMP-9 in neutrophils. Neutrophils (approxi-
mately 90% purified) were pretreated with recombinant MIF at different
concentrations (10, 50 and 100 puM) for six or 24 hours. (A) Cells were
analyzed with RT-PCR of MMP-9. (B) Western blot analysis of the MMP-9
protein expression was then performed. The bands were quantified
densitometrically and normalized to the level of B-actin. These
experiments were repeated three times with similar results.
doi:10.1371/journal.pone.0089569.9g007

minutes. The slides were then rinsed in distilled water, dehydrated
and mounted.

MIF siRNA transfection

A total of 2x10° cells were plated in a 6-well plate for 24 hours,
and MIF siRNA transfection was conducted using the Lipofecta-
mine 2000 kit according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA). We found that at concentrations
greater than 30 pmol/ml siRNA treatment was toxic to cells and
the extent of cell death increased dose-dependently with increasing
siRNA concentrations (data not shown). Therefore, we selected a
dose of 30 pmol/ml for optimal transfection of cells with MIF
siRNA and then performed the subsequent experiments.

Cell culture and treatments

Skin specimens were obtained from the dorsal surfaces of
newborn MIF Tg and WT mice. The skin specimens were cut into
3 to 5> mm pieces and placed on a large petri dish with the
subcutaneous side down, followed by tissue incubation for one
week in a humidified atmosphere of 5% COy at 37°C. These skin
specimens were floated on a 0.25% solution of dispase in PBS at
4°C. The time of protease incubation was varied from 24 hours.
Epidermis was separated from the dermis with a pair of forceps,
and both were washed three times in PBS. Keratinocytes were
grown in CnT-07 culture medium containing a low calcium
concentration (0.07 mM) and were passaged by trypsin digestion
[38]. Once sufficient numbers of fibroblasts had migrated out of
the dermal sections in DMEM containing 10% fetal calf serum
and 1% penicillin/streptomycin, the pieces of skin were removed,
and fibroblasts were cultured in DMEM and passaged by trypsin
digestion [39]. The pure keratinocytes and fibroblasts from
passage 1 were used for the subsequent experiments. Cells
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(approximately 80% confluent) were washed with PBS and
exposed to UVB light (30 mJ/cm?) in PBS. After irradiation, the
keratinocytes were cultured in fresh CnT-07 culture medium, and
the fibroblasts were cultured in fresh DMEM at 37°C for six or
24 hours. Then, the cells were analyzed by RT-PCR or a Western
blot analysis. In some experiments, the cells from WT mice were
pretreated with ISO-1 at 50 pM for 24 hours or MIF siRNA
(30 pmol/ml) for 48 hours, and then were exposed to UVB light
(30 mJ/cm?).

Isolation of neutrophils from the peritoneum and
treatment

Murine neutrophils were obtained by abdominal lavage from
WT mice by casein stimulation [40]. In brief, WT mice were
injected intraperitoneally with 5 ml of 1% casein. Mice were
sacrificed 24 hours post casein injection and total intraperitoneal
cells were obtained by injecting 10 ml of ice-cold PBS containing
1 mM EDTA into the peritoneal cavity. After gentle massage, the
fluid was harvested and the cells were centrifuged and washed
before further use. The purity of neutrophils was approximately
90%, as determined by May-Grunwald-Giemsa staining. The
neutrophils were pretreated with recombinant MIF at different
concentrations (10, 50 and 100 uM) for six or 24 hours, and cells
were analyzed by RT-PCR or a Western blot analysis.

Statistical analysis
All values are expressed as the means * SD of the respective test
or control group. Statistical significance between the control and

test groups was evaluated using either Student’s t-test or one-way
ANOVA. Values of p<<0.05 were considered to be significant.

Results

Enhanced expression and production of MIF in MIF Tg
mice skin following chronic UVB exposure

We first examined the expression of MIF mRNA and
production of MIF protein in skin specimens excised from MIF
Tg and WT mice following chronic exposure to UVB (300 m]/
em?). The mRNA and protein levels of MIF were increased over
time in the UVB-irradiated skin in the MIF Tg mice in
comparison to the levels observed in the WT mice (Figure 1).

Enhanced production of MIF, MMP-2 and MMP-9 in MIF
Tg mice skin following chronic UVB exposure

Specimens of irradiated mouse skin were obtained at weeks 0, 2,
4 and 10 for Western blot analyses with antibodies against MIF,
MMP-9 and MMP-2. The blots showed that the expressions of
MIF, MMP-9 and MMP-2 were increased by chronic UVB
exposure in both types of mice. The increases observed were
generally time—dependent; however, the MIF Tg mice exhibited
higher levels of all specified proteins compared to that observed in
the WT mice (Figure 2A). In support of this finding, zymography
of the skin specimens demonstrated higher expressions of MMP-9
and MMP-2 proteins at weeks 4 and 10 in the MIFF Tg mice
(Figure 2B).

Diminished basement membrane collagen in MIF Tg
mice skin following chronic UVB exposure

Murine skin was obtained at weeks 0 and 10 following chronic
UVB exposure for Western blot analyses by using type IV collagen
antibodies. The data revealed that the level of type IV collagen
was decreased in the MIF Tg mice in comparison to that observed
in the WT mice (Figure 3A). The relative amounts of proteins
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associated with specific antibodies were normalized to the band
intensities of B-actin.

Changes in the basement membrane ultrastructure in
UVB-radiated MIF Tg and WT mice

In ultrastructure analysis, increased areas of disruption of the
basal lamina were observed in the skin of the MIF Tg mice after
10 weeks of UVB irradiation. In contrast, disruptions areas of the
basal lamina were not strong in the WT mice compared to those
observed in the MIF Tg mice at week 10 after UVB irradiation
(p<<0.005) (Figure 3B). Representative examples of electron
micrographs of the skin samples excised after 10 weeks from
UVB irradiation are shown in Figure 3C. Non-irradiated control
skin showed normal basal lamina in MIF Tg and WT mice.

Increased numbers of neutrophils in MIF Tg mice skin
following chronic UVB exposure

Murine skin was obtained at weeks 0 and 10 and stained with
H&E and toluidine blue to visualize neutrophils and mast cells.
The number of neutrophils was increased in the UVB-exposed
skin in both types of mice. The MIF Tg mice exhibited a
significant increase in the number of neutrophils compared to the
WT mice (Figure 4A and B). In addition, the number of mast cells
increased following UVB exposure; however, there were no
significant differences between the two types of mice (Figure 4C).

Effects of acute UVB exposure on the MIF expression and
production of MMP-9 and MMP-2 in keratinocytes and
fibroblasts

The acute UVB-induced mRNA and protein expression of MIF
was intensely increased in the keratinocytes and fibroblasts of the
MIF Tg mice (Figure 5). In addition, the mRNA levels of MMP-9
in keratinocytes and MMP-2 in fibroblasts were increased in
response to UVB exposure six hours post irradiation in
comparison to those observed in the WT mice (Figure 5A). A
Western blot analysis revealed that the MMP-9 and MMP-2
expression levels were increased in the UVB-irradiated cells of the
MIF Tg mice in comparison to those observed in the WT mice
(Figure 5B).

Inhibitory effects of an MIF inhibitor or MIF siRNA on the
acute UVB-induced production of MMP-9 and MMP-2 in
keratinocytes and fibroblasts

To confirm that the presence of MIF was related to the
enhancement of acute UVB-induced production of MMP-9 and
MMP-2, we examined the effects of ISO-1, an MIF inhibitor, on
the MIF levels and UVB-induced production of MMP-9 and
MMP-2 in the keratinocytes and fibroblasts of the WT mice. ISO-
1 addition resulted in a decrease in the MIF expression in both cell
types (Figure 6A). ISO-1 also decreased the UVB-induced mRNA
levels and the production of MMP-9 in keratinocytes and MMP-2
in fibroblasts (Figure 6B and C). In addition, we found that the
expression of MIF mRNA and protein was significantly reduced in
the cells transfected with MIF siRNAs (Figure 6A). The cells
treated with MIF siRNA exhibited decreased UVB-induced
mRNA levels, and reduced production of MMP-9 in keratinocytes
and MMP-2 in fibroblasts (Figures 6B and C).

Effects of MIF on the acute UVB-induced expression and
production of MMP-9 in neutrophils

To confirm that the MIF was involved in the enhancement of
the MMP-9 production induced by the other inflammatory cells,
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we examined the effects of recombinant MIF on the expression
and production of MMP-9 in the neutrophils of the WT mice. As
shown in Figure 7, recombinant MIF addition resulted in a dose-
dependent increase in the MMP-9 expression and production.

Discussion

UVB radiation penetrates the epidermis and the upper part of
the dermis. The basement membrane at the dermal-epidermal
junction is also damaged during the wrinkle formation process.
The present study demonstrated that there is a decrease in intact
protein levels of type IV collagen and increased basement
membrane damage in the exposed skin of MIF Tg mice following
chronic UVB exposure compared with that observed in WT mice.
The ultra-structural studies showed that significant junctional
cleavages with disruption of the basal lamina were observed at the
dermal-epidermal junction in MIF Tg mice compared with that
observed in WT mice. Consistent with our observations, previous
studies have found that detachment of the epidermis from the
basal lamina and disruption of the continuity of the basal lamina
are the primary ultra-structural findings observed following
chronic UVB irradiation in mice [41]. Reduction of collagen IV
at the dermal-epidermal junction has also been reported in
pronounced wrinkling skin [42].

Various types of UV-induced matrix-degenerating metallopro-
teinases, which are present in keratinocytes and dermal fibroblasts,
have been reported to contribute to the breakdown of dermal
interstitial collagen and other connective tissue components. The
underlying biological mechanisms causing this skin damage
involve a number of secreted cytokines, including IL-1, IL-6 and
TNF-a [43-45]. UV irradiation upregulates the production of
these cytokines, and the production of UV-induced collagenases
such as MMP-1 derived from dermal fibroblasts is mediated in
part by an IL-1f autocrine mechanism [44]. We have previously
shown that MIF upregulates MMP-1 mRNA and MMP-1 activity
in dermal fibroblasts. Furthermore, MIF is involved in the
upregulation of UVA-induced MMP-1 in dermal fibroblasts
through PKC-; PKA-, src-family tyrosine kinase-, MAPK-, c-
jun- and AP-1-dependent pathways [46]. IL-1B stimulation leads
to a significant increase in the MIF mRNA and protein levels in
human dermal fibroblasts [7]. Moreover, it has been reported that
UVA irradiation stimulates the production of granzyme B (a serine
protease) through MIF [47]. UVA-induced granzyme B degrades
dermal fibronectin.

The current study revealed that the skin of MIF Tg mice
exhibits higher MIF, MMP-2 and MMP-9 expression levels than
those observed in WT mice following chronic UVB exposure.
Moreover, the in vitro study found that MIF induces an increase in
the MMP-9 expression in cultured keratinocytes and the MMP-2
expression in fibroblasts. Zymogram electrophoresis gels also
determined the activities of secreted MMP-9 and MMP-2.
Gelatinases MMP-2 and MMP-9 are known to degrade type IV
collagen specifically [48,49] and are components of the epidermal
basement membrane. It has been reported that MIF activates the
MEK-ERK MAP kinase pathway to induce the MMP-9
expression by murine macrophages [50]. MIF also induces the
rheumatoid arthritis synovial fibroblast MMP-2 expression [51].
In support of our observations, it has been reported that several
proinflammatory cytokines stimulate the MMP-9 and MMP-2
expressions in keratinocytes and fibroblasts. UVB increases
intracellular reactive oxygen species (ROS), which upregulate
TGF-B biosynthesis, and activated TGF-B then stimulates the
MMP-9 expression in keratinocytes [52]. TNF-o also stimulates
the production of MMP-9 in a keratinocyte cell line [53].
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Furthermore, TNF-o, IL-1p and IL-6 increase the mRNA and/or
protein expression of MMP-2 in fibroblasts [54]. Based on the
findings of previous reports and our current evidence, MIF
appears to be an important mediator for the production of matrix-
degenerating proteases, at least MMPs, which degenerate dermal
collagen and basement membrane type IV collagen following
UVB or UVA irradiation.

MIF is a cytokine that plays a critical role in several
inflammatory conditions. High levels of the MIF expression have
been found in a variety of inflammatory conditions, including
atopic dermatitis, and inflammatory skin lesions [55]. We also
found that chronic UVB exposure in MIF Tg mice results in
higher levels of neutrophil infiltration in the dermis compared with
that observed in W'T mice. Neutrophils are potent cells capable of
causing significant tissue damage. They are packed with proteo-
lytic enzymes, including neutrophil elastase and MMPs. Neutro-
phils have been known to infiltrate the skin following exposure to
erythemogenic doses of UVB [56]. Furthermore, activated
neutrophils generate and release ROS. Influx of neutrophils can
thus damage collagen fibers. Therefore, neutrophils are one of the
key players in photoaging, similar to keratinocytes and fibroblasts
in the skin, and preventing neutrophil influx following UV
radiation appears to be a key factor in the prevention of
photoaging. Recent studies have demonstrated that MIF promotes
neutrophil trafficking in inflammatory arthritis by facilitating
chemokine-induced migratory responses and MAP kinase activa-
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