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Abstract: Susceptibility to photoimmune suppression and photocarcinogenesis is greater in male
than in female humans and mice and is exacerbated in female estrogen receptor-beta knockout
(ER-β−/−) mice. We previously reported that the active vitamin D hormone, 1,25-dihydroxyvitamin
D3 (1,25(OH)2D), applied topically protects against the ultraviolet radiation (UV) induction of cu-
taneous cyclobutane pyrimidine dimers (CPDs) and the suppression of contact hypersensitivity
(CHS) in female mice. Here, we compare these responses in female versus male Skh:hr1 mice, in
ER-β−/−/−− versus wild-type C57BL/6 mice, and in female ER-blockaded Skh:hr1 mice. The in-
duction of CPDs was significantly greater in male than female Skh:hr1 mice and was more effectively
reduced by 1,25(OH)2D in female Skh:hr1 and C57BL/6 mice than in male Skh:hr1 or ER-β−/− mice,
respectively. This correlated with the reduced sunburn inflammation due to 1,25(OH)2D in female
but not male Skh:hr1 mice. Furthermore, although 1,25(OH)2D alone dose-dependently suppressed
basal CHS responses in male Skh:hr1 and ER-β−/− mice, UV-induced immunosuppression was
universally observed. In female Skh:hr1 and C57BL/6 mice, the immunosuppression was decreased
by 1,25(OH)2D dose-dependently, but not in male Skh:hr1, ER-β−/−, or ER-blockaded mice. These
results reveal a sex bias in genetic, inflammatory, and immune photoprotection by 1,25(OH)2D
favoring female mice that is dependent on the presence of ER-β.

Keywords: 1α,25-dihydroxyvitaminD3; photoprotection; DNA damage; cyclobutane pyrimidine
dimers; edema; photoimmune suppression; female vs. male mice; ER-β knockout

1. Introduction

Although vitamin D is best known for its actions in increasing gut calcium absorption
to facilitate bone and muscle function [1], there are vitamin D receptors (VDR) in virtually
all nucleated cells [2], and vitamin D metabolites have effects in many other systems,
including cardiovascular effects on blood pressure and endothelial function [3]; effects
on the immune system, including anti-inflammatory effects [4]; and some anti-cancer
actions [1]. There is some evidence to suggest that the activation of the vitamin D system
in skin plays a protective role in skin cancers [5,6].

The major risk factors for skin carcinogenesis induced by ultraviolet radiation (UV) ex-
posure are unrepaired pre-mutagenic DNA damage, characterized primarily by the cyclobu-
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tane pyrimidine dimer (CPD); the upregulation of reactive oxygen and nitrogen species;
and the release of anti-inflammatory cytokines that, together with DNA damage, mediate
immunosuppression [7–11]. Experimental evidence suggests that 1,25-dihydroxyvitamin
D3 (1,25(OH)2D), which is synthesized in skin after sunlight exposure [12,13], acts physio-
logically to protect skin from UV photodamage [14,15]. We and others have shown that
solar-simulated UV (SSUV)-induced DNA damage, including CPDs, was reduced after top-
ical treatment with 1,25(OH)2D or related analogs in Skh:hr1 mice and humans [6,16–22].
Furthermore, the severity of both the suppression of contact hypersensitivity (CHS) and
of photocarcinogenesis induced in mice by SSUV was reduced by topical vitamin D com-
pounds [6,23,24]. These observations are consistent with the reported inhibition of chemical
carcinogenesis by vitamin D [25,26] and the exacerbation of photocarcinogenesis in vitamin
D receptor (VDR) knockout mice [27].

Both the VDR and estrogen receptor-β (ER-β) are expressed in skin, and there is
evidence that both contribute to photoprotection [27,28]. Increased male susceptibility for
UV-induced immunosuppression has been reported in both mice [29] and humans [30], and
for photocarcinogenesis in mice [31], findings that are consistent with the greater incidence
and mortality reported for skin cancer in men [32,33]. Topical treatment with 17β-estradiol
or the phytoestrogenic isoflavone equol protected human subjects [34] and mice against
photoimmune suppression, reversed in mice by the ER antagonist ICI 182,780 [35,36],
and against photocarcinogenesis [37], indicating an ER signaling involvement. The non-
classical ER-β was implicated by the exacerbated photoimmune suppression and enhanced
tumor growth observed in ER-β−/− mice compared with wild-type mice [38,39].

As ER-β signaling upregulates the expression of the VDR [40], it is likely that there is
some interaction between the photoprotective pathways of 1,25(OH)2D and ER-β. In our
previous studies, the protective effect of 1,25(OH)2D against photoimmune suppression
was demonstrated in female Skh:hr1 mice but was not examined in males because of
the likelihood of fighting, which could otherwise induce skin damage artifacts. Here we
propose that there is a sex-related modulation of the 1,25(OH)2D protective effect. We
tested this in female and male Skh:hr1 mice, which lack ER-α receptors in the skin [36,38]
and examined a potential mechanism by also studying protection from UV-induced DNA
damage and immune suppression by 1,25(OH)2D in two further models: in female ER-β
knockout and wild-type C57BL/6 mice and in Skh:hr1 female mice treated with the ER
antagonist ICI 182,780.

2. Results
2.1. Effect of 1,25(OH)2D on Photoprotection against CPDs in Female and Male Skh:hr1 Mice

Figure 1a shows the immunohistochemical CPD-positive-stained nuclei in the epi-
dermis at 3 h post-SSUV, with and without 23 pmol/cm2 of 1,25(OH)2D treatment. CPD
immunostaining was below measurable levels in unirradiated skin, but was apparent in all
irradiated samples and was significantly greater in vehicle-treated male mice (10.5 ± 1.2%)
than in females (5.3 ± 0.7%; p < 0.001) (Figure 1b). Moreover, although the CPD staining
was significantly reduced by topical 1,25(OH)2D in all groups (p < 0.001), the reduction was
significantly more effective in female than in male mice (p < 0.001). Thus, the percentage
protection against CPDs in female mice was 77 ± 0.4%, 95 ± 1.3%, and 99 ± 0.3% after
topical treatment with 4.6, 23, and 46 pmol/cm2 1,25(OH)2D, respectively, but in male
mice this was reduced to 36 ± 0.1%, 80 ± 0.3%, and 94 ± 1.0% protection, respectively,
after these doses of 1,25(OH)2D (Table 1). These results demonstrate that photoprotection
against CPDs by 1,25(OH)2D was reduced in males compared to females treated with the
same concentration of 1,25(OH)2D, with the protection in males being greatest at the higher
doses of 1,25(OH)2D.
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2.2. Effect of ER Blockade on 1,25(OH)2D Photoprotection against CPDs in Female
Skh:hr1 Mice

Skh:hr1 female mice express only ER-β but not ER-α in the epidermis, while Skh:hr1
male mice do not express any ER in the epidermis [38]. In order to test whether these
male–female differences were dependent on the activity of the ER-β, we treated female
Skh:hr1 mice, which do not express ER-α in the epidermis [38], for two weeks with
the ER signaling inhibitor ICI 182,780). At 3 h post-SSUV, the relative CPD-positive
nuclear staining was not significantly different in mice treated with vehicle alone or ICI
182,780 (100 ± 20% and 90 ± 5%, Table 1b). However, the reduction in CPD staining
by 4.6, 23, and 46 pmol/cm2 1,25(OH)2D was again highly significant (p < 0.001) and
apparently dose-dependent, although this was not significant, at 81 ± 29%, 84 ± 19%,
and 94 ± 23% protection, respectively. This protection against CPDs by 1,25(OH)2D was
slightly, though not significantly, decreased by ICI 182,780 to 73 ± 19%, 74 ± 17%, and
74 ± 17%, respectively, but the role of ER-β could not be confirmed.

2.3. Effect of 1,25(OH)2D on SSUV-Induced CPDs in ER-β−/−Mice

SSUV induced a slightly but not significantly greater relative percentage of CPD-
positive nuclear staining in ER-β−/−mice (125.7 ± 14.3%) than in wild-type C57BL/6 mice
(100 ± 8.6%) (Table 1c). Topical 1,25(OH)2D at 23 pmol/cm2 significantly reduced the pro-
portion of CPD staining in both ER-β−/− (68.6 ± 8.6%) and C57BL/6 mice (34.3 ± 2.9%),
resulting in 44 ± 6% and 66 ± 8% protection, respectively (p < 0.05). This indicated that
the photoprotection against CPDs was significantly reduced in ER-β−/−mice by 22 ± 3%
(p < 0.05) compared to wild-type mice.

2.4. Effect of SSUV on Sunburn Cells in Female and Male Skh:hr1 Mice

The apoptotic keratinocytes (sunburn cell) numbers (in cells per linear millimeter
as means ± SEM) were increased to the same extent in female and male Skh:hr1 mice
from fewer than 2 sunburn cells/mm to 12.4 ±1.4 in female mice and 11.7 ± 4.3 in male
mice. The reduction in sunburn cell numbers after topical 1,25(OH)2D was not significantly
different between the sexes—7.1 ±1.3 in females and 4.5 ± 1.0 in males.
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Figure 1. Protection against CPDs at 3 h post-SSUV by 1,25(OH)2D in female and male Skh:hr1 mice. Mice were exposed 
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1,25(OH)2D (23 pmol/cm2), stained immunohistochemically for CPD-positive nuclei. (b) Quantitation of the average per-
centage epidermal CPD-positive nuclear staining (n = 3 mice, 9 sections per group) following SSUV + vehicle or 
1,25(OH)2D (4.6, 23 or 46 pmol/cm2). CPD staining in unirradiated skin was <0.1% positive nuclei. Results are representa-
tive of at least 2 experiments. *** significantly different from vehicle controls, p < 0.001. ###, @@@ significantly different 
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Figure 1. Protection against CPDs at 3 h post-SSUV by 1,25(OH)2D in female and male Skh:hr1 mice. Mice were exposed
to 1 × 2.5 MED of SSUV followed immediately with topical vehicle or 1,25(OH)2D. (a) Skin sections, SSUV + vehicle or
1,25(OH)2D (23 pmol/cm2), stained immunohistochemically for CPD-positive nuclei. (b) Quantitation of the average
percentage epidermal CPD-positive nuclear staining (n = 3 mice, 9 sections per group) following SSUV + vehicle or
1,25(OH)2D (4.6, 23 or 46 pmol/cm2). CPD staining in unirradiated skin was <0.1% positive nuclei. Results are representative
of at least 2 experiments. *** significantly different from vehicle controls, p < 0.001. ###, @@@ significantly different among
each concentration tested in the group, p < 0.001. <<< significantly different between females and males treated with
vehicle, p < 0.001. <<< significantly different between females and males treated with the same concentration of 1,25(OH)2D,
p < 0.001.

Table 1. Relative CPD induction at 3 h post-SSUV exposure. Quantitation of the effect of topical 1,25(OH)2D on CPD
induction, obtained from the image analysis of the percent epidermal nuclear CPD-positive staining, relative to the vehicle
(nil 1,25(OH)2D) in each normal ER functional mouse group. Triplicate images from each of 3 mice per group were analyzed
and the percent protection by 1,25(OH)2D was calculated.

[1,25(OH)2D Dose]
pmol/cm2

Protection
%

Protection
%

A Female Skh:hr1 Mice versus Male Skh:hr1 Mice

0 (vehicle) 100 ± 13.2 198.1± 22.6

4.6 23.6± 5.1 77 ** 126.4 ± 0.9 36 **

23 5.1 ± 1.9 95 39.7 ± 5.7 80

46 1.3 ± 0.2 99 12.3 ± 4.0 94

B Female Skh:hr1 Mice
—ICI 182,780 versus +ICI 182,780

0 (vehicle) 100 ± 20.0 90.0 ± 5.0

4.6 18.5 ± 0.4 81 24.0 ± 3.5 73

23 16.3 ± 1.5 84 23.5 ± 2.0 74

46 5.9 ± 0.8 94 23.5 ± 3.0 74

C Female C57BL/6 Mice versus Female ERβ−/−Mice

0 (vehicle) 100 ± 8.6 125.7 ± 14.3

23 34.3 ± 2.9 66 * 68.6 ± 8.6 45 *

* significantly different, p < 0.05; ** significantly different, p < 0.001.
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2.5. Effect of 1,25(OH)2D on SSUV-Induced Inflammatory Edema in Female and Male
Skh:hr1 Mice

Since erythema in the hairless mouse is difficult to observe, swelling of the skin,
edema, is the method by which an inflammatory reaction can be quantitated [41]. In female
mice, edema indicated by mid-dorsal skinfold thickness increased acutely, peaking at day
3 following the initial SSUV exposure, then decreasing rapidly by day 5 (Figure 2). In
male mice, the skinfold thickness increased more gradually, was significantly less at day
3 (p < 0.001) than in females, reached a maximum on day 4, then decreased more slowly.
Treatment with 23 pmol/cm2 1,25(OH)2D significantly reduced the skinfold thickness in
female mice from day 2 to day 4 compared to the vehicle-treated controls (p < 0.05), but
the skinfold thickness did not respond to 1,25(OH)2D in male mice, suggesting that the
anti-inflammatory activity of 1,25(OH)2D is ER-β-mediated.
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Figure 2. Protection against SSUV-induced inflammatory edema by 1,25(OH)2D in female and male Skh:hr1 mice. Mice
(n = 5 per group) were exposed to 1 MED of SSUV for 3 consecutive days followed daily with topical vehicle, or 1,25(OH)2D
(23 pmol/cm2). Average daily dorsal skinfold measurements ± SEM indicate edema compared to non-irradiated skinfold
thickness. The data are representative of two independent experiments. *** matching symbols indicate statistically significant
differences, p < 0.001.

2.6. Effect of 1,25(OH)2D Alone on Basal CHS in Male and Female Skh:hr1 Mice

Since 1,25(OH)2D alone has been shown to be immunosuppressive in some mouse
studies [42] and in humans [18], the effect on CHS of increasing doses of 1,25(OH)2D alone
was assessed (Figure 3a). CHS was measured by the amount of ear swelling after oxazalone
challenge, as described in Section 4.6, with greater ear swelling indicating a more robust
immune response. In each of the figures below, the mean value for ear swelling for the five
mice in each group is shown. The basal CHS reaction in vehicle-treated female and male
mice was not significantly different (30.7 ± 0.05 and 28.4 ± 0.05 mm × 0.01, respectively).
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Topical 1,25(OH)2D was innocuous at 23 pmol/cm2 in females, although 46 pmol/cm2

resulted in a 25% suppression (p < 0.05). In contrast, in males there was a 14% suppression
of CHS (p < 0.001) by 23 pmol/cm2 1,25(OH)2D, which increased to 50% suppression
by 46 pmol/cm2 1,25(OH)2D (p < 0.001). Thus, the propensity for 1,25(OH)2D alone to
suppress CHS was found to be dose-dependent and significantly more severe in males
than in females.

2.7. Effect of 1,25(OH)2D on Photoimmune Suppression in Female and Male Skh:hr1 Mice

Whereas the basal CHS responses in unirradiated male and female mice again did not
differ, exposure to 1 × 2.5 MED SSUV with vehicle was slightly although not significantly
more immunosuppressive in male mice (51% suppression) than in females (40% suppres-
sion) (Figure 3b). In females, the application of 23 pmol/cm2 1,25(OH)2D, though not
immunosuppressive alone, significantly reduced the photoimmune suppression from 40%
to 23% (p < 0.05). In males, already 33% immunosuppressed (p < 0.01) by the 1,25(OH)2D
treatment alone, there was additional suppression after SSUV to 51% with vehicle and
74% suppression in the presence of 23 pmol/cm2 1,25(OH)2D (p < 0.001 vs. SSUV-vehicle).
Thus, topical 1,25(OH)2D protected against photoimmune suppression in female mice
(p < 0.05) but exacerbated photoimmune suppression in male mice (Figure 3b), consistent
with a role for estrogenic pathways in mediating photoimmune protection by 1,25(OH)2D.

2.8. Effect of ER-β Signalling Blockade on Photoimmune Protection by 1,25(OH)2D in Female
Skh:hr1 Mice

The ER antagonist ICI 182,780 alone was slightly but not significantly immunosuppres-
sive. SSUV significantly suppressed CHS similarly in both vehicle-treated (24% suppres-
sion) and ICI 182,780 pre-treated (18% suppression) mice (Figure 4). Topical 23 pmol/cm2

of 1,25(OH)2D again effectively reduced the photoimmune suppression to only 7 ± 0.6%
(p < 0.001). However, ICI 182,780 abolished the protection by 1,25(OH)2D and CHS re-
mained 23 ± 0.4% suppressed (p < 0.01). Thus, the pharmacological blockade of ER
signaling prevented the photoimmune protective effect of topical 1,25(OH)2D, supporting
the role of ER signaling in this process.
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2.9. Effect of Genetic Deletion of ER-β on Photoimmune Protection by 1,25(OH)2D

In C57BL/6 female mice (Figure 5a), increasing the doses of topical 1,25(OH)2D alone
did not significantly alter the CHS response (unlike Skh:hr1 females). SSUV exposure
suppressed CHS in vehicle-treated mice by 42%, but increasing the concentrations of
1,25(OH)2D, from 0.46, 4.6, 23.0, and 46 pmol/cm2 reduced the photoimmune suppression
to 17%, 11%, −2%, and 6%, respectively. However, in ER-β−/− mice (Figure 5b) increasing
the doses of 1,25(OH)2D alone appeared to suppress CHS, which was significant at the
highest dose, 46 pmol/cm2 (p < 0.001). A similar degree of CHS suppression was observed
after SSUV in vehicle-treated mice (37% suppression) as in the C57BL/6 mice, but the
ER-β−/− mice treated with topical 1,25(OH)2D at 0.46 and 4.6 pmol/cm2 remained
strongly immunosuppressed after SSUV exposure (33 and 31%), and only at 23 pmol/cm2

1,25(OH)2D (18% suppression) and 46 pmol/cm2 (8% suppression) was there evidence of
some photoimmune protection.
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Figure 5. The effect of 1,25(OH)2D on the CHS reaction to oxazolone in female C57BL/6 wild-type and ER-β−/− mice.
Mice (n = 5 per group) were exposed to 1 × 2.5 MED of SSUV (or not) and treated topically immediately with vehicle
or 1,25(OH)2D (0.46, 4.6, 23, or 46 pmol/cm2. They were sensitized one week later, then challenged after a further week.
Ear swelling was measured 18 h post-challenge. (a) Mean ear swelling in non-irradiated and SSUV-irradiated C57BL/6
wild-type mice. *** significantly different from relevant non-UV control p < 0.001. ### from UV vehicle p < 0.001; # p < 0.05.
(b) Mean ear swelling in non-irradiated and SSUV-irradiated ER-β−/− mice. Data are representative of two independent
experiments. *** significantly different from relative non-UV group p < 0.001; ### from UV vehicle p < 0.001; ## p < 0.01.
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3. Discussion

These studies have probed the sex dependence of the responses of SSUV-irradiated
mouse skin to topical 1,25(OH)2D applications. We have utilized the models of male versus
female Skh:hr1 hairless mice, and, based on the published evidence of a photoprotective
role for ER signaling specifically by ER-β, we have also examined the effects of the pharma-
cological blockade of the ER in female hairless mice and of the genetic deletion of the ER-β
in female haired mice. A predilection for SSUV-induced DNA damage in the form of CPDs
was observed in both male Skh:hr1 and female ER-β−/− mice that was dose-dependently
reduced by topical 1,25(OH)2D. The higher doses for protection needed in male mice than
in females were consistent with a dependence on estrogenic signaling, but significantly
elevated CPD staining persisted in the epidermis of male and ER-β−/− mice. As the CPD,
the major pre-mutagenic UV-induced DNA lesion is associated with immunosuppression
and photocarcinogenesis [7,11,43]; our results are consistent with a sex bias reported by
others in chronic UVB-induced photocarcinogenesis in Skh:hr1 mice. This revealed male
mice to be at greater photocarcinogenic risk, accompanied by increased DNA damage
measured as oxidative lesions [31]. In support, ovariectomized female mice were found to
be equally susceptible to basal and squamous cell carcinomas as males [44].

Interestingly, although we observed increased rates of SSUV-induced DNA damage in
male Skh:hr1 and in female ER-β−/− mice, followed by inhibited protection against CPD
induction by topical 1,25(OH)2D, the treatment of Skh:hr1 females with the ER antagonist
did not affect either the induction of CPDs by SSUV, nor provide significant evidence of
inhibited protection by 1,25(OH)2D. In contrast, while the ER antagonist had no significant
effect on the CHS response in Skh:hr1 females, it abrogated the immunoprotective effect
of topical 1,25(OH)2D, similarly to the inhibited 1,25(OH)2D photoimmune protection
in ER-β−/− mice. These contrary responses suggest that when the total ER expression
is blocked, 1,25(OH)2D is unable to protect against CPDs, perhaps indicating that the
major ER, ER-α, may contribute particularly in DNA protection by 1,25(OH)2D, but not
necessarily in immune protection.

In addition, we observed sex-dependent differences in SSUV-induced inflammation
in Skh:hr1 mice, with females developing a significantly greater but faster resolving edema
in the irradiated skin than males, consistent with other reports [29]. The novel finding here
was the inability of topical 1,25(OH)2D to ameliorate the progression of the inflammation
in male mice, whereas topical 1,25(OH)2D caused a significant reduction in the edema
in females. Other studies have shown that 1,25(OH)2D reduces the UV-induced pro-
inflammatory cytokines interleukin (IL)-6 [45,46] and IL-12 [47,48], and thus may convert
a pro-inflammatory to an anti-inflammatory state [49,50]. Cytokine responses to UV,
however, are also affected by sex-related factors—for example, the enhanced UV induction
of anti-inflammatory IL-10 or the reduced induction of pro-inflammatory IL-12 in ER-
β−/− mice [38], suggesting this may modify photoprotection by 1,25(OH)2D against
inflammation as well as immune function.

Our assessment of the effect of 1,25(OH)2D on SSUV-suppressed CHS reactions was
complicated by the evidence that topical 1,25(OH)2D alone could suppress CHS and that
this suppression was dose-dependently more severe in male than female Skh:hr1 mice and
was also apparent in ER-β −/− mice, although not in female wild-type C57BL/6 mice.
Others have reported that vitamin D compounds alone suppress T-helper type 1 (Th1)
pro-inflammatory responses, modify cytokine expression patterns, induce the activation of
Treg cells [42,51], inhibit antigen presenting cell maturation and function [18], and promote
IL-10 release from cutaneous mast cells [52]. To explore how vitamin D might be both pho-
toimmune protective and itself immunosuppressive, we tested a range of topical dosages
of 1,25(OH)2D alone and demonstrated a basal dose-dependent immunosuppression in
Skh:hr1 males at markedly lower concentrations than in females, and in ER-β−/− mice,
but not in wild-type controls. We therefore conclude that immunosuppression by topical
1,25(OH)2D alone is both dose- and sex-dependent in mice, facts that could be confirmed
in future studies by analyzing the inflammatory infiltrate for sex-dependent differences



Int. J. Mol. Sci. 2021, 22, 1962 10 of 15

in SSUV-induced Treg cell populations using a broad range of 1,25(OH)2D doses. Since
the VDR is present in various types of immune cells, immune responses are likely to be
responsive to 1,25(OH)2D produced locally in the skin and to affect the CHS reaction.

We confirmed that CHS was more severely suppressed by SSUV in male than female
Skh:hr1 mice [29], in agreement with the exacerbated suppression of CHS by UVB radiation
reported by others in these male mice [53]; in female ER-β−/−mice associated with
increased UVB-upregulated epidermal IL-10 [38]; and, in human subjects, males being
more susceptible to photoimmune suppression than females [30].

Using a dose of 1,25(OH)2D that alone was innocuous in female mice but moderately
immunosuppressive in Skh:hr1 males, we observed a significant attenuation of photoim-
mune suppression in female Skh:hr1 and C57BL/6 mice; in contrast, we observed the
absence of this immune protection in female Skh:hr1 mice treated with the ER antagonist
and in male Skh:hr1 and in ER-β−/−mice. In male Skh:hr1 mice, there was even a strong
exacerbation by 1,25(OH)2D of the basally suppressed CHS reaction. These results are
consistent with the ER-β playing a critical role in mediating photoprotection by topical
1,25(OH)2D.

Protection from UV-induced DNA damage by 1,25(OH)2D seems to require the pres-
ence of both the VDR and ERp57 (endoplasmic reticulum protein 57) [54]. The mechanisms
involve an increase in p53 expression [22,24], the increased expression of NRf2 target genes
in anti-oxidant pathways [22], and increased energy availability for DNA repair [14]. There
is evidence of an association between the photoprotective pathways of 1,25(OH)2D and
ER-β. Previous studies show that ER-β signaling upregulates the expression of VDR [40].
The natural ER ligand, 17β-estradiol, regulates the transcription and expression of the VDR
in vivo [55,56] and in vitro [57] by binding to the ER-β and upregulating signal transduc-
tion through extracellular signal-regulated kinase (ERK) 1/2 and the activator protein 1
(AP-1) site in the VDR promoter [57]. In addition, the inhibition of estrogen synthesis and
signaling by 1,25(OH)2D and its anti-inflammatory actions have been shown to be clinically
crucial for inhibiting ER-positive breast cancer by reducing the levels of inflammatory
prostaglandins and decreasing estradiol synthesis by aromatase selectively in breast cancer
cells [58]. Furthermore, an inverse correlation of phytoestrogen consumption with colon
tumor incidence was suggested to be a consequence of the enhanced colonic synthesis of
1,25(OH)2D [59]. Interestingly, a recent report shows that the serum 25-hydoxyvitamin
D (25(OH)D) levels were significantly increased in vitamin D3-deficient female but not
in deficient male mice after UV exposure, and were nevertheless immunosuppressed by
erythemal UV irradiation [60]. These findings further emphasize the possible correlation
between 1,25(OH)2D and ER-β in photoprotection. A similar immunological synergy be-
tween 1,25(OH)2D and the natural ligand 17β-estradiol has been observed in humans [61].

SSUV damage was clearly worse in male than in female mice, as appears to be the case
for humans [30,32,33]. If vitamin D-derived compounds are ever used in topical sunscreens
or after-sun lotions, to add biological enhancement to the physical barriers, the potentially
higher concentrations needed for males may need to be considered.

4. Materials and Methods
4.1. Mice

These studies were approved by the Animal Ethics Committee of the University of
Sydney (Protocol numbers K22/1-2011/3/5457—12 January 2011); 2015/794—1 May 2015).
Age-matched groups of inbred male and female Skh:hr1 and female C57BL/6 mice were
obtained from the University of Sydney Veterinary Science breeding colony at 9–12 weeks
of age. A breeding nucleus of ER-β knockout mice on the C57BL/6 genetic background
(homozygous ER-β−/− males mated with heterozygous ER-β +/− females) was obtained
from the Jackson Laboratory (Bar Harbour, MA); the genotyping of the offspring provided
the ER-β −/− female mice, also at 9–12 weeks of age. The mice were housed in groups of
3–5 in conventional wire-topped plastic boxes on compressed paper bedding (Fibrecycle
Pty. Ltd., Mudgeeraba, QLD, Australia) at an ambient temperature of 25 ◦C under gold
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lighting (F40GO tubes, General Electric Co., Hobart, TAS, Australia) that does not emit
UV, and fed stock rodent pellets (Gordons Specialty Stockfeeds, Yanderra, NSW, Australia)
and tap water ad libitum. Because of their propensity to fight and bite, Skh:hr1 male mice
remained housed with their original weaned male littermates throughout the experiments,
and were not included if there were signs of skin damage. Haired mice were shaved with
electric clippers (Oster, Milwaukee, WI, USA) at least 24 h before UV irradiation and were
included in experiments while in the resting phase of hair growth (telogen ink skin).

4.2. UV Irradiation

The source of solar simulated UV radiation (SSUV; 290–400 nm) comprised of a bank
of one central UVB (Philips TL40W 12/RS, Eindhoven, The Netherlands) and 6 UVA
(Hitachi 40 W F40T 10/BL, Tokyo, Japan) fluorescent tubes, filtered through cellulose
acetate sheeting (Grafix Plastics, Cleveland, OH, USA) as previously described [62,63].
Experiments were performed in a specially designed room with yellow fluorescent lights,
which do not emit UV. Fluence was measured using a calibrated International Light IL1500
radiometer (Newburyport, MA, USA). The minimum erythemal dose (MED) of SSUV for
female Skh:hr1 mice, measured by the mid-dorsal edema response at 24 h, was previously
established as 1.33 kJ m−2 UVB and 23.7 kJ m−2 of UVA [62], and is approximately twice
this for shaved pigmented haired mice. Groups of mice were exposed on the dorsum,
unrestrained in their boxes with the wire tops removed, to either a single dose of 2.5 MED,
or 3 repeated daily doses of 1 MED of SSUV as noted in the figure legends. C57BL/6 mice
received 5 hairless mouse MEDs which is equivalent to 2.5 MEDs on Oster-clipped hairy
skin, because of the residual fine stubble.

4.3. Immunohistochemical Detection of CPDs and Image Analysis

Mid-dorsal skin biopsies were collected at 3 h post-SSUV exposure, fixed in Histo-
choice (Amresco, Solon, OH, USA) for 6 h, processed in an automated ethanol-formalin
system, and wax-embedded. Sections (4 µm) were stained with mouse monoclonal IgG1
λ anti-thymine dimer antibody H3 (Affitech, Oslo, Norway), together with the Animal
Research Kit (Dako, Glostrup, Denmark), as previously described (Dixon et al., 2011). To
control for specificity of the primary antibodies an isotype control at the same protein
concentration was used, which resulted in no staining. Triplicate images from each of
3 mice per group were captured using Nikon Eclipse E800 microscope (Nikon Instruments
Inc., Minato City, Japan) with Leica software (version 3.1.0 Leica Geosystems, Heerbrugg,
St.Gallen, Switzerland) and analysed using Metamorph software (version 7.7, Molecular
Devices, San Jose, CA, USA) to quantify the percentage of thymine dimer-positive nuclear
staining in the selected area of epidermis, calculated by the formula: [1-(mean percent
nuclear staining in SSUV with 1,25(OH)2D/mean percent nuclear staining in SSUV with
vehicle) × 100] [64]. The percentage protection was calculated relative to the control SSUV
treatment without 1,25(OH)2D. Thymine dimers, the commonest type of CPD, are cor-
related with other types of CPD [65]. We have previously shown that CPD results by
immunohistochemistry and image analysis are very similar to those obtained using the
T4N5 endonuclease detection of CPD, followed by Comet assay [19,21].

4.4. Sunburn Cells

Although sunburn cells are normally maximal around 24 h after SSUV exposure, they
are readily detected at 3 h [66]. The use of skin sections at 3 h for sunburn cells as well as
CPD, reduced the numbers of mice used in experiments, as mandated by the University
of Sydney Animal Ethics Committee. Sections were rehydrated through graded alcohols
and routine haematoxylin and eosin staining was carried out by Veterinary Pathology
Diagnostic Service (University of Sydney). Sunburn cells were visualized as apoptotic
keratinocytes with shrunken, elongated nuclei. The stained sections were examined under
a Zeiss-Axioscan light microscope at 20× magnification, and the number of sunburn cells
per linear millimeter of skin section was recorded as previously described [24].
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4.5. The Inflammatory Edema Response

The inflammatory response to UV irradiation was recorded by measuring the mid-
dorsal skin thickness of each mouse using a spring micrometer (Interrapid, Zurich, Switzer-
land). Control measurements were taken prior to irradiation and every 24 h following
irradiation for 7 days or until levels returned to control levels. Haired mice were shaved
prior to recording skin measurements and allowed to rest for several hours to prevent
any inflammatory responses due to the shaving. The change in skin fold thickness was
calculated by subtracting the pre-irradiation control values for each individual mouse.

4.6. Induction of Contact Hypersensitivity (CHS)

Groups of 5 mice were irradiated with either a single UV exposure or 3 consecutive
daily UV exposures and treated topically, whereas control mice were treated but not
irradiated. A week following UV exposure, all the mice were sensitized by applying 100 µL
of 2% oxazolone (w/v) (Sigma-Aldrich, Castle Hill, NSW, Austalia) in 100% ethanol to the
non-irradiated abdomen skin of each animal, as previously described [67]. Sensitization
was repeated 24 h later to counter possible removal by grooming and to ensure replicable
responses. A fortnight after UV exposure, ear thicknesses were measured using a spring
micrometer before and after a challenge with 5 µL 2% oxazolone in 100% ethanol applied
on each side of both ears (20 µL per mouse). Ear measurements were recorded at 16,
18, and 20 h post challenge to select the optimal experimental time point of maximum
swelling in the vehicle unirradiated control mice. The percent immunosuppression was
calculated at this time point from the differences between the matching unirradiated and
SSUV-irradiated treatments, as previously described [24].

4.7. Topical Treatments

The 1α,25-dihydroxyvitamin D3 (1,25(OH)2D) stock (Cayman Chemical (Ann Arbor,
MI, USA) in spectroscopic-grade ethanol (Merck KGaA, Darmstadt, Germany) was diluted
to provide solutions in a vehicle of ethanol:propylene glycol (Sigma-Aldrich):water in the
ratio of 2:1:1. Vehicle-treated mice were treated exactly the same as 1,25(OH)2D-treated
mice, except for replacing treatment with ethanol. Immediately after irradiation, aliquots
of 100 µL of 1,25(OH)2D or vehicle were applied to the dorsal skin. The complete ER
antagonist ICI 182,780 (Tocris Bioscience, Ellisville, MO, USA) dissolved in acetone was
applied to the dorsal skin in two doses of 5 nmol per week from 2 weeks before SSUV
exposure, avoiding treatment immediately before irradiation to prevent possible screening
effects, and for CHS experiments, continuing twice weekly until contact sensitization.

4.8. Statistical Analysis

The results are expressed as means ± SEM unless otherwise indicated. Coefficients of
variation of the percent photoprotection were calculated using the coefficients of variation
of each mean by the method of Colquhoun [68]. The statistical significance of the differences
between treatment groups was obtained by one-way ANOVA followed by Tukey’s test,
using Graphpad Instat 3.0 (GraphPad Software Inc., San Diego, CA, USA).

5. Conclusions

In conclusion, our study illustrates for the first time the sex bias in the protective
role of topical 1,25(OH)2D against SSUV-induced inflammatory sunburn edema, DNA
damage, and immunosuppression in independent mouse models. The inactivity of es-
trogenic pathways, specifically those regulated by ER-β signaling, significantly reduced
the protective actions of topical 1,25(OH)2D against these critical cutaneous responses
that might otherwise act to protect the skin from the initial steps towards skin cancer
development and correlates with the relative insensitivity to 1,25(OH)2D photoprotection
and greater skin cancer susceptibility known to prevail in the male sex.
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3. Caraba, A.; Crişan, V.; Romoşan, I.; Mozoş, I.; Murariu, M. Vitamin D Status, Disease Activity, and Endothelial Dysfunction in
Early Rheumatoid Arthritis Patients. Dis. Markers 2017, 2017, 1–7. [CrossRef]

4. Prietl, B.; Treiber, G.; Pieber, T.R.; Amrein, K. Vitamin D and Immune Function. Nutrients 2013, 5, 2502–2521. [CrossRef] [PubMed]
5. Mason, R.S.; Reichrath, J. Sunlight vitamin D and skin cancer. Anticancer Agents Med. Chem. 2013, 13, 83–97. [CrossRef]
6. Kim, J.S.; Jung, M.; Yoo, J.; Choi, E.H.; Park, B.C.; Kim, M.H.; Hong, S.P. Protective Effect of Topical Vitamin D3 against

Photocarcinogenesis in a Murine Model. Ann. Derm. 2016, 28, 304–313. [CrossRef]
7. Kripke, M.L.; Cox, P.A.; Alas, L.G.; Yarosh, D.B. Pyrimidine dimers in DNA initiate systemic immunosuppression in UV-irradiated

mice. Proc. Natl. Acad. Sci. USA 1992, 89, 7516–7520. [CrossRef]
8. Nishigori, C.; Yarosh, D.B.; Ullrich, S.E.; Vink, A.A.; Bucana, C.D.; Roza, L.; Kripke, M.L. Evidence that DNA damage triggers

interleukin 10 cytokine production in UV-irradiated murine keratinocytes. Proc. Natl. Acad. Sci. USA 1996, 93, 10354–10359.
[CrossRef]

9. Ullrich, S.E. Mechanisms underlying UV-induced immune suppression. Mutat. Res. 2005, 571, 185–205. [CrossRef]
10. Halliday, G.M. Inflammation, gene mutation and photoimmunosuppression in response to UVR-induced oxidative damage

contributes to photocarcinogenesis. Mutat. Res. Mol. Mech. Mutagen. 2005, 571, 107–120. [CrossRef]
11. Halliday, G.M. Common Links among the Pathways Leading to UV-Induced Immunosuppression. J. Investig. Derm. 2010, 130,

1209–1212. [CrossRef]
12. Bikle, D.D.; Nemanic, M.K.; Whitney, J.O.; Elias, P.W. Neonatal human foreskin keratinocytes produce 1,25-dihydroxyvitamin D3.

Biochem. 1986, 25, 1545–1548. [CrossRef]
13. Lehmann, B.; Genehr, T.; Knuschke, P.; Meurer, M.; Pietzsch, J. UVB-Induced Conversion of 7-Dehydrocholesterol to 1α,25-

Dihydroxyvitamin D3 in an In Vitro Human Skin Equivalent Model. J. Investig. Derm. 2001, 117, 1179–1185. [CrossRef]
14. Rybchyn, M.S.; De Silva, W.G.M.; Sequeira, V.B.; McCarthy, B.Y.; Dilley, A.V.; Dixon, K.M.; Halliday, G.M.; Mason, R.S. Enhanced

Repair of UV-Induced DNA Damage by 1,25-Dihydroxyvitamin D3 in Skin Is Linked to Pathways that Control Cellular Energy. J.
Investig. Derm. 2018, 138, 1146–1156. [CrossRef]

15. De Silva, W.G.M.; Abboud, M.; Yang, C.; Dixon, K.M.; Rybchyn, M.S.; Mason, R.S. Protection from Ultraviolet Damage and
Photocarcinogenesis by Vitamin D Compounds. Adv. Exp. Med. Biol. 2020, 1268, 227–253. [CrossRef]

16. Dixon, K.; Deo, S.; Wong, G.; Slater, M.; Norman, A.; Bishop, J.; Posner, G.; Ishizuka, S.; Halliday, G.; Reeve, V.; et al. Skin cancer
prevention: A possible role of 1,25dihydroxyvitamin D3 and its analogs. J. Steroid Biochem. Mol. Biol. 2005, 97, 137–143. [CrossRef]

17. Gupta, R.; Dixon, K.M.; Deo, S.S.; Holliday, C.J.; Slater, M.; Halliday, G.M.; Reeve, V.E.; Mason, R.S. Photoprotection by 1,25
Dihydroxyvitamin D3 Is Associated with an Increase in p53 and a Decrease in Nitric Oxide Products. J. Investig. Derm. 2007, 127,
707–715. [CrossRef]

18. Damian, D.L.; Kim, Y.J.; Dixon, K.M.; Halliday, G.M.; Javeri, A.; Mason, R.S. Topical calcitriol protects from UV-induced genetic
damage but suppresses cutaneous immunity in humans. Exp. Derm. 2009, 19, e23–e30. [CrossRef] [PubMed]

http://doi.org/10.1210/er.2018-00126
http://www.ncbi.nlm.nih.gov/pubmed/30321335
http://doi.org/10.1038/nrd3318
http://www.ncbi.nlm.nih.gov/pubmed/21119732
http://doi.org/10.1155/2017/5241012
http://doi.org/10.3390/nu5072502
http://www.ncbi.nlm.nih.gov/pubmed/23857223
http://doi.org/10.2174/187152013804487272
http://doi.org/10.5021/ad.2016.28.3.304
http://doi.org/10.1073/pnas.89.16.7516
http://doi.org/10.1073/pnas.93.19.10354
http://doi.org/10.1016/j.mrfmmm.2004.06.059
http://doi.org/10.1016/j.mrfmmm.2004.09.013
http://doi.org/10.1038/jid.2009.374
http://doi.org/10.1021/bi00355a013
http://doi.org/10.1046/j.0022-202x.2001.01538.x
http://doi.org/10.1016/j.jid.2017.11.037
http://doi.org/10.1007/978-3-030-46227-7_12
http://doi.org/10.1016/j.jsbmb.2005.06.006
http://doi.org/10.1038/sj.jid.5700597
http://doi.org/10.1111/j.1600-0625.2009.00955.x
http://www.ncbi.nlm.nih.gov/pubmed/19758324


Int. J. Mol. Sci. 2021, 22, 1962 14 of 15

19. Gordon-Thomson, C.; Gupta, R.; Tongkao-On, W.; Ryan, A.; Halliday, G.M.; Mason, R.S. 1α,25 Dihydroxyvitamin D3 enhances
cellular defences against UV-induced oxidative and other forms of DNA damage in skin. Photochem. Photobiol. Sci. 2012, 11,
1837–1847. [CrossRef] [PubMed]

20. Song, E.J.; Gordon-Thomson, C.; Cole, L.; Stern, H.; Halliday, G.M.; Damian, D.L.; Reeve, V.E.; Mason, R.S. 1α,25-
Dihydroxyvitamin D3 reduces several types of UV-induced DNA damage and contributes to photoprotection. J. Steroid
Biochem. Mol. Biol. 2013, 136, 131–138. [CrossRef] [PubMed]

21. Sequeira, V.B.; Rybchyn, M.S.; Gordon-Thomson, C.; Tongkao-On, W.; Mizwicki, M.T.; Norman, A.W.; Reeve, V.E.; Halliday, G.M.;
Mason, R.S. Opening of Chloride Channels by 1α,25-Dihydroxyvitamin D 3 Contributes to Photoprotection against UVR-Induced
Thymine Dimers in Keratinocytes. J. Investig. Derm. 2013, 133, 776–782. [CrossRef]

22. Chaiprasongsuk, A.; Janjetovic, Z.; Kim, T.-K.; Jarrett, S.G.; D’Orazio, J.A.; Holick, M.F.; Tang, E.K.; Tuckey, R.C.; Panich, U.; Li, W.;
et al. Protective effects of novel derivatives of vitamin D3 and lumisterol against UVB-induced damage in human keratinocytes
involve activation of Nrf2 and p53 defense mechanisms. Redox Biol. 2019, 24, 101206. [CrossRef]

23. Dixon, K.; Deo, S.; Norman, A.; Bishop, J.; Halliday, G.; Reeve, V.; Mason, R. In vivo relevance for photoprotection by the vitamin
D rapid response pathway. J. Steroid Biochem. Mol. Biol. 2007, 103, 451–456. [CrossRef]

24. Dixon, K.M.; Norman, A.W.; Sequeira, V.B.; Mohan, R.; Rybchyn, M.S.; Reeve, V.E.; Halliday, G.M.; Mason, R.S. 1α,25(OH)2-
Vitamin D and a Nongenomic Vitamin D Analogue Inhibit Ultraviolet Radiation–Induced Skin Carcinogenesis. Cancer Prev. Res.
2011, 4, 1485–1494. [CrossRef]

25. Wood, A.W.; Chang, R.L.; Huang, M.-T.; Uskokovic, M.; Conney, A.H. 1α,25-Dihydroxyvitamin D3 inhibits phorbol ester-
dependent chemical carcinogenesis in mouse skin. Biochem. Biophys. Res. Commun. 1983, 116, 605–611. [CrossRef]

26. Kensler, T.W.; Dolan, P.M.; Gange, S.J.; Lee, J.K.; Wang, Q.; Posner, G.H. Conceptually new deltanoids (vitamin D analogs) inhibit
multistage skin tumorigenesis. Carcinogenesis. 2000, 21, 1341–1345. [CrossRef] [PubMed]

27. Ellison, T.I.; Smith, M.K.; Gilliam, A.C.; Macdonald, P.N. Inactivation of the Vitamin D Receptor Enhances Susceptibility of
Murine Skin to UV-Induced Tumorigenesis. J. Investig. Derm. 2008, 128, 2508–2517. [CrossRef] [PubMed]

28. Reeve, V.E.; Allanson, M.; Cho, J.L.; Arun, S.J.; Domanski, D. Interdependence between Heme Oxygenase-1 Induction and
Estrogen-Receptor-beta Signaling Mediates Photoimmune Protection by UVA Radiation in Mice. J. Investig. Derm. 2009, 129,
2702–2710. [CrossRef]

29. Reeve, V.E.; Allanson, M.; Domanski, D.; Painter, N. Gender differences in UV-induced inflammation and immunosuppression in
mice reveal male unresponsiveness to UVA radiation. Photochem. Photobiol. Sci. 2012, 11, 173–179. [CrossRef] [PubMed]

30. Damian, D.L.; Patterson, C.R.S.; Stapelberg, M.; Park, J.; Barnetson, R.S.C.; Halliday, G.M. UV Radiation-Induced Immunosuppres-
sion Is Greater in Men and Prevented by Topical Nicotinamide. J. Investig. Derm. 2008, 128, 447–454. [CrossRef] [PubMed]

31. Thomas-Ahner, J.M.; Wulff, B.C.; Tober, K.L.; Kusewitt, D.F.; Riggenbach, J.A.; Oberyszyn, T.M. Gender Differences in UVB-
Induced Skin Carcinogenesis, Inflammation, and DNA Damage. Cancer Res. 2007, 67, 3468–3474. [CrossRef]

32. Foote, J.A.; Harris, R.B.; Giuliano, A.R.; Roe, D.J.; Moon, T.E.; Cartmel, B.; Alberts, D.S. Predictors for cutaneous basal- and
squamous-cell carcinoma among actinically damaged adults. Int. J. Cancer 2001, 95, 7–11. [CrossRef]

33. Rees, J.R.; Zens, M.S.; Celaya, M.O.; Riddle, B.L.; Karagas, M.R.; Peacock, J.L. Survival after squamous cell and basal cell
carcinoma of the skin: A retrospective cohort analysis. Int. J. Cancer 2015, 137, 878–884. [CrossRef] [PubMed]

34. Friedmann, A.C.; Halliday, G.M.; Barnetson, R.S.; Reeve, V.E.; Walker, C.; Patterson, C.R. The topical isoflavonoid NV-07alpha
reduces solar-simulated UV-induced suppression of Mantoux reactions in humans. Photochem. Photobiol. 2004, 80, 416–421.
[CrossRef]

35. Widyarini, S.; Spinks, N.; Husband, A.J.; Reeve, V.E. Isoflavonoid compounds from red clover (Trifolium pratense) protect from
inflammation and immune suppression induced by UV radiation. Photochem. Photobiol. 2001, 74, 465–470. [CrossRef]

36. Widyarini, S.; Domanski, D.; Painter, N.; Reeve, V.E. Estrogen receptor signaling protects against immune suppression by UV
radiation exposure. Proc. Natl. Acad. Sci. USA 2006, 103, 12837–12842. [CrossRef]

37. Widyarini, S.; Husband, A.J.; Reeve, V.E. Protective effect of the isoflavonoid equol against hairless mouse skin carcinogenesis
induced by UV radiation alone or with a chemical cocarcinogen. Photochem. Photobiol. 2005, 81, 32–37. [CrossRef]

38. Cho, J.-L.; Allanson, M.; Domanski, D.; Arun, S.J.; Reeve, V.E. Estrogen receptor-beta signaling protects epidermal cytokine
expression and immune function from UVB-induced impairment in mice. Photochem. Photobiol. Sci. 2007, 7, 120–125. [CrossRef]
[PubMed]

39. Cho, J.L.; Allanson, M.; Reeve, V.E. Oestrogen receptor-beta signalling protects against transplanted skin tumour growth in the
mouse. Photochem. Photobiol. Sci. Off. J. Eur. Photochem. Assoc. Eur. Soc. Photobiol. 2010, 9, 608–614.

40. Gilad, L.A.; Tirosh, O.; Schwartz, B. Phytoestrogens regulate transcription and translation of vitamin D receptor in colon cancer
cells. J. Endocrinol. 2006, 191, 387–398. [CrossRef]

41. Reeve, V.E.; Ley, R.D. Animal models of ultraviolet radiation-induced skin cancer. In Cancer Prevention—Cancer Causes; Springer
International Publishing: New York, NY, USA, 2004; Volume 3, pp. 177–194.

42. Gorman, S.; Kuritzky, L.A.; Judge, M.A.; Dixon, K.M.; McGlade, J.P.; Mason, R.S.; Finlay-Jones, J.J.; Hart, P.H. Topically Applied
1,25-Dihydroxyvitamin D3 Enhances the Suppressive Activity of CD4+CD25+ Cells in the Draining Lymph Nodes. J. Immunol.
2007, 179, 6273–6283. [CrossRef]

43. Applegate, L.A.; Ley, R.D.; Alcalay, J.; Kripke, M.L. Identification of the molecular target for the suppression of contact
hypersensitivity by ultraviolet radiation. J. Exp. Med. 1989, 170, 1117–1131. [CrossRef] [PubMed]

http://doi.org/10.1039/c2pp25202c
http://www.ncbi.nlm.nih.gov/pubmed/23069805
http://doi.org/10.1016/j.jsbmb.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/23165145
http://doi.org/10.1038/jid.2012.343
http://doi.org/10.1016/j.redox.2019.101206
http://doi.org/10.1016/j.jsbmb.2006.11.016
http://doi.org/10.1158/1940-6207.CAPR-11-0165
http://doi.org/10.1016/0006-291X(83)90567-3
http://doi.org/10.1093/carcin/21.7.1341
http://www.ncbi.nlm.nih.gov/pubmed/10874012
http://doi.org/10.1038/jid.2008.131
http://www.ncbi.nlm.nih.gov/pubmed/18509362
http://doi.org/10.1038/jid.2009.121
http://doi.org/10.1039/C1PP05224A
http://www.ncbi.nlm.nih.gov/pubmed/21968628
http://doi.org/10.1038/sj.jid.5701058
http://www.ncbi.nlm.nih.gov/pubmed/17882270
http://doi.org/10.1158/0008-5472.CAN-06-3798
http://doi.org/10.1002/1097-0215(20010120)95:1&lt;7::AID-IJC1001&gt;3.0.CO;2-X
http://doi.org/10.1002/ijc.29436
http://www.ncbi.nlm.nih.gov/pubmed/25598534
http://doi.org/10.1562/0031-8655(2004)080&lt;0416:TTINRS&gt;2.0.CO;2
http://doi.org/10.1562/0031-8655(2001)074&lt;0465:ICFRCT&gt;2.0.CO;2
http://doi.org/10.1073/pnas.0603642103
http://doi.org/10.1562/2004-06-02-RA-183.1
http://doi.org/10.1039/B709856A
http://www.ncbi.nlm.nih.gov/pubmed/18167605
http://doi.org/10.1677/joe.1.06930
http://doi.org/10.4049/jimmunol.179.9.6273
http://doi.org/10.1084/jem.170.4.1117
http://www.ncbi.nlm.nih.gov/pubmed/2529340


Int. J. Mol. Sci. 2021, 22, 1962 15 of 15

44. Mancuso, M.; Gallo, D.; Leonardi, S.; Pierdomenico, M.; Pasquali, E.; De Stefano, I.; Rebessi, S.; Tanori, M.; Scambia, G.; Di
Majo, V.; et al. Modulation of basal and squamous cell carcinoma by endogenous estrogen in mouse models of skin cancer.
Carcinogenesis 2008, 30, 340–347. [CrossRef]

45. De Haes, P.; Garmyn, M.; Degreef, H.; Vantieghem, K.; Bouillon, R.; Segaert, S. 1,25-dihydroxyvitamin D3 inhibits ultraviolet
B-induced apoptosis, Jun kinase activation, and interleukin-6 production in primary human keratinocytes. J. Cell. Biochem. 2003,
89, 663–673. [CrossRef] [PubMed]

46. Mason, R.; Sequeira, V.; Dixon, K.; Gordon-Thomson, C.; Pobre, K.; Dilley, A.; Mizwicki, M.; Norman, A.; Feldman, D.; Halliday,
G.; et al. Photoprotection by 1α,25-dihydroxyvitamin D and analogs: Further studies on mechanisms and implications for
UV-damage. J. Steroid Biochem. Mol. Biol. 2010, 121, 164–168. [CrossRef] [PubMed]

47. D’Ambrosio, D.; Cippitelli, M.; Cocciolo, M.G.; Mazzeo, D.; Di Lucia, P.; Lang, R.; Sinigaglia, F.; Panina-Bordignon, P. Inhibition
of IL-12 production by 1,25-dihydroxyvitamin D3. Involvement of NF-kappaB downregulation in transcriptional repression of
the p40 gene. J. Clin. Investig. 1998, 101, 252–262.

48. Bikle, D. Nonclassic Actions of Vitamin D. J. Clin. Endocrinol. Metab. 2009, 94, 26–34. [CrossRef]
49. Daniel, C.; Sartory, N.A.; Zahn, N.; Radeke, H.H.; Stein, J.M. Immune Modulatory Treatment of Trinitrobenzene Sulfonic Acid

Colitis with Calcitriol Is Associated with a Change of a T Helper (Th) 1/Th17 to a Th2 and Regulatory T Cell Profile. J. Pharm.
Exp. 2007, 324, 23–33. [CrossRef]

50. Penna, G.; Adorini, L. 1α,25-Dihydroxyvitamin D3Inhibits Differentiation, Maturation, Activation, and Survival of Dendritic
Cells Leading to Impaired Alloreactive T Cell Activation. J. Immunol. 2000, 164, 2405–2411. [CrossRef]

51. Hart, P.H.; Gorman, S.; Finlay-Jones, J.J. Modulation of the immune system by UV radiation: More than just the effects of vitamin
D? Nat. Rev. Immunol. 2011, 11, 584–596. [CrossRef]

52. Biggs, L.; Yu, C.; Fedoric, B.; Lopez, A.F.; Galli, S.J.; Grimbaldeston, M.A. Evidence that vitamin D3 promotes mast cell–dependent
reduction of chronic UVB-induced skin pathology in mice. J. Exp. Med. 2010, 207, 455–463. [CrossRef]

53. Hiramoto, K.; Tanaka, H.; Yanagihara, N.; Sato, E.F.; Inoue, M. Effect of 17beta-estradiol on immunosuppression induced by
ultraviolet B irradiation. Arch. Derm. Res. 2004, 295, 307–311. [CrossRef] [PubMed]

54. Sequeira, V.B.; Rybchyn, M.S.; Tongkao-On, W.; Gordon-Thomson, C.; Malloy, P.J.; Nemere, I.; Norman, A.W.; Reeve, V.E.;
Halliday, G.M.; Feldman, D.; et al. The Role of the Vitamin D Receptor and ERp57 in Photoprotection by 1α,25-Dihydroxyvitamin
D3. Mol. Endocrinol. 2012, 26, 574–582. [CrossRef]

55. Liel, Y.; Shany, S.; Smirnoff, P.; Schwartz, B. Estrogen Increases 1,25-Dihydroxyvitamin D Receptors Expression and Bioresponse
in the Rat Duodenal Mucosa. Endocrinology 1999, 140, 280–285. [CrossRef]

56. Schwartz, B.; Smirnoff, P.; Shany, S.; Liel, Y. Estrogen controls expression and bioresponse of 1,25-dihydroxyvitamin D receptors
in the rat colon. Mol. Cell. Biochem. 2000, 203, 87–93. [CrossRef]

57. Gilad, L.A.; Bresler, T.; Gnainsky, J.; Smirnoff, P.; Schwartz, B. Regulation of vitamin D receptor expression via estrogen-induced
activation of the ERK 1/2 signaling pathway in colon and breast cancer cells. J. Endocrinol. 2005, 185, 577–592. [CrossRef]
[PubMed]

58. Krishnan, A.V.; Swami, S.; Feldman, D. The potential therapeutic benefits of vitamin D in the treatment of estrogen receptor
positive breast cancer. Steroids 2012, 77, 1107–1112. [CrossRef]

59. Kallay, E.; Adlercreutz, H.; Farhan, H.; Lechner, D.; Bajna, E.; Gerdenitsch, W.; Campbell, M.; Cross, H.S. Phytoestrogens Regulate
Vitamin D Metabolism in the Mouse Colon: Relevance for Colon Tumor Prevention and Therapy. J. Nutr. 2002, 132, 3490S–3493S.
[CrossRef]

60. Gorman, S.; Scott, N.M.; Tan, D.H.W.; Weeden, C.E.; Tuckey, R.C.; Bisley, J.L.; Grimbaldeston, M.A.; Hart, P.H. Acute Erythemal
Ultraviolet Radiation Causes Systemic Immunosuppression in the Absence of Increased 25-Hydroxyvitamin D3 Levels in Male
Mice. PLoS ONE 2012, 7, e46006. [CrossRef]

61. Correale, J.; Ysrraelit, M.C.; Gaitán, M.I. Response to Comment on “Gender Differences in 1,25 Dihydroxyvitamin D3 Im-
munomodulatory Effects in Multiple Sclerosis Patients and Healthy Subjects”. J. Immunol. 2011, 186, 648. [CrossRef]

62. Reeve, V.E.; Domanski, D.; Slater, M. Radiation Sources Providing Increased UVA/UVB Ratios Induce Photoprotection Dependent
on the UVA Dose in Hairless Mice. Photochem. Photobiol. 2006, 82, 406–411. [CrossRef] [PubMed]

63. Ibuki, Y.; Allanson, M.; Dixon, K.M.; Reeve, V.E. Radiation Sources Providing Increased UVA/UVB Ratios Attenuate the
Apoptotic Effects of the UVB Waveband UVA-Dose-Dependently in Hairless Mouse Skin. J. Investig. Dermatol. 2007, 127,
2236–2244. [CrossRef] [PubMed]

64. Carter, S.E. Mechanisms of Photoprotection by 20-Hydroxyvitamin D3, A Naturally Occurring 1alpha25-Dihydroxyvitamin D3 Analogue;
University of Sydney: Sydney, Australia, 2014.

65. Douki, T.; Cadet, J. Individual Determination of the Yield of the Main UV-Induced Dimeric Pyrimidine Photoproducts in DNA
Suggests a High Mutagenicity of CC Photolesions. Biochemistry 2001, 40, 2495–2501. [CrossRef]

66. Okada, T.; Albarenque, S.M.; Yasoshima, A.; Malcotti, V.; Katayama, K.; Uetsuka, K.; Nakayama, H.; Doi, K. Sunburn reaction in
the dorsal skin of hypotrichotic WBN/ILA-Ht rats. Histol. Histopathol. 2003, 18, 753–760. [PubMed]

67. Reeve, V.E. Ultraviolet radiation and the contact hypersensitivity reaction in mice. Methods 2002, 28, 20–24. [CrossRef]
68. Ashford, J.R.; Colquhoun, D. Lectures on Biostatistics: An Introduction to Statistics with Applications in Biology and Medicine. J.

R. Stat. Soc. Ser. A 1972, 135, 606. [CrossRef]

http://doi.org/10.1093/carcin/bgn243
http://doi.org/10.1002/jcb.10540
http://www.ncbi.nlm.nih.gov/pubmed/12858333
http://doi.org/10.1016/j.jsbmb.2010.03.082
http://www.ncbi.nlm.nih.gov/pubmed/20399269
http://doi.org/10.1210/jc.2008-1454
http://doi.org/10.1124/jpet.107.127209
http://doi.org/10.4049/jimmunol.164.5.2405
http://doi.org/10.1038/nri3045
http://doi.org/10.1084/jem.20091725
http://doi.org/10.1007/s00403-003-0437-0
http://www.ncbi.nlm.nih.gov/pubmed/14648074
http://doi.org/10.1210/me.2011-1161
http://doi.org/10.1210/endo.140.1.6408
http://doi.org/10.1023/A:1007015027268
http://doi.org/10.1677/joe.1.05770
http://www.ncbi.nlm.nih.gov/pubmed/15930183
http://doi.org/10.1016/j.steroids.2012.06.005
http://doi.org/10.1093/jn/132.11.3490s
http://doi.org/10.1371/journal.pone.0046006
http://doi.org/10.4049/jimmunol.1090124
http://doi.org/10.1562/2005-09-29-RA-703
http://www.ncbi.nlm.nih.gov/pubmed/16613492
http://doi.org/10.1038/sj.jid.5700856
http://www.ncbi.nlm.nih.gov/pubmed/17476293
http://doi.org/10.1021/bi0022543
http://www.ncbi.nlm.nih.gov/pubmed/12792887
http://doi.org/10.1016/S1046-2023(02)00206-2
http://doi.org/10.2307/2344687

	Introduction 
	Results 
	Effect of 1,25(OH)2D on Photoprotection against CPDs in Female and Male Skh:hr1 Mice 
	Effect of ER Blockade on 1,25(OH)2D Photoprotection against CPDs in Female 
	Effect of 1,25(OH)2D on SSUV-Induced CPDs in ER–/-Mice 
	Effect of SSUV on Sunburn Cells in Female and Male Skh:hr1 Mice 
	Effect of 1,25(OH)2D on SSUV-Induced Inflammatory Edema in Female and Male Skh:hr1 Mice 
	Effect of 1,25(OH)2D Alone on Basal CHS in Male and Female Skh:hr1 Mice 
	Effect of 1,25(OH)2D on Photoimmune Suppression in Female and Male Skh:hr1 Mice 
	Effect of ER- Signalling Blockade on Photoimmune Protection by 1,25(OH)2D in Female Skh:hr1 Mice 
	Effect of Genetic Deletion of ER- on Photoimmune Protection by 1,25(OH)2D 

	Discussion 
	Materials and Methods 
	Mice 
	UV Irradiation 
	Immunohistochemical Detection of CPDs and Image Analysis 
	Sunburn Cells 
	The Inflammatory Edema Response 
	Induction of Contact Hypersensitivity (CHS) 
	Topical Treatments 
	Statistical Analysis 

	Conclusions 
	References

