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Infrared radiation (IR) is increasingly used for wellness purposes. In this setting, it is frequently combined with
UV radiation, primarily for tanning purposes. The impact of IR on UV-induced carcinogenesis is still unclear.
Hence, we investigated the interplay between IR and UV with regard to UV-induced apoptosis. Pretreatment of
murine keratinocytes with IR before UV reduced the apoptotic rate. Likewise, the number of sunburn cells was
reduced in mice preexposed to IR before UV. The amounts of UV-induced DNA damage were reduced by IR
both in vitro and in vivo. This was not observed in DNA repair-deficient mice. UV-induced downregulation of
the antiapoptotic proteins FLIPL and BCL-XL was prevented by IR, whereas the proapoptotic protein BAX was
downregulated. These data indicate that IR reduces UV-induced apoptosis that may be mediated by several
pathways, including reduction of DNA damage and induction of antiapoptotic proteins. The antiapoptotic
effects of IR may support the survival of UV-damaged cells and thus carcinogenesis. As, however, IR reduces UV-
induced DNA damage, the balance between these two effects may be important. Thus, in vivo carcinogenesis
studies are required to define the role of IR and its interaction with UV in photocarcinogenesis.
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INTRODUCTION
Upon exposure to solar radiation human skin is not only
affected by UVB (290–320 nm) and UVA radiation
(320–400 nm), but also by infrared radiation (IR). Owing to
the multiple biologic effects of UV radiation, which include
sunburn, photoallergic and phototoxic reactions, skin aging
and induction of skin cancer, the vast majority of studies
elucidating the impact of solar radiation on human health
have almost exclusively concentrated on UV, whereas IR was
almost ignored. In addition, for quite a long time it was
assumed that IR does not exert any biological effects and thus
may be irrelevant and innocuous to human skin. Unlike solar
UV and visible light, IR is hardly absorbed by clouds, fog, and
dust in the atmosphere. IR accounts for approximately 54% of
the total solar energy reaching the earth’s surface, whereas
UV only for 7% (Kochevar et al., 1999). Most of the IR lies
within the IR-A range (760–1,400 nm) that accounts for
approximately 30% of total solar energy. In contrast to IR-B
(1,400–3,000 nm) and IR-C (3,000 nm–1 mm), IR-A deeply

penetrates into human skin (Schroeder et al., 2007). Thus, it is
not surprising that biologic effects induced by IR-A in human
skin have been described recently (reviewed in Schieke et al.,
2003).

One consequence of the recognition of biologic effects of
IR-A is the administration of artificial IR-A for cosmetic and
wellness purposes. This is based on the concept that IR-A and
heat relax the skin and might contribute to a rejuvenation
process. Although these anticipations have never been
proven seriously, the frequency of IR-A exposures in the
wellness business is rapidly rising. In this setting, IR-A
treatments are often combined with artificial UV exposures,
mostly for tanning purposes. It is generally accepted that
excessive chronic UV exposure dramatically enhances the
risk for skin cancer (Nishigori, 2006). Which impact
additional IR-A exposure might have is quite unclear but an
obvious concern of the public health-care authorities. This is
quite comprehensible in view of the postulation that the
incidence of skin cancer may be augmented by rising
temperatures as a consequence of the climate change
(Owens and Knox, 1978; van der Leun and de Gruijl, 2002).

UV-mediated apoptosis is regarded as a protective
mechanism preventing malignant transformation by eliminat-
ing cells that carry high loads of UV-induced DNA damage.
Owing to its protective function, alterations in UVB-induced
apoptosis may have profound impact in the induction of skin
cancer (Nickoloff et al., 2002). To get a first idea how
artificial IR-A might influence photocarcinogenesis, we
studied as a first step the effect of IR-A on UV-induced
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apoptotic cell death of keratinocytes. We demonstrate that
exposure to IR-A before UV reduces apoptotic cell death both
in vitro and in vivo that might be mediated by several
pathways including reduction of DNA damage and modula-
tion of antiapoptotic proteins.

RESULTS
IR-A reduces UVB-induced apoptosis in vitro

To determine the effect of IR-A on UVB-induced apoptosis,
keratinocytes obtained from ear sheets of C57BL/6N mice
were exposed to 250 J cm�2 IR-A. At 3 hours later, cells were
irradiated with 55 mJ cm�2 UVB. At 16 hours later, apoptosis
was determined using a cell death detection ELISA. UVB
alone resulted in an increased apoptotic rate (Figure 1). In
contrast, in cells that were preexposed to IR-A apoptosis was
significantly reduced, when compared to UVB only treated
keratinocytes. IR-A alone did not induce apoptosis.

IR-A protects from apoptosis induced by Fas–FasL interaction

UV-induced apoptosis is a complex process involving release
of cytochrome C from mitochondria, activation of p53 by
nuclear DNA damage, and activation of death receptors
either by causing receptor clustering or by inducing death
ligands (Kulms et al., 2002). Hence, we tested the effect of IR-
A pretreatment on FasL-induced apoptosis in which the
pathways involved are less heterogeneous. Freshly prepared
murine keratinocytes were pretreated with 250 J cm�2 3 hours
before addition of FasL (75 ng ml�1) to the culture medium. At
16 hours later, the apoptotic rate was determined using a cell
death detection ELISA. Comparable to UV-induced cell
death, FasL-mediated apoptosis was significantly decreased
by IR-A pretreatment (Figure 2).

Pretreatment with IR-A reduces UVB-induced apoptosis in vivo
To investigate the impact of IR-A on UVB-induced apoptosis
in vivo, the effect of IR-A on the formation of apoptotic
keratinocytes (sunburn cells) was analyzed. Mice were

exposed to 135 J cm�2 IR-A on the shaved backs. At 3 hours
later the animals were irradiated with 150 mJ cm�2 UVB. At
16 hours later, punch biopsies were taken from the UV-
exposed skin areas. Biopsies were fixed and tissue sections
stained with hematoxylin and eosin. The number of sunburn
cells in the epidermis, characterized as epidermal cells with a
pycnotic nucleus and a shrunken eosinophilic cytoplasm,
was evaluated. In mice that had been pretreated with IR-A
before UV exposure, the number of sunburn cells was
significantly lower than that found in animals that were only
UVB treated (Figure 3). IR-A on its own did not induce
sunburn cells.

IR-A pretreatment reduces UVB-induced DNA damage in vitro
and in vivo

One of the major molecular triggers for UV-induced
apoptosis is UV-induced DNA damage as reduction of
DNA damage is associated with a decrease of the apoptotic
rate (Kulms et al., 1999). UVB induces primarily two types of
DNA lesions, cyclobutane pyrimidine dimers (CPDs) and 6–4
photoproducts. Hence, the amounts of CPDs were deter-
mined by Southwestern dot-blot analysis. Murine keratino-
cytes were pretreated with 250 J cm�2 IR-A 3 hours before
UVB irradiation. At 4 hours later, DNA was extracted,
blotted, and subjected to staining with an antibody directed
against CPDs. No CPDs were detected in unirradiated cells.
CPDs were clearly detectable in cells exposed to UVB.
Preexposure to IR-A remarkably reduced the amounts of
CPDs. IR-A on its own did not induce CPDs. Densitometry
analysis of four independent experiments revealed that
IR-A pretreatment decreased the amounts of CPDs by
52.2±13.0% (mean±SD).

To evaluate the in vivo relevance of these findings, mice
were exposed on their shaved backs to 135 J cm�2 IR-A. At
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Figure 1. Pretreatment with IR-A reduces UVB-induced apoptosis in murine

keratinocytes. Cells were pretreated with IR-A (250 J cm�2) and 3 hours later

irradiated with UVB (55 mJ cm�2). At 16 hours after UVB irradiation, the

apoptotic rate was determined using a cell death ELISA. Bars represent the

mean±SD absorbance (optical density, OD) of duplicates of one

representative of three independent experiments. *Po0.0005 vs UVB only.
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Figure 2. Pretreatment with IR-A reduces FasL-induced apoptosis in murine

keratinocytes. Cells were pretreated with IR-A (250 J cm�2) and 3 hours later

incubated with 75 ng ml�1 FasL. After 16 hours of incubation, the apoptotic

rate was determined using a cell death ELISA. Bars represent the mean±SD

absorbance (optical density, OD) of duplicates of one representative of three

independent experiments. *Po0.0005 vs FasL without IR-A pretreatment.
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3 hours later, the same areas were irradiated with 75 mJ cm�2

UVB. At 16 hours later, punch biopsies were taken from the
exposed skin areas. Skin sections were subjected to
immunohistochemistry using the antibody directed against
CPDs. In samples of mice exposed to UVB only, the vast
majority of epidermal cells revealed a nuclear staining,
indicative of DNA damage. The staining was reduced by 46%
in samples obtained from mice that were exposed to IR-A
before UVB (Figure 4a).

To differentiate whether IR-A prevents the formation of
CPDs, the experiment was repeated but this time biopsies
were taken immediately after UV exposure. In this case, no
significant differences between UVB only and UVB plus IR-A-
exposed skin samples were detectable (Figure 4b). Thus
immediately after UV exposure the amounts of CPDs appear
to be the same irrespective of IR-A preexposure, excluding
that IR-A prevents the formation of CPDs.

The fact that the amounts of UVB-induced DNA damage
were the same in the IR-A-treated and untreated skin samples
immediately after UVB exposure but reduced by IR-A
preexposure at later time points implies that IR-A might
support the removal of UVB-induced DNA lesions. This can
be achieved by inducing DNA repair. UVB-mediated DNA
damage is repaired by the nucleotide excision repair (NER; de
Laat et al., 1999). To elucidate whether NER is involved in
the reduction of CPDs caused by IR-A, the in vivo experi-
ments were performed with Xpa knockout mice that are
deficient in NER (de Vries et al., 1995). Xpa knockout mice
were exposed to 135 J cm�2 IR-A followed by 55 mJ cm�2

UVB 3 hours later. At 16 hours thereafter, punch biopsies
were taken from UV-exposed skin and stained for CPDs. In

contrast to the findings with wild-type mice, IR-A pretreat-
ment did not reduce the CPD staining (Figure 4c). This
implies that NER appears to be involved in the reduction of
UV-induced DNA damage by IR-A pretreatment.
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Figure 4. IR-A reduces pyrimidine dimers in vivo. (a) C57BL/6N mice were

pretreated with 135 J cm�2 IR-A 3 hours before irradiation with 75 mJ cm�2

UVB. At 16 hours later, punch biopsies were taken and in situ staining using a

monoclonal antibody against pyrimidine dimers was performed. (b) Mice

were treated identically as in (a) but punch biopsies were taken immediately

after UVB exposure. (c) Xpa knockout mice were pretreated with 135 J cm�2

IR-A 3 hours before irradiation with 55 mJ cm�2 UVB. At 16 hours, later punch

biopsies were taken and in situ staining using a monoclonal antibody against

CPDs was performed. From each sample of two independently performed

experiments, three randomly chosen lengths of 630mm epidermis were

evaluated for the percentage of CPD-positive cells (mean±SD). *Po0.01 vs UV.
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Figure 3. Pretreatment with IR-A reduces sunburn cell formation in murine

epidermis. C57BL/6N mice were pretreated with 135 J cm�2 IR-A on their

shaved backs 3 hours before irradiation with 150 mJ cm�2 UVB. At 16 hours

later, punch biopsies were taken, sections cut, and stained with H&E. Sunburn

cells (SBC) were defined as epidermal cells with a pycnotic nucleus and a

shrunken eosinophilic cytoplasm. The number of SBC per 6 mm in length of

epidermis was counted. The bars show the mean±SD of at least three

different sections of one representative of three independent experiments.

*Po0.05 vs only UVB-treated mice.
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IR-A reduces UV-induced DNA damage in the shuttle
vector assay

The observations that IR-A reduces UV-induced DNA
damage both in vitro and in vivo and that this effect may
be linked to NER were quite surprising. To consolidate the
involvement of DNA repair in this scenario, the shuttle vector
assay was used. A chloramphenicol acetyltransferase (CAT)
reporter construct was exposed to UV. Subsequently, the
vector was transfected into PAM 212 cells via electropora-
tion. One group of PAM 212 cells was exposed to 250 J cm�2

IR-A 3 hours before transfection. At 16 hours after transfec-
tion, the CAT enzyme activity was determined using a
CAT-ELISA. Cells that received the UV-damaged plasmid
exhibited a significantly reduced CAT activity compared to
cells having received the unirradiated plasmid (Figure 5). In
contrast, CAT activity was significantly enhanced in cells that
had been exposed to IR-A before receiving the UV-exposed
construct. As the reduction of CAT activity correlates with the
severity of DNA damage and all constructs were exposed to
the same UVB dose, the results of the shuttle vector assay
support the hypothesis that IR-A might induce DNA repair.

IR-A pretreatment affects the expression of apoptosis-related
proteins

The data obtained so far suggest that one mechanism by
which IR-A reduces UV-induced apoptosis is reduction of
DNA damage. However, the fact that IR-A also reduces FasL-
induced apoptosis (Figure 2) indicates that other mechanisms
have to be involved as well, because DNA damage does not
play a role in FasL-mediated apoptosis. Thus, the effect of IR-
A on the expression of the antiapoptotic proteins FLIPL and
BCL-XL was studied. Murine keratinocytes were exposed to
UVB with and without IR-A pretreatment, harvested 16 hours
after UV exposure, permeabilized, and subjected to intra-

cellular staining with antibodies directed against FLIPL and
BCL-XL. Staining intensity was evaluated by FACS analysis.

UVB downregulated both FLIPL and BCL-XL (Figure 6).
When cells were pretreated with 250 J m�2 IR-A 3 hours
before UVB, the UVB-induced downregulation was pre-
vented. Analysis of the expression of the proapoptotic protein
BAX revealed a downregulation by IR-A (Figure 6).

IR-A affects both intrinsic and extrinsic apoptosis

To confirm the assumption that IR-A pretreatment might
influence the intrinsic/mitochondrial as well as the extrinsic/
death-receptor-mediated apoptotic pathway in a prosurvival
pattern, activation of caspase-8 as a parameter for the
extrinsic and of caspase-9 as a parameter for the intrinsic
pathway was determined. IR-A pretreatment inhibited UVB-
induced increase of both caspases-8 and -9 activity (Figure 7).
This suggests that both pathways are affected by IR-A.

IR-A does not induce heat-shock protein 70

It is known that the induction of heat-shock proteins, in
particular Hsp70, inhibits UVB-induced apoptosis in kerati-
nocytes (Trautinger et al., 1995). Hence, the question is
obvious whether IR-A exerts its antiapoptotic effect by simply
inducing Hsp70. To address this issue, murine keratinocytes
were exposed to either IR-A (250 J cm�2) or heat-shock
(3 hours at 42 1C followed by a recovery phase of 3 hours at
37 1C). Cells were harvested and Hsp70 expression measured
with an Hsp70 ELISA. Heat shock strongly induced Hsp70,
whereas IR-A treatment did not significantly increase Hsp70
(Figure 8).

DISCUSSION
In contrast to the detailed knowledge about the biological
effects of UV and their impact on human health, not much is
known about the response to IR. This may appear surprising
as human skin is increasingly exposed to IR from both natural
and artificial sources. For a long time, IR was regarded as
biologically inert and thus not included in detailed studies.
However, there is accumulating evidence that IR, in
particular IR-A, is able to exert biologic effects on human
skin. It may cause and enhance premature aging and
carcinogenesis (Kligman, 1982; Dover et al., 1989; Schieke
et al., 2002; Kim et al., 2005, 2006; Cho et al., 2008).
Moreover, it has been published that IR-A indirectly exerts
antioxidative properties because of its ability to induce
ferritin, which reduces free iron and thus free radicals
(Applegate et al., 2000). IR is used for cosmetic and wellness
purposes even for local fat and body weight reduction
(Möckel et al., 2006) and for the therapy of various diseases
including wound healing processes (Horwitz et al., 1999;
Danno et al., 2001; Schramm et al., 2003), autoimmune and
inflammatory disorders (Meffert et al., 1990; Yokoyama and
Oku, 1999), and malignant diseases (Dees et al., 2002).

There is recent concern about the interaction between UV
and IR with regard to carcinogenesis. This is based on the fact
that prolonged natural solar exposure is associated with an
increase of the cumulative load not only of UV but also of IR.
The current discussion that the rise of the environmental
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Figure 5. IR-A restores UV-suppressed CAT activity in the shuttle vector
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transfected with UVB-irradiated CAT plasmid.
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temperature because of the climate change may increase the
risk for photocarcinogenesis (van der Leun and de Gruijl,
2002), initiated the debate of the necessity to protect not only
from UV but also from IR (Schroeder et al., 2007). The fact
that in the wellness business, IR is quite frequently combined
with artificial UV exposures for tanning purposes adds to this
discussion.

Experimental data about the interaction of IR and UV in
carcinogenesis are minimal. To elucidate this issue, we
studied the effect of IR on UV-induced apoptosis. The
rationale for this study was several fold. First, UV-induced
apoptosis is regarded as a protective mechanism that may
prevent malignant transformation (Nickoloff et al., 2002).
Hence, alterations in the outcome of UV-induced apoptosis

N
100.0%

M
100.0% G

100.0%

H
54.6%

12.85

59.394.403.39

2.22 3.66 62.12

76.36

111

C
0.0%

C
0.2%

B
100.0%B

100.0%

F
100.0%

G
0.3%

4.553.39

IgG

FLIPL BCL-XL BAX

Co.

UV

IR+
UV

IR

G
100.0%

H
100.0%

18.9%

K
6.0%

J
100.0%

I
100.0%

J
13.6%

G
100.0%

H
97.6%

G
100.0%

H
12.4%

H
85.2%

26 18 26

172727

G
100.0%K

100.0%
M
20.4%

L
100.0%

L
22.7%

H
88.0%

N
15.8%

O
12.7%

FL1 Log FL1 Log
100 101 102 103 100 101 102 103 100 101 102 103

FL1 Log

100 101 102 103100 101 102 103100 101 102 103

100 101 102 103

100 101 102 103

100 101 102 103 100 101 102 103 100 101 102 103

100 101 102 103 100 101 102 103

100 101 102 103 100 101 102 103

2.75
4.52

25 22 22

2817
27

93
44

71

Figure 6. Pretreatment of murine keratinocytes with IR-A restores UVB-induced downregulation of the antiapoptotic proteins FLIPL and BCL-XL and

downregulates the proapoptotic protein BAX. Murine keratinocytes were either left untreated (Co.), irradiated with UVB (55 mJ cm�2) only (UV), pretreated with
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might have an impact on photocarcinogenesis. Second, heat
exposure inhibits UV-induced apoptosis (Trautinger et al.,
1995). This observation is quite often quoted in the context
that increases in temperature might enhance carcinogenesis
(Owens and Knox, 1978; Dover et al., 1989). However, the
data obtained with heat exposure cannot be extrapolated for
IR. IR-A reaches the subcutaneous tissue without substantially
increasing the surface temperature of the skin, whereas IR-C
is completely absorbed in the epidermis, thus causing rapid
heating of the epidermis (Schieke et al., 2003). In the present
study, we utilized a water-filtered IR-A source. The water
filter minimizes the heating effects of IR-A. Accordingly, we
did not detect induction of heat-shock proteins such as Hsp70
upon exposure of cells to 250 J cm�2 IR-A (Figure 8). As
humans are exposed to an average IR dose of 75 J cm�2 per
hour (summertime, Munich, Germany; Schieke et al., 2003),
the doses of our in vitro experiments (250 J cm�2) resemble

approximately 3 hours outdoor stay. Although we initially
planned to administer higher doses for the in vivo studies, we
used only 135 J cm�2 as it turned out that the long-exposure
times required for the higher doses were technically not
feasible without anesthesizing the mice.

The present data indicate that preexposure of murine
keratinocytes to IR-A reduces UV-induced apoptosis. Upon
in vivo exposure of mice to IR-A and UV, the number of
apoptotic keratinocytes, visualized as sunburn cells, was
significantly reduced. Danno et al. (1992) for the first time
demonstrated in vivo that sunburn cell formation in mouse
ear skin was significantly decreased by preexposure to IR.
However, the type of IR applied in this study significantly
elevated the surface temperature of ear lobes to 42 1C.
Hence, this effect could have been mediated via induction of
heat shock. Our in vivo data utilizing IR-A are of high
relevance because of the recent debate whether in vitro data
assessing the impact of IR-A are methodologically flawed
and influenced by artifacts (Piazena and Kelleher, 2008;
Schroeder and Krutmann, 2008).

The most surprising and unexpected finding of our study
was the reduction of UV-induced DNA damage by pre-
exposure to IR-A. This observation was made in vitro using
Southwestern dot-blot analysis as well as by in vivo
immunohistochemistry. Quantitative densitometric analysis
indicated that IR-A might reduce the amounts of CPDs by
around 50%. The same appears to apply for the in vivo
situation. Careful analysis of the repair kinetic was not
possible as we did not include several time points. However,
the quantitative analysis of the in situ CPD staining (Figure 4)
indicates that around 30% are removed within the first
16 hours and around 60% upon IR-A preexposure. The
kinetic data are in accordance with the literature (Ruven
et al., 1993; Vink et al., 1994). However, the data from
different studies are difficult to compare as the repair kinetic
is critically dependent on the UV dose, the mouse strain, and
whether obtained in vivo or in vitro.
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IR-A does not prevent the generation of CPDs, as biopsies
obtained immediately after UV exposure did not reveal major
differences in the amounts of CPDs. This indicated that the
amounts of DNA damage from the beginning on are the same
but become significantly less with time upon IR-A exposure.
One explanation includes the possibility that the DNA damage
is faster and/or more effectively removed upon IR-A exposure.
The fact that these differences are not observed in Xpa
knockout mice implies that the NER might be involved in this
process. As IR-A does not reduce the amounts of CPDs in the
Xpa knockout mice, one can assume that the number of
sunburn cells might not be reduced in Xpa knockout mice by
IR-A. Although we have not performed this experiment, this
conclusion is valid, as the amounts of DNA damage are the
major molecular trigger for UV-induced apoptosis (Kulms et al.,
1999). However, since IR-A also alters the expression of
antiapoptotic proteins it cannot be excluded that this phenom-
enon might have an impact on the number of sunburn cells in
repair-deficient mice as well. The involvement of DNA repair is
also supported by the shuttle vector assay. The CAT activity
was significantly enhanced when the UV-exposed plasmids
were transfected into host cells that were preexposed to IR-A.
Although both experiments do not definitely prove that IR-A
exerts an effect on NER, they provide strong evidence for
involvement of DNA repair in this process. It is not yet clear,
whether IR-A affects the NER directly or indirectly for example
via the release of mediators. In this context, it is important to
mention that mediators released by keratinocytes including IL-
12, IL-18, and a-melanocyte-stimulating hormone exhibit the
capacity to reduce UV-induced DNA damage (Schwarz et al.,
2002, 2006; Böhm et al., 2005).

Frank et al. (2006) reported that preirradiation with IR
protects human fibroblasts from UV cytotoxicity in vitro.
Similar to our study, this effect was not associated with heat-
shock protein induction but dependent on p53 as p53-
deficient SaOs cells were not rescued from UVB cytotoxicity
by IR. The authors concluded that IR-induced p53 accumula-
tion, stabilization, and phosphorylation prepare cells to better
resist subsequent UV-induced stress. Preliminary experiments
indicate that in our system p53 appears to be involved as well
because HaCaT cells, a spontaneously transformed human
keratinocyte cell line that carries two p53 mutations (Lehman
et al., 1993), were not protected from UVB-induced
apoptosis by IR-A (data not shown). Nevertheless, further
experiments investigating p53 stabilization and phosphoryla-
tion as well as examining the effect of p53 small-interfering
RNA on the reduction of CPDs after IR-A would be necessary
to support this hypothesis.

Despite the quite convincing data that IR-A inhibits
UV-induced apoptosis by reducing DNA damage other
pathways have to be involved as well. This assumption is
based on the observation that IR-A also suppresses death
ligand-induced apoptosis. As DNA damage does not play a
role in this type of apoptotic cell death, we started to analyze
the expression of anti- and proapoptotic proteins and whether
their expression is influenced by IR-A. Intracellular FACS
analysis revealed that IR-A reverts UV-induced downregula-
tion of the antiapoptotic proteins FLIPL and BCL-XL.

Furthermore, IR-A downregulated the proapoptotic BAX
protein. This indicates that IR-A influences the intrinsic/
mitochondrial apoptotic pathway as well as the extrinsic/
death-receptor-mediated apoptotic pathway. This assumption
was confirmed by showing that UVB-induced activation of
caspase-8 (extrinsic pathway) as well as of caspase-9
(intrinsic pathway) was decreased by IR-A. This is in
accordance with the previous observations that IR pretreat-
ment of normal human fibroblasts inhibited UVB-induced
activation of caspases-9 and -3 (Frank et al., 1993, 2004).
Whether this modulation by IR-A applies also for other
apoptosis-related proteins remains to be determined. In
addition, it is not yet clear, whether the modulation of these
proteins by IR-A is of functional relevance. However,
functional inhibition experiments using small-interfering
RNA might not be indicative because of redundant pathways
and consequently compensatory mechanisms.

Taken together, the present data indicate that IR-A reduces
UV-induced apoptosis that may be mediated by several
pathways including reduction of DNA damage and modulation
of antiapoptotic proteins. The antiapoptotic effects of IR-A may
support the survival of UV-damaged cells and thus carcinogen-
esis. As, however, IR-A reduces UV-induced DNA damage, the
balance between these two effects may be important. Thus,
in vivo carcinogenesis studies are required to define the definite
role of IR-A and its interaction with UV in photocarcinogenesis.

MATERIALS AND METHODS
Cells and reagents

Freshly prepared murine keratinocytes obtained from ear sheets of 8- to

10-weeks-old female C57BL/6N mice were cultured in keratinocyte

growth medium II with supplements (Promocell, Heidelberg, Germany).

Cells of the transformed murine keratinocyte cell line PAM 212 were

grown in RPMI 1640 culture medium containing 10% fetal calf serum

and 1% glutamine (PAA, Linz, Austria). Human recombinant APO-1/Fas

Ligand (Alexis, San Diego, CA) recognizing the human and mouse Fas

receptor was used (75ngml�1þ enhancer 1mg ml�1).

Irradiation of cells

At 1 hour before irradiation with IR-A, medium was replaced either

by keratinocyte growth medium II culture medium without supple-

ments (keratinocytes) or by serum-free RPMI 1640 medium (PAM

212 cells). For irradiation with IR-A, medium was replaced by

phosphate-buffered saline (PBS) at 37 1C. Subconfluent cells were

exposed at a distance of 25 cm to a water-filtered IR-A irradiation

source (Hydrosun-Strahler 505, Hydrosun Medizintechnik, Mühl-

heim, Germany) equipped with a black cutoff filter emitting light in

the range from 780 to 1,400 nm. After irradiation with IR-A, PBS was

replaced either by keratinocyte growth medium II culture medium

without supplements (keratinocytes) or by serum-free RPMI 1640

medium (PAM 212 cells). At 3 hours after IR-A treatment, cells were

subjected to UVB from a bank of TL12 fluorescent lamps (Philips,

Eindhoven, The Netherlands), which emit most of their energy

within the UVB range (290–320 nm) with an emission peak at

313 nm. Cells were exposed to UVB in PBS at 37 1C. After UVB

treatment, PBS was replaced by fresh keratinocyte growth medium II

culture medium with supplements or RPMI 1640 culture medium

containing 10% fetal calf serum and 1% glutamine.
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Detection of cell death in vitro
At 16 hours after stimulation, cells were trypsinized from dishes and

analyzed by a cell death detection ELISA (Cell death detection

ELISAplus, Roche Molecular Biochemicals, Mannheim, Germany).

The enrichment of mono- and oligonucleosomes released into the

cytoplasm of cell lysates is detected by biotinylated anti-histone- and

peroxidase-coupled anti-DNA antibodies. Data are presented as the

mean±SD absorbance (optical density, OD) of one representative

experiment out of three independently performed experiments.

Statistical analysis was performed using the Student’s t-test.

Flow cytometry
At 16 hours after irradiation, cells were harvested, fixed with 5.5%

formaldehyde, permeabilized using 0.3% saponin, and incubated

with the following first antibodies: affinity purified rabbit anti-human/

mouse FLIPL (R&D Systems, Minneapolis, MN), polyclonal rabbit anti-

mouse/rat BAX (BD Pharmingen, San Jose, CA), and polyclonal goat

anti-mouse/human BCL-XL (Santa Cruz Biotechnologies, Santa Cruz,

CA). Respective FITC-conjugated second step antibodies were used

(FITC-conjugated rabbit anti-goat IgG (Hþ L) from Bethyl, Montgom-

ery, TX and FITC-conjugated goat anti-rabbit IgG (Hþ L) from

Biomeda, Burlingame, CA). Analysis was performed using a FC500

flow cytometer (Beckman Coulter) and CXP 2.2 software.

Measurement of caspase activity

At 16 hours after irradiation, activity of caspases was determined

using caspases-8 and -9 assay kits (Calbiochem/Merck, Darmstadt,

Germany). Cells were harvested and proteins purified. Protein

concentration was measured using the Bradford method. 60mg

(caspase-8) or 150mg (caspase-9) of total protein was subjected to

the assay. Caspase-8 activity was determined according to the

manufacturer’s protocol. The slope was calculated from the

absorbance at 405 nm measured every minute over 10 minutes.

Results are presented as activity in pmol per minute. Caspase-9

activity is depicted as fold increase (mean±SD of duplicates),

calculated from the absorbance values compared to the activity of

untreated control cells that were arbitrarily set as 1. One

representative experiment of two independently performed experi-

ments is shown.

Quantification of Hsp70

At 3 hours after irradiation with IR-A or exposure to 42 1C for 3 hours,

cells were harvested, proteins were extracted according to a

standard protocol, and protein concentration measured using the

Bradford method. Total protein (10 mg) was subjected to a Hsp70

ELISA kit (Stressgen/Assay designs, Ann Arbor, MI). Data are

demonstrated as the mean±SD absorbance (OD) of one representa-

tive experiment out of three independently performed experiments.

Statistical analysis was performed using the Student’s t-test.

Southwestern dot-blot analysis

Genomic DNA was isolated from 106 cells according to the

Puregene DNA extraction protocol (Gentra Systems, Minneapolis,

MI). Non-denatured DNA (2mg) was transferred to a positively

charged nylon membrane by vacuum dot blotting and fixed by

baking the membrane for 15 minutes at 80 1C. A monoclonal

antibody directed against thymine dimers (Kamiya Biomedical

Company, Seattle, WA) was used for Southwestern analysis.

Detection was carried out with a horseradish peroxidase-conjugated

anti-mouse antibody. To ensure equal distribution of DNA, stripping

with consecutive incubation with an antibody against adenosine

(WAK-Chemie, Steinbach, Germany) was performed. Densitometry

of the blots was performed using GeneTools software, version 3.06

(SynGene, Cambridge, UK).

Shuttle vector assay

The 4465 bp pCAT3-control vector (Promega Corp., Madison, WI)

containing the gene for the enzyme CAT as an insert was irradiated with

30 mJ cm�2 UVB. UV-damaged plasmid (20mg) were electroporated

into 3� 106 PAM 212 cells using a GenePulser Xcell electroporator

(Bio-Rad, Hercules, CA). The host cells were either untreated or

irradiated with IR-A 3 hours before electroporation. At 16 hours later,

CAT-enzyme activity was measured. Cells were harvested, proteins

were purified according to a standard protocol, and the protein

concentration was determined using the Bradford method. Total protein

(10mg) was subjected to a CAT-ELISA (Roche Molecular Biochemicals).

Mean±SD absorbance (OD) of one representative experiment out of

three independently performed experiments is shown. Statistical

analysis was performed using the Student’s t-test.

Animals
C57BL/6N mice were purchased from Charles River (Sulzfeld,

Germany). Xpa knockout mice (C57BL/6N background) were

generated at the RIVM (de Vries et al., 1995). Animal care was

provided by expert personnel in compliance with the relevant laws

and institutional guidelines.

Irradiation of mice

Mice were shaved on their backs and exposed to 135 J cm�2 IR-A

(Hydrosun 505). At 3 hours later, mice were irradiated with UVB

(Philips TL12 fluorescent lamps). At 16 hours later, mice were killed.

Punch-biopsies (6 mm) were taken from the UV-exposed areas, fixed

in 4% formalin, and embedded in paraffin.

Evaluation of sunburn cells

Tissue sections (5mm) were stained with hematoxylin and eosin. The

number of sunburn cells per 6 mm in length of epidermis was

counted. The mean±SD of at least three different sections from one

of three independent experiments is shown. The Student’s t-test was

used to test the significance of the differences.

Immunhistochemical staining for CPDs

After deparaffinization of tissue sections (5 mm) with xylol and

ethanol at decreasing concentrations, sections were immersed in an

aqueous solution containing 0.01 M sodium citrate pH6 and

subsequently microwave treated for 10 minutes to unmask antigenic

epitopes. Unspecific binding sites were blocked with 10% horse

serum and 0.3% saponin in PBS for 10 minutes, followed by

incubation at 4 1C overnight with a monoclonal antibody directed

against thymine dimers (Kamiya Biomedical Company) at a dilution

of 1:500. Endogenous peroxidase activity was blocked by incubation

with 3% H2O2 for 10 minutes. Staining was performed with an

indirect immunoperoxidase technique using the Vectastain Uni-

versal quick kit (Vector Labs, Burlingame, CA) and visualized using

NovaRed substrate (Vector Labs). Finally, sections were counter-

stained with hematoxylin. From each sample of two independently
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performed experiments, three randomly chosen lengths of 630 mm

epidermis were evaluated for the total number of epidermal cells and

the number of CPD-positive cells. Results are shown as percentage

of CPD-positive cells (mean±SD). The Student’s t-test was used to

test the significance of the differences.
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