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Abstract
Obesity has been implicated in several diseases including cancer, however, the relationship of obesity
and susceptibility to ultraviolet (UV) radiation-caused skin diseases has not been investigated. As
UV-induced oxidative stress has been implicated in several skin diseases, we assessed the role of
obesity on UVB-induced oxidative stress in genetically obese Lepob/Lepob (leptin-deficient) mice.
Here, we report that chronic exposure to UVB (120 mJ/cm2) resulted in greater oxidative stress in
the skin of obese mice in terms of higher levels of H2O2 and NO production, photo-oxidative damage
of lipids and proteins, and greater depletion of antioxidant defense enzymes, like, glutathione,
glutathione peroxidase and catalase. As UV-induced oxidative stress mediates activation of MAPK
and NF-κB signaling pathways, we determined the effect of UVB on these pathways in obese mice.
Exposure of obese mice to UVB resulted in phosphorylation of ERK1/2, JNK and p38 proteins of
the MAPK family. Compared to wild-type mice, the obese mice exhibited higher levels of
phosphorylation of these proteins, greater activation of NF-κB/p65, and higher levels of circulating
proinflammatory cytokines, including TNF-α, IL-1-β and IL-6, on UVB irradiation. Together, our
study suggests for the first time that obesity in mice is associated with greater susceptibility to UVB-
induced oxidative stress, and therefore may be a risk factor for skin diseases associated with UVB-
induced oxidative stress.
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Introduction
The prevalence of obesity has increased dramatically over the past 20 years in the United States
[1], and 64% of adults were classified as overweight and 30.5% as obese between 1999 and
2000 [2,3]. Obesity has been shown to be associated with many diseases, including
cardiovascular diseases, type 2 diabetes and cancers of various organs, which collectively
accounted for approximately 65% of all deaths in the year 2000 [4]. The recent results of a
large prospective study illustrate that obesity is associated with increased death rates from all
cancers combined and for cancers at multiple specific sites in both men and women [5]. Excess
body weight has been implicated in ∼20% of all cancers deaths in women and 14% in men and
an estimated 90,000 cancer deaths yearly in the US [5].
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Data from the National Health and Nutrition Examination Survey (NHANES) reveal dramatic
increase in the prevalence of overweight and obesity in the adult population in the US [1,2,6].
Over an 11-year period (1988-1999), the prevalence of overweight and obesity increased from
55.9 to 64.5% and from 22.9 to 30.5%, respectively [2]. It should be noted that this increase
in weight is not limited to adults; a similar trend is evident in children. The prevalence of
overweight in children tripled between 1980 and 2000 to 16% [1,6]. There is strong evidence
to support the role of obesity in cancer risk and mortality. In a cohort study of 900,000
individuals, those men and women with a body mass index (BMI; body weight measured
kilograms divided by the square of height measured in meters) of >40 had death rates from all
cancers that were 52 and 62% greater than men and women in the normal range. Traditionally,
the cancers that are linked with obesity are breast, colon, pancreas liver, cervix, stomach and
kidney [1,6]. Little information is available regarding the potential link between obesity and
melanoma and nonmelanoma skin cancers. Nonmelanoma skin cancers, including basal and
squamous cell carcinoma, represent the most common malignant neoplasms in humans
especially in Caucasians. It has been determined that chronic exposure of solar ultraviolet (UV)
radiation is an important etiologic agent in both melanoma and nonmelanoma skin cancers,
which account for approximately 1.3 million new cases of cancer diagnosed each year in the
USA.

UV-induced oxidative stress and inflammatory responses have been implicated in skin diseases
and skin disorders, including cancers and premature aging of the skin (i.e. photoaging). It has
been observed that in obese mice, the levels of oxidative stress are greater in the adipose tissue
than other tissues, and is accompanied by augmented expression of NADPH oxidase and
decreased levels of anti-oxidant enzymes [7]. Weisberg et al [8] and Xu et al [9] reported that
macrophages that infiltrate the obese adipose tissues are an important source of inflammatory
responses. Since, UV-induced infiltrating macrophages in the skin are both a potential source
of oxidative stress and inflammation and have been implicated in the increased incidence of
photocarcinogenesis and premature aging of the skin [10,11], we formulated the hypothesis
that obese mice which have higher amount of adipose tissues would be at greater risk of UV-
induced oxidative stress and inflammatory responses than non-obese mice. As high-fat feeding
can complicate the interpretation of results [12-14], we chose to use a mouse model of genetic
obesity rather than diet-induced obesity to test our hypothesis. The genetically obese Lepob/
Lepob mouse strain was used as it is well characterized model in which the genetic defect leads
to a deficiency in leptin, a cytokine-like protein made in adipose tissue and released into the
circulation [15]. Here we report that, upon UVB exposure, leptin-deficient obese mice exhibit
higher levels of oxidative stress or oxidative damage in the skin than their wild-type
counterparts (C57BL/6). The UVB-induced oxidative stress in this mouse model was
determined in terms of: (i) increased hydrogen peroxide (H2O2) and nitric oxide production,
lipid and protein oxidation, (ii) depletion of endogenous antioxidant defense enzymes, and (iii)
activation of the mitogen-activated protein kinases (MAPK) and NF-κB signaling pathways.
We also found that UVB radiation resulted in enhanced induction of pro-inflammatory
cytokines in the obese mice.

Materials and methods
Chemicals and antibodies

OxyBlot™ Protein Oxidation Detection Kit was purchased from INTERGEN Company
(Purchase, NY). Phosphorylated ERK1/2 (Thr202/Tyr204), JNK (Thr183/Tyr185), p38 (Thr180/
Tyr182) and non-phosphorylated ERK1/2, JNK and p38 antibodies and the anti-β-actin were
purchased from Cell Signaling Technology, Inc. (Beverly, MA). Antibodies for NF-κB,
IκBα, IKKα, and ERK1/2, JNK and p38 MAP kinase phosphatases (MKP-1, V-15), and the
anti-mouse IgG HRP-linked and anti-rabbit IgG HRP-linked secondary antibodies were
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obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The protein assay kit was
obtained from Bio-Rad (Hercules, CA) and the enhanced chemiluminescence western blotting
detection reagents were purchased from Amersham Pharmacia Biotech (Piscataway, NJ).
ELISA kits for TNF-α, IL-1-β, IL-6 and IL-10 were procured from BioSource International
(Camarillo, CA). All other chemicals employed in this study were of analytical grade and
purchased from Sigma Chemical Co. (St. Louis, MO).

Animals
Leptin-deficient obese female mice (Lepob/Lepob) and wild-type C57BL/6 mice of 4-5 weeks
of age were purchased from Jackson Labs (Bar Harbor, ME). All mice were housed in the
Animal Resource Facility of the University of Alabama at Birmingham under the following
conditions: 12 h dark/12 h light cycle, 24±2°C temperature and 50± 10% relative humidity.
The mice were given control Purina chow diet and drinking water ad libitum throughout the
experiment. The animal protocol used in this study was approved by the Institutional Animal
Care and Use Committee of the University of Alabama at Birmingham.

In vivo analyses of body weight, lean and fat mass in mice by dual-energy X-ray
absorptiometry (DXA)

The body weight, bone-free soft-lean tissue mass and fat mass in mice of 22 weeks of age were
measured using DXA analysis technique as described previously [18]. For DXA analysis, the
mice were sacrificed and kept at −80°C until they were analyzed. The head part of the mouse
was not included in lean and fat mass measurements, and the DXA analysis was performed on
thawed animals. In addition, the kinetics of normal gain in body weight of each mouse was
measured on a weekly basis using a digital balance.

UVB irradiation of mice
Mice were UVB-irradiated as described previously [16,17]. Briefly, the clipper-shaved dorsal
skin was exposed to UV radiation from a band of four FS24T1 UVB lamps (Daavlin, UVA/
UVB Research Irradiation Unit, Bryan, OH) equipped with an electronic controller to regulate
UV dosage. The UV lamps emit UVB (290-320 nm; ≈80% of total energy) and UVA (320-375
nm; ≈20% of total energy), with UVC emission being insignificant. The majority of the
resulting wavelengths of UV radiation are in the UVB (290-320 nm) range with peak emission
at 313 nm [16,17]. The Daavlin UV radiation unit consists of a fixture mounted on fixed legs.
Mounted within the exposure unit are four UVB lamps and the exposure is controlled using
Daavlin Flex Control Integrating Dosimeters. In this system, the UVB dose can be entered as
millijoules per square centimeter and the unit automatically compensates for variations in
energy output such that the desired UV dose is delivered. The UVB emission was monitored
regularly using an IL-1700 phototherapy radiometer (International Light, Newburyport, MA).
Mice were subjected to either acute UVB exposure of 120 mJ/cm2 or chronic UVB exposure
involving exposure to UVB (120 mJ/cm2) on alternate days for one month.

Histologic evaluation of the skin
Mice were sacrificed 24 h after the last UVB exposure and dorsal skin samples were obtained,
fixed in 10% buffered formalin and processed for routine H & E staining for microscopic
evaluation.

Preparation of cytosols and microsomal fractions
Twenty-four h after the last UVB exposure, mice were sacrificed and skin samples were
collected. Sub-cutaneous fatty tissues were removed and then cytosolic and microsomal
fractions were prepared as described previously [19]. Briefly, skin samples were homogenized
with a Polytron System, PT 3100 (Kinematica, Switzerland) in PBS buffer containing
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potassium chloride (1.1%, w/v) and centrifuged at 18 000 g for 15 min at 4°C to prepare
cytosolic and microsomal fractions [19]. Cytosols were used to determine the levels of
endogenous antioxidant enzymes, including glutathione (GSH), glutathione peroxidase (GPx),
catalase (CAT) and superoxide dismutase (SOD) whereas microsomal fraction was used to
determine the lipid peroxidation content.

Assays for antioxidant enzymes
The levels of GPx, GSH, CAT and SOD were measured in cytosolic fractions following the
standard analytical methods of Flohe and Gunzler [20], Akerboom and Sies [21], Nelson and
Kiesow [22] and Misra and Fridovich [23], respectively. The experiments were repeated at
least three times.

Immunohistochemical detection of H2O2-producing cells
Immunohistochemical detection of H2O2 in normal as well as in UV-irradiated skin was
performed following a procedure described earlier [24]. Briefly, 6 μm thick frozen skin sections
were incubated with 0.1 M Tris-HCl buffer, pH 7.5, containing 1 mg/ml glucose and 1 mg/ml
diaminobenzidine for 6 h at 37°C. Sections were then washed in distilled water and
counterstained with methyl green.

Assay for nitric oxide
The levels of nitric oxide were determined by measuring their stable degradation products,
nitrate and nitrite, using a colorimetric Nitric Oxide Assay Kit (Oxford Biomedical Research,
Inc., Oxford, MI) following the manufacturer's protocol, as described previously [24]. In this
method, nitrate is enzymatically converted into nitrite by the enzyme nitrate reductase followed
by determination of nitrite using Griess reagent.

Quantitative analysis of protein carbonyls or oxidized proteins
The quantitative analysis of protein carbonyls was performed using 2,4-
dinitrophenylhydrazine (DNPH) as described previously [25]. Briefly, the nucleic acids present
in the skin lysates that contain carbonyl groups reactive with DNPH were initially precipitated
out using streptomycin sulfate followed by dialysis against water for 2.5 h. To 1 mL of the
above solution (containing ∼1.0-1.5 mg/mL protein) 4 mL of 12.5 mM DNPH in 2.5 M HCl
or 2.5 M HCl alone (blank) was added and incubated at room temperature for 1 h. The protein
was precipitated with 10% trichloroacetic acid. The pellet was washed 3-5 times by breaking
the pellet with a glass rod to remove the free DNPH with 4 mL of ethanol:ethyl acetate (1:1,
v/v). The pellets were dissolved in 6 M Guanidine-HCl at 37°C for 20 min with frequent
vortexing. Insoluble materials were removed by centrifugation and absorbance was measured
at 370 nm. The protein carbonyl content was calculated from the molar absorption coefficient
(ε) of 22,000 M−1 cm−1. The protein content was determined by using BioRad protein detection
kit following the manufacturer's protocol.

Assay for protein oxidation following western blot analysis
The levels of oxidized proteins were detected using the OxyBlot™ Protein Oxidation Detection
kit (Intergen Company, Purchase, NY) following the manufacturer's protocol as described
previously [25]. Briefly, samples of 10 μg proteins were subjected to DNPH derivatization.
Incubation of equal aliquots with a control solution lacking DNPH served as negative control.
The dinitrophenylhydrazone-derivatized protein samples were separated by 10% SDS–PAGE
gel electrophoresis, and blotted onto nitrocellulose membranes. After blocking the non-specific
binding, the membranes were incubated with a rabbit anti-dinitrophenylhydrazone antibody
for 1 h and then with a peroxidase-coupled goat anti-rabbit IgG antibody. The membrane was
then treated with ECL (Amersham Life Sciences, Arlington, IL) to visualize protein bands. To
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ensure equal protein loading, the membranes were stripped and reprobed with anti-β-actin
antibodies.

Assay for lipid peroxidation (LPO)
Lipid peroxidation (LPO) was determined in microsomal fraction of the skin samples using
the thiobarbituric acid reaction method, as described previously [26]. Briefly, 0.2 ml of the
microsomal fraction was treated with 0.2 ml of 8.1% SDS and 3 ml of thiobarbituric acid. Total
volume was made up to 4 mL with distilled water and kept at 95°C in a water bath for 1 h.
Color was extracted with n-butanol and pyridine (15:1 v/v). The absorbance was measured at
530 nm, and the resultant lipid peroxidation was expressed in terms of nmol/mg protein.

Assay for myeloperoxidase (MPO)
MPO was determined as a marker of tissue infiltration following the procedure of Bradley
[27] and as modified by us [28]. In brief, the skin samples were homogenized in 50 mM
potassium phosphate buffer, pH 6.0, containing 0.5% hexadecyltrimethyl-ammonium bromide
followed by sonication of the homogenate at 4°C for three 10 s bursts with a heat system
sonicator equipped with a microprobe. For complete extraction of MPO from infiltrating
neutrophils, the tissue homogenates were frozen and thawed three times, and each time
sonication was repeated. The tissue homogenate thus obtained was centrifuged at 40,000 g for
15 min at 4° C, and the resulting supernatants were used for MPO estimation. MPO activity
in the supernatant (0.1 ml) was assayed by mixing with 50 mM phosphate buffer (2.9 ml), pH
6.0, containing 0.167 mg/ml ortho-dianisidine dihydrochloride and 0.0005% hydrogen
peroxide. The change in absorbance resulting from decomposition of H2O2 in the presence of
ortho-dianisidine was measured at 460nm utilizing Beckman Coulter™ DU 530
spectrophotometer. The results are expressed as the mean MPO unit/mg protein.

Western blot analysis and densitometry
Whole skin lysates or nuclear fractions were prepared as described previously [25]. The
proteins (25–50 μg) were resolved over 8-12% SDS-PAGE gels and transferred onto a
nitrocellulose membrane, as described previously [29]. After blocking the non-specific binding
sites in blocking buffer (5% non-fat dry milk, 1% Tween 20 in 20 mM TBS, pH 7.6), the blots
were then incubated overnight with primary antibodies specific for the protein to be assessed.
The blot was washed and incubated again with HRP-conjugated secondary antibody. After
washing, the protein expression was detected and visualized using chemiluminescence ECL
detection system (Amersham Life Sciences, Arlington, IL).

The density of each band in an immunoblot was analyzed using the Scion Image Program (NIH,
Bethesda, MD). The numerical values are shown under each immunoblot. In case of MAPK
and pMAPK, the results of quantitation of band densities are expressed in terms of the ratio of
pMAPK/MAPK. For this purpose the band density of each MAPK protein (i.e, ERK, JNK and
p38) was arbitrarily taken as “1” and comparison was then made with the band densities of
pMAPK (i.e., pERK, pJNK and pP38). In the case of the NF-κB family, the values for the
control group (non-UVB-exposed wild-type) were used as “1” (arbitrary unit) and comparison
was then made with densitometry values of other treatment groups. To ensure equal protein
loading, the membranes were stripped and re-probed with anti-β-actin antibodies using the
protocol described above.

ELISA for cytokine assay
At the termination of the experiments, mice were sacrificed, blood samples were collected from
each mouse and allowed to clot for 2 h at room temperature before centrifuging for 20 min at
2000 xg. Serum supernatants were collected and assayed for TNF-α, IL-1β, IL-6 and IL-10
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using commercially available ELISA kits (BioSource International, Camarillo, CA) following
the manufacturer's protocol.

Statistical analysis
The results of the antioxidant enzymes and markers of oxidative stress are expressed as the
mean ± standard deviation. Statistical analysis was done using ANOVA followed by post hoc
tests. The difference in the experimental groups was considered significant if p<0.05.

Results
Leptin-deficient obese mice have a greater weight and fat mass than their wild-type
counterparts

As shown in Figure 1A, the obese mice gained weight faster than the wild-type mice, and at
the termination of the experiment at 22 weeks, the weight of obese mice (60±5 g) was
significantly greater than that of the wild-type mice (22±2 g) (p<0.001; Table 1). The
consumption of food per animal/day was recorded on a daily basis for 30 days, and it was found
that the diet consumption by obese mice was 4.9±0.5 g/day/animal as compared to 3.0±0.4 g/
day/animal (Fig. 1C). The significantly higher consumption of diet by obese mice on per day
basis (p<0.01) is compatible with the reports that leptin-deficiency stimulates uncontrolled
consumption of food and that this is the basis for the obesity of Lepob/Lepob mice.

DXA analysis, which was performed at the termination of the experiment at 22 weeks, revealed
that the fat mass deposition was significantly higher in obese mice (35.3±3.1 g fat/animal) than
wild-type mice (4.1±0.5 g/animal) (p<0.001; Table 1). The lean mass also was significantly
higher (p<0.01) in the obese mice than wild-type mice.

Obese mice have lower levels of antioxidant defense enzymes than wild-type mice
The levels of antioxidant defense enzyme were determined by analysis of the levels in the
cytosolic fractions of skin samples. The levels of antioxidant defense enzymes in the skin of
control mice that had not been exposed to the UVB irradiation protocol indicated a lower basal
level of GSH, GPx and catalase enzymes in the obese mice than the wild-type mice; however,
the difference was not statistically significant (Fig. 2). The basal levels of SOD were similar
in the obese and wild-type mice.

To compare the effects of chronic UVB irradiation, the obese and wild-type mice were exposed
to UVB radiation (120 mJ/cm2) on alternate days for one month. Comparison of the irradiated
mice with their non-irradiated counterparts indicated that chronic UVB irradiation led to a
significant reduction in the levels of GSH, GPx, catalase and SOD in both obese and wild-type
mice (p<0.005-0.01) (Fig. 2). Comparison of the UVB-irradiated obese and wild-type mice
indicated a significantly greater UVB-induced depletion of GSH (58%, p<0.005) and catalase
(55%, p<0.005) in the chronically exposed obese mice than in the chronically exposed wild-
type mice. There was no significant difference in the pattern of SOD and GPx in obese and
wild-type mice after chronic UVB exposure for one month (Fig. 2).

The effect of a single UVB (120 mJ/cm2) exposure on the levels of antioxidant enzymes was
determined using cytosolic fractions of skin samples obtained from the mice 24 h after UV
exposure. In this case, UVB-induced depletion of antioxidant defense enzymes was noticed
but this effect was significantly lower than the effect of chronic exposure of UVB in both the
obese and wild-type mice (data not shown). These results, together with the fact that most skin
diseases are initiated after chronic or multiple exposures to UVB radiation, led us to focus on
determining the effects of chronic exposure to UVB.
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UVB exposure-induces higher amount of leukocyte infiltration in obese mice than wild-type
mice

UVB-induced skin infiltration of leukocytes was analyzed 24 h after the last UVB exposure.
Comparison of the irradiated mice with their non-irradiated counterparts indicated that chronic
UVB irradiation resulted in infiltration of leukocytes in the skin (Fig. 3A). Histologic
evaluation of the skin of the UVB-irradiated obese and wild-type mice indicated that the density
of UVB-induced infiltrating leukocytes was higher in the irradiated obese mice than the
irradiated wild-type mice. In addition to the leukocyte infiltration, epidermal edema and a
hyperplastic response were evident with the epidermal hyperplastic response being quantifiable
in terms of the thickness of epidermis in terms of cellular layers. Both the epidermal edema
and the hyperplastic response were greater in the irradiated obese mice than the irradiated wild-
type mice.

The infiltration of leukocytes was further determined by analysis of the levels of MPO activity
in the cytosolic fractions of the skin. MPO is commonly used as a marker of infiltrating
leukocytes (monocytes/macrophages and neutrophils) in the skin after UVB-irradiation. We
found an increase in MPO activity in both obese and wild-type mice after chronic UVB
exposure but the levels of activity were significantly higher in the obese mice than the wild-
type mice (p<0.01, Fig. 3B).

UVB exposure-induces higher amount of H2O2 and nitric oxide in obese mice than wild-type
mice

We used H2O2 production as a marker of oxidative stress in the mouse skin. The H2O2-
producing cells were detected and localized by immunostaining (Fig. 3C). H2O2-positive cells
were not detected in the skin of the control mice that were not exposed to UVB irradiation. As
shown by immunostaining, chronic UVB-irradiation resulted in higher numbers of H2O2-
producing cells than were found in non-UVB-exposed control skin in both obese and wild-
type mice. However, the intensity of the staining as well as the numbers of H2O2-producing
cells after UVB-irradiation was higher in the obese mice than their wild-type counterparts (Fig.
3C).

UVB-induced infiltrating leukocytes in the skin, notably activated macrophages and
neutrophils, are an important source of NO production/generation and the production of NO
is central to the induction of inflammatory responses. Therefore, quantitative analysis of NO
was performed in the form of its stable product nitrite, which indicated that UVB-exposure
induced higher levels of NO in wild-type mice (5-fold) and obese mice (8-fold) than in their
non-UVB-irradiated counterparts (Fig. 4A).

UVB exposure-induces higher photo-oxidative damage of lipids and proteins in obese mice
than wild-type mice

UVB-induced oxidation to lipids and proteins is the hallmark of photo-oxidative damage of
the skin that results in age-related disorders of the skin. We found that chronic exposure to
UVB enhanced the peroxidation of lipids in the skin of both obese (3-fold, p<0.001) and wild-
type (2-fold, p<0.01) mice as compared with the levels in their non-UVB-exposed control
counterparts (Fig. 4B). The lipid peroxidation in the skin of UVB-exposed obese mice was
significantly higher (p<0.01) than that in the skin of UVB-exposed wild-type mice.

Oxidation of amino acid constituent of proteins, such as lysine, arginine and proline, leads to
the formation of carbonyl derivatives that affects the biologic activity of the native proteins
[30]. The presence of carbonyl groups has been widely used to measure oxidative damage of
proteins under conditions of oxidative stress in an assay in which the carbonyl groups are
reacted with DNPH to form stable hydrazone derivatives [31]. We found that chronic UV
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exposure resulted in a 7-fold higher level of protein carbonyls in the skin of wild-type mice
and a 12-fold higher level in the skin of obese mice, as compared to the levels in the skin of
their nonUVB-exposed control counterparts (Fig 4C). The UVB-induced photo-oxidative
damage of proteins was further confirmed by specialized western blot analysis (Fig 4D). The
UVB-induced protein oxidation is evident from the darker and/or the presence of new protein
bands compared to the protein bands in non-UVB-exposed control mice.

UVB exposure-induces greater phosphorylation of ERK1/2, JNK and p38 proteins of the
MAPK family in obese mice than their wild-type counterparts

UVB-induced phosphorylation of MAPK proteins has been implicated in various skin diseases,
including skin cancer and photoaging. The phosphorylation of the MAPK proteins, namely,
ERK1/2, JNK and p38, has been shown to be mediated through UVB-induced oxidative stress
[17,32,33]. We examined UVB-induced phosphorylation of MAPK proteins using
densitometric analysis of western blots and expressed the data in terms of the ratio of the levels
of phosphorylated MAPK to the levels of the unphosphorylated form. Western blot analysis
revealed that the basal levels of phosphorylated ERK1/2, JNK and p38 proteins were higher
in the obese mice that were not irradiated than the wild-type mice that were not irradiated (Fig.
5). Chronic exposure to UVB resulted in enhanced phosphorylation of ERK1/2, JNK and p38
in both the obese and wild-type mice compared to their non-UVB-exposed counterparts.
However, the levels of phosphorylated ERK1/2, JNK and p38 proteins were markedly higher
in the chronically irradiated obese mice than the chronically irradiated wild-type mice (Fig.
5A, 5B and 5C). These changes were not due to differences in the amounts of proteins loaded
on the gels as equivalent protein loading was confirmed by probing stripped blots for β-actin
(Fig. 5).

To determine the negative regulation of MAP kinase phosphatases on UVB-induced increases
in the phosphorylation of MAPK proteins, we determined the levels of ERK1/2, JNK and p38-
specific MAP kinase phosphatases in skin lysate samples using western blot analysis. The
antibodies against MAP kinase phosphatases (MKP-1) have dual-specificity directed to
phosphothreonine and phosphotyrosine residues within MAP kinases. Western blot analysis
revealed that UVB exposure suppressed the levels of MAP kinase phosphatases (e.g., JNK,
p38 and ERK1/2) in the skin of both obese and wild-type mice; however, the UVB-induced
suppression or inactivation of MAP kinase phosphatases was greater in the skin of obese mice
than the skin of wild-type mice (Fig. 5D).

UVB exposure-induces activation of NF-κBp65 and IKKα and the degradation of IκBα is
greater in obese mice than wild-type counterparts

NF-κB/p65 is a downstream target of the MAPK signal transduction pathways. Comparison
of the levels of NF-κB/p65 in the nuclear fraction of skin samples obtained from control mice
that were not irradiated indicated that the basal level of NF-κB/p65 in the nuclear fraction was
higher in the obese mice than the wild-type mice. This finding was consistent with our data
that indicate that the basal level of oxidative stress is higher in obese mice than wild-type mice.
Western blotting and densitometric analysis of the intensity of bands relative to β-actin
indicated that chronic exposure to UVB resulted in markedly greater activation of NF-κB/p65
and its translocation to the nucleus in both obese and wild-type mice. However, the UVB-
induced activation and translocation of NF-κB/p65 to the nucleus in the skin of obese mice
was greater than the skin of UVB-exposed wild-type mice (Fig. 6A).

Chronic UVB exposure also resulted in activation of IKKα in the skin of both obese and wild-
type mice. The induction of IKKα has been shown to be essential for UVB-induced
phosphorylation and degradation of IκBα. Western blot analysis and subsequent measurement
of intensity of bands relative to β-actin indicated that activation level of IKKα was higher in
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the skin of UVB-irradiated obese mice than in the skin of UVB-irradiated wild-type mice (Fig.
6B). Greater degradation of IκBα was noted in both UVB-irradiated obese and UVB-irradiated
wild-type mice as compared to their respective non-irradiated counterparts (Fig. 6C).

UVB exposure-induces higher levels of secretion of pro-inflammatory cytokines in obese
mice than wild-type counterparts

It has been suggested that the increased oxidant stress that is associated with obesity may be
due to the presence of excessive adiposity per se because adipocytes and preadipocytes have
been identified as sources of inflammatory cytokines, including TNF-α, interleukin (IL)-1-β
and IL-6 [34]. Cytokines are potent stimuli for the production of ROS/RNS by macrophages
and monocytes [35]; therefore, we examined the effect of chronic UVB exposure on the
secretion of pro-inflammatory cytokines. For this purpose, the levels of cytokines in blood
serum were determined using ELISA. As shown in Fig. 7, chronic exposure to UVB resulted
in significantly higher levels of TNF-α, IL-1-β and IL-6 in both obese and wild-type mice as
compared with non-UVB-exposed control mice. However, the levels of these cytokines were
significantly higher (p<0.01-0.005) in the sera of the UVB-irradiated obese mice than the sera
of the UVB-irradiated wild-type mice. There was no significant difference in the levels of the
immunosuppressive cytokine IL-10 in the sera of UVB-irradiated obese and UVB-irradiated
wild-type mice.

Discussion
Obesity is associated with traditional cardiovascular diseases and diabetes but relatively little
is known regarding the relationship between obesity and oxidative stress and, to our knowledge,
no information is available on the effects of obesity on UV radiation-induced oxidative stress
in an in vivo skin system. It has been established that UVB-induced oxidative stress contributes
to several adverse biologic effects including skin cancers and premature aging of the skin in
an in vivo system [11,36,37]. We observed that chronic exposure to UVB radiation induced
higher levels of oxidative stress in the skin of obese mice than wild-type mice when measured
in terms of depletion of antioxidant defense enzymes, such as GSH, GPx and catalase, and
generation of H2O2 and nitric oxide. Antioxidant enzymes function cooperatively, and a change
in any one of them may affect the equilibrium state of oxidative stress or the levels of reactive
oxygen species (ROS). If the ROS remain, without being scavenged in the biological system,
they can induce biochemical alterations, including inflammation, oxidation of lipid and protein,
DNA damage and activation or inactivation of certain enzymes [38,39,40-43]. Thus, the
generation of chronic and more intense oxidative stress and inflammatory responses in the
obese mice on repeated exposure to UVB irradiation would be anticipated to render them more
susceptible to oxidative stress-mediated skin diseases than wild-type mice.

The UVB-induced oxidation of macromolecules, including lipids and proteins, also was
analyzed as a marker of oxidative stress in the present system. The occurrence of LPO in the
biological membrane is a free radical-mediated event and is regulated by the availability of
substrates in the form of polyunsaturated fatty acids, pro-oxidants which promote peroxidation.
Elevated levels of LPO have been linked to injurious effects such as loss of fluidity, inactivation
of membrane enzymes, and increases in permeability of ions which may lead to disruption of
cell membrane potential [42-44]. Peroxidation products also can damage DNA [39,42,43].
Thus, the higher levels of LPO in the skin of obese mice compared to wild-type mice will make
them more susceptible to skin disorders. The UV-induced oxidative stress-mediated protein
oxidation may also be a contributing factor for skin diseases. The presence of higher amount
of fat mass in obese mice could be responsible for the enhanced inflammatory responses and
generation of oxidative stress. As we observed in this study that UVB-induced leukocyte
infiltration was higher in obese mice, and as inflammatory leukocytes are the major source of
H2O2 and NO production in the skin [10,24], ROS may play an important role in induction of
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skin diseases. Thus obesity appears to be an important contributing factor in UVB radiation-
induced oxidative stress-mediated diseases.

Chronic exposure to UV radiation promotes the development of various skin diseases,
including tumor development, by activating various intracellular signaling cascades that play
a major role in cell growth, differentiation and proliferation and lead to clonal expansion of
UVB-initiated cells into skin tumors [45]. Members of the MAPK family are important
upstream regulators of transcription factor activities and their signaling is critical to the
transduction of a wide variety of extracellular stimuli into intracellular events. The
phosphorylation of MAPK molecules controls the activities of various downstream
transcription factors implicated in proliferation, differentiation and tumor promotion [46].
ERK1/2 has been shown to be strongly activated by tumor promoters and UV radiation, and
has an important role in transmitting signals initiated by them [47]. Activation of JNK regulates
activator protein-1 (AP-1) transcription in response to environmental stress such as UV
radiation [48]. Increased AP-1 activity has been implicated in inflammation, metastasis and
angiogenesis, and also in the promotion and progression of various types of cancers [49-51].
Therefore, higher levels of ERK1/2, JNK and p38 activation may promote skin diseases in
obese mice. Our present data confirmed our previous observation that UVB radiation induces
H2O2 production in the target cells [52], which in turn initiates phosphorylation of MAPK
proteins and activation of downstream signals and expression of genes having direct relevance
in skin carcinogenesis [52]. Therefore, it can be suggested that higher levels of phosphorylation
of MAPK proteins in obese mice are due to enhanced levels of UVB-induced oxidative stress.
The UVB-induced phosphorylation of MAPK proteins may activate down stream events, such
as activation of NF-κB, which would lead to the stimulation of events which are associated
with the skin diseases in vivo. ERK and p38 proteins of MAPK family have been shown to
modulate NF-κB activation [53,54]. We suggest that UVB-induced phosphorylation of MAPK
proteins in obese mice might be responsible for the activation of transcription factor NF-κB.
Therefore, the activation of MAPK and NF-κB could be the potential signaling pathways in
obese mice that activate oxidant-responsive element-dependent genes. We also observed that
enhanced phosphorylation of MAPK proteins in UVB-exposed skin of obese and wild-type
mice were associated with the inhibition or inactivation of MAP kinase phosphatases. It has
been shown that reactive oxygen species promotes the activation of MAPK proteins by
inhibiting MAP kinase phosphatases [55]. These phosphatases can dephosphorylate both
phosphorylated threonine and phosphorylated tyrosine (dual specificity) residues and
inactivate MAPK signaling [56]. It has been shown that MKP-1 (a family of dual-specificity
protein phosphatases) can inactivate all three major MAPKs, including ERK, JNK and p38
[57]. Therefore, it is possible that UVB-induced oxidative stress induces the phosphorylation
of MAPK proteins in the mouse skin through inactivation of MAP kinase phosphatases;
however, further studies are required to confirm this observation.

The activation and translocation of NF-κB to the nucleus has an important regulatory role in
inflammation, cellular proliferation and carcinogenesis [58-60]. Therefore, investigation of the
signaling pathways leading to the regulation of NF-κB activity is crucial. The activation of
NF-κB by the extracellular inducers depends on the phosphorylation and subsequent
degradation of IκB proteins. Activation of NF-κB is mediated through the action of a family
of serine/threonine kinases known as IκB kinase (IKK). The IKK (IKKα and/or IKKβ)
phosphorylates IκB proteins and the members of the NF-κB family. NF-κB is commonly
activated by oxidants including H2O2 [61] and by agents that generate ROS/H2O2, such as UV
radiation [62,63]. In our current study, we observed that NF-κB/p65 is activated in the skin of
obese mice following UVB exposure and subsequently translocated to the nucleus, and its
activation level was higher in the obese mice than the wild-type mice. UVB exposure also
resulted in an increased degradation of IκBα protein. This suggests that the activation of NF-
κB/p65 in obese mice is mediated through the inhibition of proteolysis of IκBα protein. It is
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well documented that IκBα is bound to NF-κB/p65 through a protein-protein interaction and
thus prevents migration of NF-κB/p65 into the nucleus [60]. Additionally, the IKK complex
is an important site for integrative signals that regulate the NF-κB pathway. We observed that
chronic UVB exposure resulted in an increase in IKKα protein expression in mice, and that
the UVB-induced expression level of IKKα was markedly higher in UVB-exposed obese mice
than UVB-exposed wild-type mice. These data suggest that leptin-deficient obese mice are
more susceptible to UVB-induced activation and nuclear translocation of NF-κB/p65 through
greater activation of IKKα and degradation of IκBα proteins.

We were also interested in the effects of UVB radiation on proinflammatory cytokine secretion
and whether it has any association with obesity. Our rationale was based on the fact that
cytokines stimulate monocytes/macrophages and neutrophils to produce reactive oxygen/
nitrogen species [35]. It was observed that obese mice were more sensitive to UVB-induced
increases in the synthesis or release of proinflammatory cytokines, such as TNF-α, IL-1-β and
IL-6, in the blood serum than the wild-type mice. The presence of higher concentrations of
proinflammatory cytokines in UVB-exposed obese mice may be responsible for the increased
oxidative stress in these mice; however, further studies are required to address this issue.

In summary, our data suggest that obesity in mice makes the skin more susceptible to UVB-
induced: (i) oxidative stress, (ii) photo-oxidative damage of macromolecules, such as lipids
and proteins, (iii) activation of MAPK and NF-κB signaling pathways, and that (iv) UVB-
induced enhanced phosphorylation of MAPK proteins and NF-κB activation in mice appears
to be mediated through the inhibition or inactivation of MAP kinase phosphatases in the skin.
To the best of our knowledge, it is the first study that reports that obese mice are susceptible
to UVB-induced oxidative stress. Further in vivo mechanism-based studies are required to
examine whether obese mice are also more susceptible to photocarcinogenesis and/or
photoaging than non-obese mice.
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Figure 1.
Comparative differences in mean body weight and consumption of diet/animal/day between
leptin-deficient (obese mice) and their wild-types (WT). A, Body weight was measured on
weekly basis and plotted against the period in weeks as mean values from 20 mice in each
treatment group. B, Diet consumption in grams per animal per day was recorded in all the
treatment groups for at least 30 days. Data are presented as the mean of diet consumption in
g/animal/day ± SD. n=20. Significant difference versus wild-types, *p<0.001; †p<0.01
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Figure 2.
Chronic exposure of mice to UVB irradiation induces depletion of antioxidant defense enzymes
in the skin. Mice were irradiated with UVB (120 mJ/cm2) on alternate days for one month, and
sacrificed 24 h after the last UVB exposure. Skin samples were collected and cytosolic fractions
were used for the analysis of antioxidant enzymes, as described in Materials and methods. Data
are presented as mean ± SD, n=5.
Significant decrease compared to wild-types, *p<0.005; ¶p<0.01
Significant difference versus non-UVB-exposed control animals, †p<0.001; §p<0.01.
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Figure 3.
Chronic exposure of Lepob/Lepob mice to UVB results in greater leukocyte infiltration, and
higher levels of MPO and hydrogen peroxide production than observed in UVB-irradiated
wild-type (C57BL/6) mice. Mice were exposed to UVB on alternate days for one month and
sacrificed 24 h after the last UVB exposure. Skin samples were collected and frozen in OCT
under liquid nitrogen. A, UVB-induced edema and leukocyte infiltration was higher in
Lepob/Lepob mice than wild-type mice. The paraffin-embedded skin samples (5 μm thick) were
processed for routine H & E staining following a standard protocol. Magnification, x40; n=5.
B, MPO was determined as a marker of UVB-induced tissue infiltration. The levels of UVB-
induced MPO were greater in Lepob/Lepob mice compared to their wild-type counterparts. Data
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were reported as mean ± SD, n=5. Significant difference versus controls (non-UVB
exposed), ¶p<0.01. Significant difference versus UVB-exposed wild-type, *p<0.05. C, The 5
μm thick sections of frozen skin samples were analyzed for UVB-induced H2O2 production
following immunohistochemistry, as described in Materials and methods. The immunostaining
intensity and the number of UVB-induced H2O2-positive cells appear dark brown. n=5,
magnification, x40. Representative examples of micrographs of staining figures are shown
from experiments conducted in skin samples from 5 mice that had identical patterns.

Katiyar and Meeran Page 18

Free Radic Biol Med. Author manuscript; available in PMC 2007 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Obese mice are susceptible to UVB-induced oxidative stress. Obese and wild-type mice were
exposed to UVB as described in Figure 2, sacrificed and skin samples were collected. Cytosolic
fractions were used for determination of nitric oxide in the form of stable nitrite, and the
microsomal fraction was used for the analysis of LPO. Skin lysates were used for the analysis
of protein oxidation using OxyBlot™ Protein Oxidation Detection Kit. A, The concentration
of UVB-induced nitrite was higher in the skin of obese mice than wild-type (C57BL/6) mice.
The data are expressed as mean± SD, n=5. B, LPO is expressed in terms of nmol/mg protein
and the data are presented as the mean ± SD from three independent experiments, n=5. C, UVB
exposure increases the formation of protein carbonyls, a marker of oxidized proteins. Data are
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expressed in terms of per cent of control and as mean ± SD. D, UVB-irradiation increases the
oxidation of proteins compared to non-UVB-exposed mice. Relative intensity of various
oxidized proteins in different treatment groups is visible by the thickness or darkness of the
bands. Experiments were conducted and repeated separately in five animals, and a
representative blot is shown with similar pattern. The equivalent protein loading was confirmed
by probing stripped blots for β-actin.
*Significant difference versus UVB-exposed WT mice, p<0.01
†Significant difference versus non-UVB exposed control WT mice, p<0.005
¶Significant difference versus non-UVB-exposed control Lepob/Lepob mice, p<0.001
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Figure 5.
Obese mice are more susceptible to UVB-induced phosphorylation of MAPK protein than
wild-type mice. Chronic exposure of mice to UVB induces phosphorylation of ERK1/2 (A),
JNK (B) and p38 (C) proteins of MAPK family, and induces inactivation of ERK1/2, JNK and
p38 MAP kinase phosphatases (D). Mice were treated as described in Figure 2. Skin lysates
were prepared to determine the phosphorylated and total protein levels of ERK1/2, JNK and
p38, and the levels of ERK, JNK and p38 MAP kinase phosphatases using western blot analysis.
A representative blot is shown from three independent experiments with identical observations,
and equivalent protein loading was confirmed by probing stripped blots for β-actin as shown.
The relative density of each band in pMAPK immunoblots are shown in terms of the ratio of
the band densities of respective MAPK immunoblots. The densitometry value in case of total
MAPK protein was assigned the value 1 (arbitrary unit).
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Figure 6.
Chronic exposure of mice to UVB induces activation of NF-κB and IKKα, and degradation of
IκBα. The activation of NF-κB (A), IKKα (B) or degradation of IκBα (C) was determined using
western blot analysis. A representative blot is shown from three independent experiments with
almost identical observations. Equivalent protein loading was confirmed by probing stripped
blots for β-actin as shown. The relative density (arbitrary) of each band after normalization for
β-actin is shown under each immunoblot.
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Figure 7.
Chronic exposure of mice to UVB increases the levels of pro-inflammatory cytokines in blood
serum of mice. Mice were exposed to UVB as detailed in Figure 2. At the termination of the
experiment, mice were sacrificed, blood serum obtained and the levels of TNF-α, IL-1β, IL-6
and IL-10 determined using ELISA. Multi-fold increases in these cytokines were observed
after UVB irradiation compared to non-UVB-exposed animals. The concentration of each
cytokine is reported in terms of pg/mg protein as a mean ±SD, n=5. Significant increases in
TNF-α (*p<0.005), IL-6 (*p<0.005) and IL-1β (¶p<0.01) in UVB-exposed Lepob/Lepob versus
UVB-exposed wild-type counterparts.
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Table 1
The comparative analysis of body weight, lean and fat mass in obese (Lepob/Lepob) and wild-type (C57BL/6)
micea.

Treatment group Body weight Lean (g) Fat mass (g) % Body fat

Wild-type 22±2 17.9±0.8 4.1±0.5 18.6
Lepob/Lepob 60±5b 24.1±2.4c 35.3±3.1 58.8b

a
Mice were given Purina chow diet and water ad libitum for 22 weeks. At the end of the experiment, mice were sacrificed and subjected to dual-energy

X-ray absorptiometry analysis. The resultant data were compared between obese and their wild-type counterparts. n=20.

b
Highly significant difference versus wild-types, p<0.001

c
Significant difference versus wild-types, p<0.01
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