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Protective eﬀects of novel derivatives of vitamin D3 and lumisterol against
UVB-induced damage in human keratinocytes involve activation of Nrf2 and
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We tested whether novel CYP11A1-derived vitamin D3- and lumisterol-hydroxyderivatives, including
1,25(OH)2D3, 20(OH)D3, 1,20(OH)2D3, 20,23(OH)2D3, 1,20,23(OH)3D3, lumisterol, 20(OH)L3, 22(OH)L3,
20,22(OH)2L3, and 24(OH)L3, can protect against UVB-induced damage in human epidermal keratinocytes. Cells
were treated with above compounds for 24 h, then subjected to UVB irradiation at UVB doses of 25, 50, 75, or
200 mJ/cm2, and then examined for oxidant formation, proliferation, DNA damage, and the expression of genes
at the mRNA and protein levels. Oxidant formation and proliferation were determined by the DCFA-DA and MTS
assays, respectively. DNA damage was assessed using the comet assay. Expression of antioxidative genes was
evaluated by real-time RT-PCR analysis. Nuclear expression of CPD, phospho-p53, and Nrf2 as well as its target
proteins including HO-1, CAT, and MnSOD, were assayed by immunoﬂuorescence and western blotting.
Treatment of cells with the above compounds at concentrations of 1 or 100 nM showed a dose-dependent reduction in oxidant formation. At 100 nM they inhibited the proliferation of cultured keratinocytes. When keratinocytes were irradiated with 50–200 mJ/cm2 of UVB they also protected against DNA damage, and/or induced DNA repair by enhancing the repair of 6-4PP and attenuating CPD levels and the tail moment of comets.
Treatment with test compounds increased expression of Nrf2-target genes involved in the antioxidant response
including GR, HO-1, CAT, SOD1, and SOD2, with increased protein expression for HO-1, CAT, and MnSOD. The
treatment also stimulated the phosphorylation of p53 at Ser-15, increased its concentration in the nucleus and
enhanced Nrf2 translocation into the nucleus. In conclusion, pretreatment of keratinocytes with 1,25(OH)2D3 or
CYP11A1-derived vitamin D3- or lumisterol hydroxy-derivatives, protected them against UVB-induced damage
via activation of the Nrf2-dependent antioxidant response and p53-phosphorylation, as well as by the induction
of the DNA repair system. Thus, the new vitamin D3 and lumisterol hydroxy-derivatives represent promising
anti-photodamaging agents.

Abbreviations: 1,25(OH)2D3, 1α,25-dihydroxyvitamin D3; 20(OH)D3, 20S-hydroxyvitamin D3; 1,20(OH)2D3, 1α,20S-dihydroxyvitamin D3; 20,23(OH)2D3, 20S,23Sdihydroxyvitamin D3; 1,20,23(OH)3D3, 1α,20S,23S-trihydroxyvitamin D3; L3, lumisterol3; 20(OH)L3, 20-hydroxylumisterol3; 22(OH)L3, 22-hydroxylumisterol3;
20,22(OH)2L3, 20,22-dihydroxylumisterol3; 24(OH)L3, 24-hydroxylumisterol3; Nrf2, transcription factor NF-E2- related factor 2; GSTP1, gluthatione S transferase
protein 1; GCS, gluthamylcysteine synthetase; GPx, glutathione peroxidase; GR, glutathione reductase; HO-1, heme oxygenase-1; TRN, thioredoxin; TXNRD,
thioredoxin reductase cytosolic; CAT, catalase; CuZnSOD, superoxide dismutase/Cu/Zn; MnSOD, superoxide dismutase/Mn; MCT4, monocarboxylate transporter 4;
CYCB, cyclophililin B; CPD, cyclobutane-pyrimidine dimers; 6-4PP, 6-4 photoproduct; NER, nucleotide excision repair; CYP, cytochrome P450 enzymes; ARE,
Antioxidant Response Element; HEKn, human epidermal keratinocytes; EtOH, ethanol; UVB, ultraviolet B
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1. Introduction

be hydroxylated by CYP27B1 to produce 1,20(OH)2D3 and
1,20,23(OH)3D3. Interestingly, the active form of vitamin D,
1,25(OH)2D3, is reported to protect against oxidative stress [34,35] and
to modulate DNA damage/repair systems [36–38], as well as Nrf2 activation [34,39]. Like 1,25(OH)2D3, CYP11A1-derived vitamin D3 derivatives (e.g. 20(OH)D3) and their down-stream metabolites show antiproliferative eﬀects against normal and malignant melanocytes and
keratinocytes, as well as pro-diﬀerentiation and anti-inﬂammatory effects [40–42]. CYP11A1 also initiates lumisterol (L3) metabolism
through sequential hydroxylation of its side chain [23,43–46]. This
leads to the cutaneous production of several hydroxy forms of L3, including 20(OH)L3, 22(OH)L3, 20,22(OH)2L3, and 24(OH)L3
[23,43–45]. Our previous study indicated that treatment with
1,25(OH)2D3 or 20(OH)D3 prior to UVB exposure, protects human
keratinocytes from UVB-induced damage by the reduction of CPD levels
and stimulation of the expression of p53 phosphorylated at Ser-15 [47].
Importantly, we also found that CYP11A1-derived hydroxylumisterols
(20(OH)L3, 22(OH)L3, 24(OH)L3 and 20,22(OH)2L3) inhibit the proliferation of epidermal keratinocytes and stimulate their diﬀerentiation.
In addition, 20(OH)L3 induced expression of several genes associated
with protection against oxidative stress [45].
Since the protective role of the classical active form of vitamin D3
(1,25(OH)2D3) against radiation and UVB-induced damages is recognized [36,38,48,49] and Nrf2 is described as a key regulator of the
cellular antioxidant defense against UVB-induced oxidative damage
[6,50], we tested the ability of novel CYP11A1-derived vitamin D3 and
lumisterol hydroxy-derivatives to protect primary human keratinocytes
against radiation and UVB-induced damage, and the involvement of
Nrf2. Therefore, 1,25(OH)2D3, CYP11A1-derived metabolites: 20(OH)
D3, 1,20(OH)2D3, 20,23(OH)2D3, and 1,20,23(OH)3D3; lumisterol and
its hydroxy-derivatives, including 20(OH)L3, 22(OH)L3, 20,22(OH)2L3,
and 24(OH)L3, were tested as anti-photodamaging agents targeting
Nrf2 (see Graphical abstract).

Ultraviolet B (UVB) radiation is a key agent that induces DNA damage by stimulating a variety of mutagenic and cytotoxic DNA lesions,
e.g., cyclobutane-pyrimidine dimers (CPDs) [1–4]. CPDs play a role in
photocarcinogenesis in skin cells, including keratinocytes [5,6]. The
eﬀects of CPD-associated photodamage possibly further contribute to
highly characteristic gene mutations in a central tumor suppressor, p53,
which is the ﬁrst step in the induction of skin disorders and skin cancer
[7]. The nucleotide excision repair (NER) system protects against cell
death and mutations by removing CPD 6-4 pyrimidine photoproducts
(6-4PP), the major photoproducts of UVB irradiation [3]. UVB also
induces increased formation of reactive oxygen species (ROS) capable
of activating the phosphorylation of p53 and inhibiting DNA repair [8].
Cells can protect themselves against the production of UVB-induced
ROS by producing several endogenous and exogenous antioxidants
[9–12].
Nuclear factor E2-related factor 2 (Nrf2) is a redox-sensitive transcription factor regulating the cellular antioxidant defense against environmental factors, especially UV radiation [6]. Nrf2 plays a beneﬁcial
role in protecting skin cells against UV-induced oxidative damage and
cellular dysfunction [13]. The transcriptional regulation of the antioxidant defense system is promoted by the Nrf2-Antioxidant Response
Element (ARE) signaling pathway which stimulates the expression of
phase II detoxiﬁcation enzymes including glutathione reductase (GR),
heme oxygenase-1 (HO-1), catalase (CAT), manganese superoxide dismutase (MnSOD), and copper zinc superoxide dismutase (CuZnSOD)
[14]. In addition, DNA damage induced by UVB irradiation is associated with Nrf2-regulated antioxidants responses in skin cells [15,16].
Thus, synthetic compounds, in particular free radical scavengers or
natural products targeting Nrf2, have been proposed to be used in skin
photoprotection [1,15,17–20].
During UVB exposure, the B ring of 7-dehydrocholesterol (7-DHC) is
photolyzed to previtamin D, which in turn isomerizes into vitamin D3
[21,22]. With prolonged exposure to UVB lumisterol is formed from
previtamin D [21,22]. In general, the active forms of vitamin D3 are
synthesized by the consecutive action of cytochrome P450 enzymes
(CYPs) [23]. While CYP2R1 and CYP27A1 catalyze the formation of
25(OH)D3 (25-hydroxyvitamin D3) in the liver, CYP27B1 produces the
1α,25-dihydroxyvitamin D3 (1,25(OH)2D3) in the kidney [24–26].
CYP11A1 initiates novel pathways of vitamin D3 activation in various
organs or tissue, such as skin, peripheral tissue, adrenals, placenta,
gastrointestinal (GI) tract, and several cancer cells of diﬀerent origin
[23,27–33]. Carbons in the side chain of vitamin D3 at positions 17, 20,
22 and 23 can be hydroxylated by CYP11A1 to produce a variety of
metabolites including 20(OH)D3 and 20,23(OH)2D3, which can further

2. Materials and methods
2.1. Source of compounds tested
1,25-dihydroxyvitamin D3 (1,25(OH)2D3) was purchased from
Sigma-Aldrich (St. Louis, MO). Lumisterol (L3) was purchased from
Toronto Research Chemicals (North York, ON). Hydroxy-derivatives of
vitamin D3, including 20(OH)D3, 1,20(OH)2D3, 20,23(OH)2D3, and
1,20,23(OH)3D3, and hydoxy-derivatives of lumisterol, including
22(OH)L3, 20,22(OH)2L3, and 24(OH)L3, were enzymatically synthesized as described previously [43,45,51]. In addition, 20(OH)D3 and
20(OH)L3 were chemically or photochemically synthesized as described

Table 1
Chemical structures of hydroxyderivatives of vitamin D3 and lumisterol tested in this study. The number indicates the carbon number in the core structures.
Vitamin D3 Hydroxyderivatives

1,25(OH)2D3

20(OH)D3

1,20(OH)2D3

20,23(OH)2D3

1,20,23(OH)3D3

References
Lumisterol Hydroxyderivatives
Chemical Structures

[22]
lumisterol

[32,52]
20(OH)L3

[107,108]
22(OH)L3

[31,109]
20,22(OH)2L3

[109,110]
24(OH)L3

References

[21]

[52]

[43]

[43]

[43]

Chemical Structures
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plates and treated individually with all of the above mentioned compounds at a concentration of 100 nM, or ethanol vehicle (dilution
1:1000), for 24 h before UVB irradiation (pre-treatment). The medium
was then replaced with 1 × PBS and cells were exposed to UVB,
200 mJ/cm2. PBS was removed and replaced with fresh medium supplemented with the same vitamin D3 or lumisterol hydroxy-derivatives
for an additional 3 h at 37 °C. After detaching, cells were counted and
used for the comet assay. Cell suspensions at a density of 1 × 105/ml
were then mixed with molten 1.2% low-melting-point agarose (dilution
1:10) at 37 °C and a 15 μL aliquot was placed onto two frosted slides
pre-coated with 0.6% normal agarose, and incubated at 4 °C for 30 min.
After the gel had solidiﬁed the cells were digested in cooled lysis solution at 4 °C for 1 h. DNA strand breaks were separated by electrophoresis in alkaline solution (200 mM NaOH, 1 mM EDTA, pH > 13) in
a horizontal gel electrophoresis slide tray (Comet-10, Thistle Scientiﬁc,
Glasgow, UK). The DNA with breaks was exposed to alkaline unwinding
for 1 h at 4 °C after which electrophoresis was performed at 25 V for 1 h.
After electrophoresis, the slides were gently removed from the tray and
washed with neutralizing buﬀer (0.4 M Tris-HCl, pH 7.5) for 5 min. The
slides were immersed twice in distilled H2O for 5 min each and then
dehydrated in 70% ethanol for 5 min. Finally, the comets on the slides
were stained and visualized with 20 μg/ml propidium iodide (SigmaAldrich, St. Louis, MO). The slides were examined and images were
captured using a Cytation™ 5 cell imaging multi-mode reader.
Approximately 60 comet images were taken for each condition. DNA
damage was measured by the tail length using Comet Score software
available from http://www.scorecomets.com. Data are presented as
mean tail moment compared with the control (EtOH- treated cells).

previously [52,53]. Chemical structures of hydroxyderivatives of vitamin D3 and lumisterol are in Table 1.
2.2. Cell culture and treatment
Human epidermal keratinocytes (HEKn) were isolated from neonatal foreskin of African-American donors using 2.5 UI/ml dispase and
cultured for experiments as previously described [42,54]. Cells were
grown in EpiGRO™ human epidermal keratinocyte media supplemented
with EpiGRO™ human epidermal keratinocyte complete media kit
(Millipore, USA) on collagen-coated plates. Keratinocytes in their third
passage were used for the experiments. For the experiments with UVB,
media were replaced with phosphate buﬀered saline (PBS) prior the
exposure. Pre-treatment and post-treatment protocols were applied in
this study as shown in the graphical abstract. HEKn cells were treated
with vitamin D3 and lumisterol hydroxy-derivatives before UVB irradiation (pre-treatment) for 24 h, or immediately after UVB irradiation
(post-treatment). The compounds being tested were diluted in keratinocyte media supplemented with 0.5% BSA solution. A UV transilluminator 2000 from Bio-RAD Laboratories was used for UVB irradiation
with UV spectra reported previously [47]. UVB was used at the dose of
25, 50, 75, or 200 mJ/cm2. After UVB treatment, cells were incubated
in fresh medium supplemented with the same derivatives for additional
time, as indicated.
2.3. Measurement of intracellular oxidant formation using the DCFDA
assay
HEKn cells were seeded at a density of 3000 cells per well onto 96well plates in complete media. Once 80% conﬂuence was attained, cells
were treated with 1,25(OH)2D3, 20(OH)D3, 1,20(OH)2D3,
20,23(OH)2D3, 1,20,23(OH)3D3, lumisterol, 20(OH)L3, 22(OH)L3,
20,22(OH)2L3, or 24(OH)L3 at concentrations of 1 or 100 nM, or with
ethanol (vehicle, dilution 1:1000) for 24 h before UVB irradiation (pretreatment). After incubation, cells were rinsed with cold 1 × PBS. CMH2DCFDA dye (Molecular Probes, Invitrogen, Eugene, Oregon) diluted
in 5 μM HEPES was added and cells were incubated for an additional
30 min at 37 °C. After the pre-incubation with CM-H2DCFDA dye, cells
were irradiated with 50 mJ/cm2 of UVB and further incubated at 37 °C
for 4 h, and subsequently washed with PBS. The generation of ROS was
determined by measuring the ﬂuorescence with 480 nm excitation and
528 nm emission, using a Cytation™ 5 cell imaging multi-mode reader
(BioTek Instruments, Inc., VT, USA). Data are presented as the percentage of control (EtOH- treated cells).

2.6. Analysis of DNA repair
HEKn cells were cultured for three days in 60 mm petri dishes (TPP®
tissue culture dishes, MidSci, St. Louis, MO). Cells were treated individually with vitamin D3 or lumisterol hydroxy-derivatives at a concentration of 100 nM, or with ethanol vehicle (dilution 1:1000), for
24 h before UVB irradiation (pre-treatment). After the treatment, cells
were irradiated with either 25 mJ/cm2 or 50 mJ/cm2 of UVB and further incubated in fresh media with the same hydroxy-derivative for an
additional 1 or 3 h. For the preparation of cell lysates, cells were detached using trypsin reagents and centrifuged at 11,200×g for
10 min at 4 °C. Cell pellets were then collected and stored at −80 °C.
DNA was isolated (DNeasy, Qiagen), heat-denatured at 100 °C for
10 min, applied to a Hybond nitrocellulose membrane (Amersham)
using a vacuum-driven slot blot apparatus, and ﬁxed by baking for
1 h at 80 °C. Membranes were incubated with mouse monoclonal antibodies speciﬁc for 6–4 photoproducts (1/10,000) and CPDs (1/10,000)
(Cosmo Bio Co. Cat# NMDND002). Peroxidase-conjugated anti-mouse
secondary antibody was used at a dilution of 1/10,000 in blocking
buﬀer. For acquisition analysis, a Storm 860 was used and membranes
scanned using channel 2 with blue excitation at 450 nm and emission at
520 nm, sensitivity was set to normal and PMT voltage set to 400 V.
Percent repair was determined as the extent of repair between 1 h postUVB exposure and 3 h post-UVB exposure [55,56].

2.4. Determination of cell proliferation using the MTS assay
HEKn cells were plated onto 96-well plates. The following day, cells
were treated individually with all the compounds being tested (see
above) at concentrations of 1, 10, or 100 nM, or with the ethanol vehicle (dilution 1:1000), for 24 h before UVB irradiation (pre-treatment)
or immediately after UVB irradiation (post-treatment). HEKn cells
plated and treated as described above were then irradiated with 25 mJ/
cm2 of UVB and further incubated in fresh medium supplemented with
the same vitamin D3 or lumisterol hydroxy-derivatives for an additional
24 h. After incubation, MTS Reagents was added (20 μl/well) and cells
incubated for 3 h at 37 °C under standard culture conditions. The absorbance was recorded at 490 nm using a Cytation™ 5 cell imaging
multi-mode reader (BioTek Instruments, Inc., VT, USA). Data are presented as the relative absorbance at 490 nm compared with control
(EtOH-treated) cells.

2.7. Immunoﬂuorescence analysis of nuclear/cytosolic Nrf2 ratio and its
target proteins (CAT, HO-1 and MnSOD) expression as well as expression of
CPD and phosphorylated p53
HEKn cells were plated onto 96-well plates and at 80% conﬂuence
were treated with the vitamin D3 or lumisterol hydroxy-derivatives at a
concentration of 100 nM, or ethanol vehicle (dilution 1:1000), for 24 h
before UVB irradiation (pre-treatment). Cells were then irradiated with
50 mJ/cm2 of UVB and further incubated in fresh medium supplemented with the same derivative for an additional time as indicated
(post-treatment). Nrf2 nuclear translocation was measured 24 h postUVB irradiation, while Nrf2 target proteins (CAT and HO-1) and

2.5. Measurement of DNA damage using the comet assay
The comet assay was performed following the manufacturer's protocol (Trevigen, Gaithersburg, MD). HEKn cells were plated in 12-well
3

Redox Biology 24 (2019) 101206

A. Chaiprasongsuk, et al.

cultured in 100 mm petri dishes and treated individually with the vitamin D3 and lumisterol hydroxy-derivatives at a concentration of
100 nM, or with ethanol vehicle (dilution 1:1000), for 24 h before UVB
irradiation (pre-treatment). After exposure to 50 mJ/cm2 of UVB, cells
were further incubated in fresh medium supplemented with the same
hydroxy-derivative for an additional 24 h. Cells were washed with icecold PBS mixed with phosphatase inhibitors and removed from the dish
by scraping. Cell pellets were transferred into micro-centrifuge tubes
and centrifuged at 2000×g for 5 min. Cell pellets were then suspended
in 200 μl of 1X hypotonic buﬀer (Active motif, Carlsbad, CA, USA) and
incubated on ice for 15 min. Lysate mixtures were centrifuged at
14,000×g for 30 s at 4 °C and the supernatant collected as the cytosolic
fraction. Nuclear pellets were then resuspended in 50 μl of complete
lysis buﬀer containing 2.5 μl of detergent for solubilizing membranes.
The mixtures were incubated on ice with intermittent vortexing for
30 min, centrifuged at 14,000×g for 10 min and the supernatant collected as the nuclear fraction. The protein concentration of cytosolic
and nuclear fractions was measured using the Bradford method
(BioRad, Hercules, CA, USA).
Proteins were separated using a Mini-PROTEAN® TGX™ gel (BioRad,
Hercules, CA, USA) and transferred onto a PVDF membrane.
Membranes were blocked with 5% skim milk (Tris-buﬀer saline containing 0.1% (v/v) Tween 20 and 5% (w/v) skim milk) for 1 h and then
incubated overnight at 4 °C with the rabbit polyclonal antibody against
Nrf2 (sc-722, Santa Cruz Biotechnology; 1:500 dilution) or rabbit
polyclonal phosphor-p53 (Ser-15) (9284S, Cell signaling; 1:2000 dilution) in 5% skim milk. After three washes with TBST (Tris-buﬀer saline
containing 0.1% (v/v) Tween 20) for 10 min each, membranes were
incubated for 1 h at room temperature with the HRP-conjugated secondary antibodies (ab6721 for anti-rabbit IgG and ab6741 for anti-goat
IgG HRP labeled secondary antibody, Abcam; 1:3000 dilution) in TBST.
Immuno-reactivity was detected using the Bio-Rad ECL kit Supersignal
West Pico Chemiluminescent Substrate (Pierce). Protein expression was
normalized relative to that of loading controls; B-actin-peroxidase
(A3854, Sigma; 1:5000 dilution) for the cytosolic fraction and Lamin A/
C (N-18) (sc6215, Santa Cruz Biotechnology, 1:2000 dilution) for the
nuclear fraction. The integrated optical density of the bands was analysed by ImageJ software (NIH free download).

MnSOD were measured 3 h post-UVB irradiation and 1 h post-UVB irradiation, respectively. For the DNA damage pathway, CPD and phosphor-p53 (Ser15) were measured at 3 h post-UVB irradiation and 1 h
post-UVB irradiation, respectively. Cells were ﬁxed in 4% paraformaldehyde (PFA) for 10 min at room temperature and washed three
times with 0.1% Triton X-100 (BioRad, Hercules, CA, USA) in PBS.
Blocking solution (1% BSA in PBS) was added into each well and cells
incubated for 1 h at room temperature. Cells were then incubated with
primary antibody (dilution 1:100) in blocking solution overnight at
4 °C. The following day cells were washed and incubated for 1 h at RT
with a speciﬁc secondary antibody, Alexa-Fluor 488, (Invitrogen
Molecular Probes, Eugene, Oregon, USA) diluted 1:100 in blocking
solution. After washing with PBS, nuclei were stained red with propidium iodide (Vector Laboratories, Burlingame, CA). Stained cells were
imaged at 40X magniﬁcation and analysed with Gen 5.0 software with a
Cytation™ 5 cell imaging multi-mode reader. Fluorescence intensity of
the images was analysed using ImageJ software. Alexa-Fluor 488
dye–labeled proteins were separately detected through a green ﬂuorescence channel. Quantitative data from ImageJ and pixel intensities of
the image were then imported into Microsoft Excel for generating the
percentage (mean ± SD) of control (ethanol without UVB or ethanol
with UVB).
To determine the nuclear to cytosolic ratio, the ﬂuorescent intensity
of the cell nuclei was measured separately from the ﬂuorescence of the
whole cells. Fluorescent staining in cytosolic fractions was calculated
by subtracting nuclear staining from whole cell staining. The ratio of
nuclear and cytosolic fractions was calculated as previously described
[57,58] and shown in histograms as the mean of the fold change ± SD.
2.8. Quantitative real-time reverse transcriptase-polymerase chain reaction
(qRT-PCR) for measurement of mRNA expression
HEKn cells were cultured for three days in 60 mm petri dishes and
treated individually with the vitamin D3 or lumisterol hydroxy-derivatives at a concentration of 100 nM, or ethanol vehicle (dilution
1:1000) for 24 h before UVB irradiation (pre-treatment). Cells were
then irradiated with 50 mJ/cm2 of UVB and further incubated in fresh
medium supplemented with the same derivative for an additional 24 h.
For preparation of cell lysate, cells were detached using trypsin and
centrifuged at 11,200×g for 10 min at 4 °C. Cell pellets were then collected and total RNA was isolated using the absolutely RNA RT–PCR
Miniprep kit (Stratagene, La Jolla, CA). Reverse transcription was carried out with 1 μg of total RNA using the Improm-II reverse transcriptase (Promega, Madison, WI, USA) under the conditions described
in the manual. The reverse transcription reaction was performed using a
High Capacity cDNA reverse transcription Kit (Applied Biosystems,
Foster City, CA). PCR reactions were performed in triplicate using a
LightCycler 480 Probes Master (Roche Applied Science, Indianapolis,
IN) under the following ampliﬁcation conditions: 95 °C for 15 s, 60 °C
for 30 s, and 72 °C 10 s for 35 cycles. Real-time RTPCR was performed
in a total volume of 10 μl containing 2 μl cDNA template with Kapa
SYBR Fast qPCR Master Mix (Kapa Biosystems, Boston, MA) and 1 μM
primer mix. Sequences of PCR primer sets for the genes studied are
shown in Supplemental Table 1. The mRNA levels were normalized
with reference to the amount of housekeeping gene transcripts (β-actin,
cyclopilin, or GAPDH mRNA) using the ΔΔCt method. Changes in gene
expressions are presented as the mean of fold-change with statistically
signiﬁcant diﬀerences indicated. The Student t-test was used for the
comparison with non-irradiated or irradiated control cells, The P value
is reported as * P < 0.05, **P < 0.01, ***P < 0.001. A heat map
was generated using Prism (GraphPad Software Inc.).

3. Statistical analysis
Data are expressed as mean ± standard deviation of at least three
separate experiments (n ≥ 3) performed on diﬀerent days using freshly
prepared reagents. The signiﬁcance of non-irradiated controls or individual treatment groups in comparison to the UVB-irradiated groups
was evaluated by the student t-test. The signiﬁcance of non-irradiated
controls in comparison to each compound tested at various doses was
evaluated by one-way analysis (ANOVA) using Prism (GraphPad
Software Inc.).
4. Results
4.1. Novel hydroxy-derivatives of vitamin D3 and lumisterol reduce oxidant
formation by UVB-irradiated keratinocytes
It has previously been established that 1,25(OH)2D3 and 20(OH)L3
protect against ROS formation [34,35,45]. In this study we tested vitamin D3 and lumisterol metabolites: 20(OH)D3, 1,20(OH)2D3,
20,23(OH)2D3, 1,20,23(OH)3D3, lumisterol, 20(OH)L3, 22(OH)L3,
20,22(OH)2L3, and 24(OH)L3, as protective agents against UVB-induced
oxidative stress in cells, in comparison to 1,25(OH)2D3. HEKn cells were
treated individually with each of these derivatives for 24 h prior to UVB
irradiation (50 mJ/cm2). For non-irradiated cells treated with the same
compounds, only 20(OH)L3 and 24(OH)L3 decreased oxidant formation
(P < 0.05 and P < 0.01, Supplemental Fig. 1). At 4 h following irradiation at a UVB dose of 50 mJ/cm2, there was substantial induction of

2.9. Western blot analysis of Nrf2 and phosphorylated p53 expression
Western blotting was carried out using nuclear extracts for detection
of Nrf2 nuclear localization and phosphorylated p53. HEKn cells were
4
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Figure 1. Novel derivatives of vitamin D3 and lumisterol reduce oxidant formation in UVB-irradiated keratinocytes. Keratinocytes were pretreated with the indicated
vitamin D3 and lumisterol hydroxy-derivatives for 24 h prior to UV irradiation (50 mJ/cm2). The irradiated cells were further incubated for an additional 4 h with the
hydroxy-derivatives or ethanol vehicle, while non-irradiated cells were treated with the ethanol vehicle (comparison presented as insert, top right). Oxidant formation was examined using the DCFDA reagent at 4 h post UVB irradiation. Data are presented as the percentage of the control (mean ± SD). The statistical
signiﬁcance of diﬀerences was evaluated by one-way ANOVA, * P < 0.05, ** P < 0.01, *** P < 0.001 for all conditions.

percentage of repair of 6-4PP in cells treated with UVB at a dose 25 mJ/
cm2 compared with UVB (25 mJ/cm2)-irradiated control cells. Similarly, 1,25(OH)2D3, 20(OH)D3, 1,20(OH)2D3, 1,20,23(OH)3D3, 20(OH)
L3, 22(OH)L3, 20,22(OH)2L3, and 24(OH)L3 caused the induction of 64PP repair in cells treated with UVB at dose 50 mJ/cm2 compared with
UVB (50 mJ/cm2)-irradiated control cells (Fig. 4). These results indicate
that all the compounds under study promote the repair of DNA damage
in UVB-irradiated cells, at least at one of the doses of UVB employed.

oxidant formation by irradiated cells as compared to non-irradiated
cells (P < 0.05, Fig. 1, top right). Each of the above compounds reversed the UVB-mediated ROS production in a dose-dependent manner
(Fig. 1) and at 100 nM, all derivatives signiﬁcantly reduced oxidant
formation by UVB-irradiated cells (P < 0.05, P < 0.01, and
P < 0.001, Fig. 1).
4.2. Anti-proliferative eﬀects of novel derivatives of vitamin D3 and
lumisterol

4.5. Treatment with novel derivatives of vitamin D3 and lumisterol reduced
CPD accumulation and stimulated nuclear accumulation of phosphorylated
p53

Previously, some studies reported that 1,25(OH)2D3, 20(OH)D3,
20(OH)L3, 22(OH)L3, 24(OH)L3 and 20,22(OH)2L3 inhibited proliferation of a variety of cell types, including normal and immortalized
human keratinocytes [45,59,60]. In this study, we examined the inhibitory eﬀects of vitamin D3 and lumisterol derivatives on proliferation of keratinocytes exposed to the UVB (25 mJ/cm2); this did not
signiﬁcantly aﬀect the survival of keratinocytes. Additionally, no signiﬁcant diﬀerence was observed in the cell morphology between
ethanol-treated control cells and cells treated with the hydroxy-derivatives (Supplemental Fig. 2). In non-irradiated cells treated with
20(OH)D3, 1,20(OH)2D3, 20,23(OH)2D3, 1,20,23(OH)3D3, L3, or
24(OH)L3 there was a signiﬁcant inhibition of cell proliferation
(P < 0.05 and P < 0.01, Supplemental Fig. 3). A small augmentation
of the proliferative eﬀect was found in keratinocytes irradiated with a
UVB dose of 25 mJ/cm2 in comparison to non-irradiated control cells
(P < 0.05, Fig. 2), top right. Moreover, pre-treatment with a range of
concentrations of the vitamin D3 and lumisterol hydroxy-derivatives, as
well as lumisterol itself, markedly suppressed the proliferation of keratinocytes exposed to UVB (P < 0.01 and P < 0.001, Fig. 2).

The formation of CPD is considered as one of the markers of DNA
damage [3,4]. The DNA repair capacity of cells treated with vitamin D3
and lumisterol hydroxy-derivatives was measured from their ability to
reduce the level of CPD in keratinocytes exposed to UVB. Our previous
results revealed a reduction in CPD damage, and stimulation of p53
phosphorylated at Ser-15 in human keratinocytes treated with
1,25(OH)2D3 or 20(OH)D3 prior to UVB exposure [47]. We investigated
the protective eﬀects on cells treated with the compounds under study
and irradiated with a UVB dose of 50 mJ/cm2. At 3 h following UVB
irradiation, production of CPD was signiﬁcantly increased (P < 0.001)
(Fig. 5A, left). The treatment with the vitamin D3 and lumisterol hydroxy-derivatives led to a signiﬁcant inhibition of CPD production for
1,25(OH)2D3, 20(OH)D3, 1,20(OH)2D3, 20,23(OH)2D3, 22(OH)L3,
20,22(OH)2L3, and 24(OH)L3, as shown in a Fig. 5A (right) (P < 0.05).
An underlying factor that may contribute to the eﬀects of CPD on
the induction of apoptosis is the status of tumor suppressor p53 in the
cell. p53 is a transcription factor playing an important role in cell-cycle
control, apoptosis and the response to DNA damage, as well as playing a
critical role in protection against carcinogenesis [5]. Therefore, to
further investigate the protective eﬀects of vitamin D3 and lumisterol
derivatives against UVB-induced damage, the expression of active p53
(p53 phosphorylated at Ser-15) was assessed. UVB exposure resulted in
the accumulation of phosphorylated p53 in the nucleus (P < 0.05)
(Fig. 5B, left). Moreover, pre-treatment of keratinocytes with 20(OH)
D3, 1,20(OH)2D3, 20,23(OH)2D3, L3, 20(OH)L3, and 22(OH)L3, signiﬁcantly enhanced UVB-stimulated phosphorylated p53(Ser-15) in cell
nuclei as shown in Fig. 5B (right) (P < 0.05 and P < 0.01). These
results suggest that the photoprotective eﬀects of vitamin D3 and lumisterol hydroxy-derivatives against skin damage include p53 activation.

4.3. Novel hydroxy-derivatives of vitamin D3 and lumisterol can reverse the
DNA damage caused by UVB irradiation
Since several reports have documented that UVB irradiation plays a
crucial role in DNA damage [3–6], we examined whether treatment
with vitamin D3 or lumisterol derivatives can inhibit UVB-induced DNA
damage. We utilized Comet analysis, a well-recognized DNA damage
biomarker, to evaluate the protective eﬀects of the compounds under
study [61]. UVB irradiation at the dose of 200 mJ/cm2 substantially
induced DNA damage in irradiated cells as compared to non-irradiated
cells (P < 0.001, Fig. 3A, inserted images and graphs). The protective
eﬀects of vitamin D3 or lumisterol derivatives, including lumisterol itself, on UVB-induced DNA damage to cells, was evaluated after incubation with the hydroxy-derivatives for 3 h. As shown in Fig. 3, all
the vitamin D3 and lumisterol derivatives tested exhibited signiﬁcant
and robust restoration of the Comet tail moment in comparison to untreated cells (P < 0.001, Fig. 3B, inserted images and graphs). Additionally, the same treatment of non-irradiated cells had no eﬀect on
DNA breakage, as shown in Comet assays in Supplemental Fig. 4.

4.6. Heat map summary of the gene expression proﬁle for antioxidant
signaling in keratinocytes treated with vitamin D3 or lumisterol hydroxyderivatives
Our previous study showed that there was a signiﬁcant induction of
the expression of anti-oxidant genes by 20(OH)L3 in human keratinocytes [45]. To gain a better understanding of the molecular mechanisms
of Nrf2-regulated antioxidant gene expression, comparative gene proﬁling was performed. Several reports indicate that Nrf2 is responsible
for the induction of the expression of a vast array of cytoprotective
genes, including glutathione S-transferase P1 (GSTP1), gamma-glutamylcysteine synthetase (GCS), glutathione peroxidase (GPx), glucocorticoid receptor (GR), heme oxygenase-1 (HMOX-1), thioredoxin
(TRX), thioredoxin reductase (TRXR), catalase (CAT), copper zinc superoxide dismutase (SOD1), manganese superoxide dismutase (SOD2),

4.4. The eﬀects of novel derivatives of vitamin D3 and lumisterol on the
repair of 6-4PP
6-4PP is a crucial product of UVB-induced damage to human keratinocytes that is removed through the nucleotide excision repair
pathway [3,62–64]. The repair activity resulting in 6-4PP removal was
measured to evaluate the photoprotective eﬀects of all compounds
under study on UVB-irradiated keratinocytes. Vitamin D3 derivatives, as
well as lumisterol and its derivatives except 24(OH)L3, enhanced the
6
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Fig. 2. Anti-proliferative eﬀect of vitamin D3 and lumisterol hydroxy-derivatives on UVB-irradiated keratinocytes. UVB-irradiated (25 mJ/cm2) and non-irradiated
keratinocytes (comparison presented as insert, top right) were treated with the indicated hydroxy-derivatives for 24 h prior to UV irradiation then incubated with the
same hydroxy-derivative for an additional 24 h. A MTS assay was then performed and data analysed by Cytation 5. Data are presented as relative OD490
(mean ± SD). The statistical signiﬁcance of diﬀerences was evaluated by one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 for all
conditions.

SOD2, generally displayed enhanced expression in non-irradiated cells
treated with vitamin D3 or lumisterol derivatives in comparison to
untreated control cells (*P < 0.05, **P < 0.01 and ***P < 0.001)
(Fig. 6B, upper map). While a drastic decline in Nrf2-regulated antioxidant genes in response to UVB exposure was generally observed,
treament of keratinocytes with vitamin D3 or lumisterol derivatives
prior to UVB challenge caused strong induction of the expression of
Nrf2 and GR, and to a lesser degree HMOX-1, and TRXR in irradiated
cells (*P < 0.05, **P < 0.01 and ***P < 0.001) (Fig. 6B, below
part). Additionally, CAT and SOD2 (Superoxide dismutase/Mn;
MnSOD) generally showed lower expression with some of the hydroxyderivatives. 1,20,23(OH)3D3 was particularly eﬀective at increasing the

and monocarboxylate transporter 4 (MCT4) [14,50,65,66]. We thus
looked at the expression proﬁle of these genes in keratinocytes treated
with the vitamin D3 or lumisterol derivatives and exposed to UVB
(50 mJ/cm2).
Gene expression was assessed in keratinocytes 24 h post-UVB irradiation. Ten of the twelve genes examined showed a signiﬁcant downregulation (**P < 0.01 and ***P < 0.001) in UVB-irradiated cells
compared with non-irradiated control cells. However, CAT and SOD1
were up-regulated (**P < 0.01) in comparison to non-irradiated
control cells (Fig. 6A).
Results also revealed that genes downstream of Nrf2 containing an
antioxidant response element, including HMOX-1, GPx, CAT, SOD1, and

Fig. 3. Novel derivatives of vitamin D3 and lumisterol reduce DNA damage caused by UVB irradiation. Keratinocytes were pretreated with the indicated hydroxyderivative of vitamin D3 or lumisterol (100 nM) for 24 h prior to UV irradiation (200 mJ/cm2), then further incubated with the same hydroxy-derivative for 3 h and
subjected to the comet assay. (A), Non-irradiated compared with UVB-irradiated cells without the hydroxy-derivatives; (B) irradiated cells treated with the hydroxyderivatives. DNA damage was measured as mean tail moment, using Comet score software analysis. Data are presented as the mean tail moment (mean ± SD). The
statistical signiﬁcance of diﬀerences was evaluated by the student t-test, *** P < 0.001 for all conditions.
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antioxidant responses. A marked reduction in catalase (P < 0.001,
Fig. 8A, top right) and HO-1 (P < 0.001, Fig. 8B, top right) protein
levels in UVB-irradiated cells was observed at 3 h post-irradiation,
while MnSOD (P < 0.001, Fig. 8C, top right) protein expression was
drastically decreased at 1 h post-irradiation, as compared to non-irradiated cells. While a decline in catalase and HO-1 protein expression in
response to UVB exposure was observed, treatment with all the vitamin
D3 and lumisterol hydroxy-derivatives except 20(OH)L3 and 24(OH)L3
in the case of catalase, and 20(OH)L3 and 20,22(OH)2L3 in the case of
HO-1, prior to the UVB challenge, led to a signiﬁcant induction of expression compared to ethanol-treated control cells (P < 0.01 and
P < 0.001, Fig. 8A; P < 0.05, P < 0.01, and P < 0.001, Fig. 8B).
Additionally, cells pre-treated with 20,23(OH)2D3, or lumisterol, displayed elevated levels of MnSOD compared to ethanol-treated control
cells, despite the initial reduction caused by UVB irradiation in untreated control cells (P < 0.01, Fig. 8C). Furthermore, all derivatives
except 22(OH)L3 elevated catalase protein levels (Supplemental
Fig. 6A). Also, 1,25(OH)2D3, 20(OH)D3, 1,20(OH)2D3, 20,22(OH)2L3,
and 24(OH)L3 induced HO-1 protein expression (Supplemental Fig. 6B),
while 1,25(OH)2D3, 20,23(OH)2D3, and 1,20,23(OH)3D3 also increase
MnSOD protein levels in non-irradiated cells (Supplemental Fig. 6C).
4.8. Quantitative Western blot analyses of nuclear and cytoplasmic location
of Nrf2 and phosphorylated p53 proteins following treatment with vitamin
D3 or lumisterol hydroxy-derivatives
To conﬁrm the eﬀects on the intracellular distribution of Nrf2
(Fig. 7) and phosphorylated p53 (Fig. 5B) determined by immunoﬂuorescent staining, we performed quantitative blotting analyses.
Keratinocytes were pre-treated for 24 h with vitamin D3 and lumisterol
derivatives and then exposed to UVB (50 mJ/cm2). The intensity of
Nrf2 protein bands (68 kDa, indicated by a black arrow) was quantiﬁed
using ImageJ. An increase in the ratio of nuclear versus cytosolic Nrf2
protein indicates that there has been an increase in nuclear translocation of Nrf2. The nuclear/cytosolic Nrf2 ratio decreased by approximately 40% in UVB-irradiated cells when compared to non-irradiated
cells (P < 0.01, Fig. 9A, top right). Treatment with all the compounds
under study except 1,25(OH)2D3, 22(OH)L3 and 20,22(OH)2L3 signiﬁcantly increased the nuclear/cytosolic Nrf2 ratio in cells exposed to
UVB in comparison to irradiated-control cells (P < 0.05 and P < 0.01,
Fig. 9A).
The nuclear accumulation of p53 promotes cell cycle arrest to allow
DNA repair process. The intensity of Phosphorylated-p53 (Ser-15)
protein bands (53 kDa, indicated by a black arrow) was quantiﬁed using
ImageJ. UVB irradiation, at dose 50 mJ/cm2, directly stimulated
phosphorylated p53 protein levels in the nuclear fraction (P < 0.01,
Fig. 9B, top right). Treatment with 1,25(OH)2D3, 1,20(OH)2D3,
1,20,23(OH)3D3, lumisterol, 20(OH)L3, 22(OH)L3, and 20,22(OH)2L3
enhanced nuclear p53 level in cells exposed to UVB (P < 0.05,
Fig. 9B).

Fig. 4. Novel derivatives of vitamin D3 and lumisterol enhance the repair of 6-4
photoproducts (6-4PP). HEKn cells cultured for three days were pretreated with
the indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or
ethanol vehicle, for 24 h before UVB irradiation at either (A) 25 mJ/cm2 or (B)
50 mJ/cm2. After irradiation, cells were further incubated in fresh media with
the same hydroxy-derivative for an additional 1 or 3 h. The disappearance of 64 Photoproducts between 1 and 3 h was used to determine the percent repair.

expression of GSTP1, GCS, HMOX-1, TRX and TRXR in UV-irradiated
cells.

4.7. Novel vitamin D3 and lumisterol derivatives restore Nrf2-regulated
antioxidants defense system in UVB-induced damaged keratinocytes
Our previous studies revealed a signiﬁcant protective ability of Nrf2
through balancing the oxidative stress status in cells with expression of
Nrf2 knocked down [6,15]. Nrf2, a key regulator of the cellular antioxidant defense system, plays a beneﬁcial role in protecting skin cells
against UVB-induced DNA damage [13,14,17]. We further examined
whether the protection against DNA damage by vitamin D3 and lumisterol hydroxy-derivatives, involved modulation of Nrf2 nuclear accumulation, as assessed by immunoﬂuorescent labeling of keratinocytes.
The intracellular distribution of Nrf2 was assessed by image analysis of
stained cells. At 24 h post-irradiation, UVB (50 mJ/cm2) was found to
mediate a decrease in Nrf2 nuclear accumulation (Fig. 7A, images and
graph). 20(OH)D3, 1,20(OH)2D3 and 1,20,23(OH)3D3, lumisterol,
20(OH)L3, 22(OH)L3 and 20,22(OH)2L3 increased the nuclear/cytosolic
Nrf2 ratio compared to UV-irradiated control cells. (Fig. 7B, images and
middle graph). Treatment with all the hydroxy-derivatives under study
also led to an increase of nuclear/cytosolic Nrf2 ratio in non-irradiated
cells (Supplemental Fig. 5).
Since, Nrf2-antioxidant signaling has a well-established key role in
protection against UV-mediated skin damage [17,56], we further investigated the protective eﬀect of the vitamin D3 and lumisterol derivatives against UVB-mediated oxidative stress by Nrf2-regulated

4.9. Eﬀects of post-treatment with novel derivatives of vitamin D3 or
lumisterol on Nrf2-regulated antioxidant responses in human keratinocytes
exposed to UVB irradiation
In addition to characterizing the protective eﬀects of the vitamin Drelated derivatives administered prior to UVB irradiation, we also examined whether they had beneﬁcial post-treatment eﬀects [67]. Keratinocytes were exposed to a UVB dose of 50 mJ/cm2 and then immediately treated with the same set of vitamin D3 and lumisterol
hydroxy-derivatives described above, at a concentration of 100 nM for
24 h. There was a signiﬁcant increase in Nrf2 protein expression in the
nucleus relative to the cytoplasm following the treatment of UV-irradiated cells with all the compounds under study except 20,23(OH)2D3
(Fig. 10B) when compared to irradiated, ethanol-treated control cells
(Fig. 10A, graph on right).
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Fig. 5. Novel derivatives of vitamin D3 and lumisterol reduce levels of CPD and increase levels of phosphorylated p53 in the nucleus of UVB-irradiated cells.
Keratinocytes were pretreated with the indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or ethanol vehicle, for 24 h before UVB irradiation (50
mJ/cm2). After irradiation, cells were further incubated in fresh media with the same hydroxy-derivative for various times depending on the detection assay. CPD
levels (A) were determined at 3 h, while p-p53 levels (B) were determined 1 h post UVB irradiation. Cells were ﬁxed and stained with anti-CPD or anti-phospho-p53
antibody and imaged with a ﬂuorescence microscope, then analysed using the Cytation 5 reader and Graph Pad Prizm. Images and graphs on the right show the levels
of CPD and p53 in non-irradiated compared with UVB-irradiated (50 mJ/cm2) cells in the absence of the hydroxy-derivatives. Graphs on the right show the
ﬂuorescence intensity of irradiated cells treated with the hydoxy-derivatives relative to the ethanol vehicle expressed as a percentage of CPD level and fold change in
the nuclear/cytosolic p-p53 ratio. Keratinocytes stained with CPD or p53 antibody exhibited green ﬂuorescence whereas nuclear staining with propidium iodine
appears as red ﬂuorescence. Data are presented as (mean ± SD). The statistical signiﬁcance of diﬀerences was evaluated by the student t-test, * P < 0.05, **
P < 0.01, *** P < 0.001 for all conditions.

can lead to skin carcinogenesis [5,6]. In addition, UVB irradiation also
induces ROS formation which then causes oxidative damage to the skin
cells [8,70]. Natural as well as synthetic compounds having the ability
to reduce excessive free radicals and prevent or reduce DNA damage
could potentially be exploited for skin photoprotection [17,50,71–74].
Recently, 1,25(OH)2D3 has been shown to protect the skin against
oxidative stress [34–36] and to induce DNA damage/repair process
[36–38,48] as well as activating Nrf2 expression [34,39].
We have discovered new pathways of vitamin D3 metabolism initiated by the action of CYP11A1, which have been found to occur in
peripheral tissues including the skin [23,27–30,41]. Recent investigations have shown that like 1,25(OH)2D3, products of this pathway,
20(OH)D3 and 20,23(OH)2D3, have the ability to protect against ROS
formation [47,75,76]. While the protective eﬀects of vitamin D3 derivatives have been partially investigated, there is a lack of information
on the ability of vitamin D3 derivatives downstream of 20(OH)D3 or
lumisterol or its newly discovered hydroxy-derivatives, to inﬂuence

Nrf2-regulated antioxidant proteins, including catalase (Fig. 11A)
and HO-1 (Fig. 11B), signiﬁcantly increased in cells treated with the
hydroxy-derivatives, except for 1,20,23(OH)3D3 and 20,22(OH)2L3 on
HO-1. For MnSOD, only 1,25(OH)2D3, 20(OH)D3, 1,20(OH)2D3, 20(OH)
L3 and 20,22(OH)2L3 caused a signiﬁcant increase in its expression
following their administration to UV-irradiated cells (Fig. 11C).
Finally, all the vitamin D3 and lumisterol hydroxy-derivatives tested
inhibited the growth of keratinocytes at, at least one of the concentrations tested, when applied after UVB-irradiation of cells
(Supplemental Fig. 7).
5. Discussion
Skin is the major barrier between the external environment and the
body. The most superﬁcial layer of skin is the epidermis, which contains
a large amount of keratinocytes [68,69]. UV irradiation, particularly
UVB, causes skin damage and through the induction of DNA damage
10

Redox Biology 24 (2019) 101206

A. Chaiprasongsuk, et al.

Fig. 6. Heat map summary of the gene expression proﬁle for the antioxidant signaling pathway following the treatment of keratinocytes by novel derivatives of
vitamin D3 or lumisterol. Keratinocytes were pretreated with the indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or ethanol vehicle, for 24 h
before UVB irradiation (50 mJ/cm2) then further incubated with the same hydroxy-derivative for an additional 24 h. Cells were lysed after treatment and total RNA
extracted. Gene expression measurements were conﬁrmed using quantitative real time PCR methods and expression levels normalized the relative to β-actin,
cyclopilin, and GAPDH RNA. (A), Heat-maps of log2 transformed expression ratios for non-irradiated compared with UVB-irradiated (50 mJ/cm2) cells. (B),
Irradiated cells pretreated with the hydroxyderivatives (or the ethanol vehicle). Each vertical row represents the same gene product and each horizontal row each
sample. The ﬂuorescence range from high (red) to low (blue) is indicated by the colored bar and reﬂects the degree of ﬂuorescence intensity/gene expression. Data
are presented as mean of fold-change (mean ± SD) calculated from the SYBR ﬂuorescence intensities. The statistical signiﬁcance of diﬀerences was evaluated by the
student t-test, * P < 0.05, ** P < 0.01, *** P < 0.001 for all conditions.

on keratinocytes [45]. The current study shows that all of the derivatives tested, which was done at three diﬀerent concentrations ranging
from 1 to 100 nM, showed anti-proliferative eﬀects on keratinocytes
exposed to UVB, further emphasizing their photoprotective capabilities.
Cell proliferation is regulated by multiple signaling pathways including
redox regulation, DNA damage and repair. Redox regulation is important in both the activation of proliferation and arrest of the cell
cycle. Redox-sensitive proteins also show the inﬂuence on cell cycle
progression [78–80]. Some authors reported that the cell proliferation
can be promoted by enhancing DNA repair [81,82]. Therefore, some of
the modulatory eﬀects on DNA damage and repair under the inﬂuence
if vitamin D3 and its derivatives might occur as a function of

ROS levels. We therefore tested a large range of CYP11A1-derived hydroxy-derivatives of vitamin D3 and lumisterol for their ability to inﬂuence oxidant formation. Although most hydroxy-derivatives studied
did not signiﬁcantly inhibit oxidant formation in non-irradiated cells,
the same compounds used at the highest concentration (100 nM) caused
a marked reduction in the levels of oxidant formation in keratinocytes
exposed to UVB. These results indicate that the pretreatment of keratinocytes with CYP11A1-derived vitamin D3 or lumisterol derivatives
protects against cellular damage caused by UV-mediated oxidative
stress.
Our previous studies demonstrated the anti-proliferative eﬀects of
hydroxy-derivatives of vitamin D3 [40,41,77] and hydroxylumisterols
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Fig. 7. Novel derivatives of vitamin D3 and lumisterol stimulate Nrf2 nuclear translocation in UVB- treated keratinocytes. Keratinocytes were pretreated with the
indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or ethanol vehicle, for 24 h before UVB irradiation (50 mJ/cm2) then further incubated with the
same hydroxy-derivative for an additional 24 h. Cells were ﬁxed and stained with anti-Nrf2 antibody and imaged with a ﬂuorescence microscope. Fluorescence
intensity was measured using the Cytation 5 reader and data were analysed using Graph Pad Prizm. Images and graphs show the levels of ﬂuorescence intensities in
non-irradiated compared with UVB-irradiated (50 mJ/cm2) cells (A) and irradiated cells pretreated with the hydroxy-derivatives (B). Keratinocytes stained with Nrf2
antibody exhibited a green ﬂuorescence, while nuclear staining with propidium iodine produced red ﬂuorescence. Data are presented as the nuclear/cytosolic Nrf2
ratio (mean of fold change ± SD) calculated from ﬂuorescence intensities. The statistical signiﬁcance of diﬀerences was evaluated by the student t-test, * P < 0.05, **
P < 0.01 for all conditions.

have the ability to repair UVB-damaged DNA through the DNA repair
mechanism described recently for 1,25(OH)2D3 [36,38].
Several synthetic compounds that have the ability to scavenge ROS
have been reported to activate Nrf2 expression [15,17,50,86,87], while
the silencing of Nrf2 in cells signiﬁcantly reduced the expression of its
target antioxidant genes [15]. The lumisterols derivative, 20(OH)L3,
has been shown to induce the expression of several genes involved in
anti-oxidative responses [45]. Natural compounds targeting Nrf2 play
an important role in the protection against stress-induced skin damage
[34,39,57,88–90]. Pre-treatment of cells with 1,25(OH)2D3 stimulated
translocation of Nrf2 into the nucleus [39], however, other vitamin D3
derivatives have not been tested previously. We thus investigated
whether the vitamin D3 and lumisterol hydroxy-derivatives we are
studying could protect against UVB-induced DNA damage through the
modulation of Nrf2. All of these compounds increased Nrf2 levels in the
nucleus in UVB-irradiated cells compared to irradiated, ethanol-treated
cells. The protective eﬀects of all the hydroxy-derivatives against UVB
was further substantiated by their ability to stimulate the expression of
genes involved in anti-oxidative stress defense, at the mRNA and protein levels. UVB irradiation impeded the function of Nrf2 by downregulating Nrf2-antioxidant signaling. Treatment with the hydroxy-derivatives of vitamin D3 and lumisterol caused signiﬁcant changes in
Nrf2-regulated antioxidant gene expression in cells. Our previous study
revealed that UV signiﬁcantly decreased Nrf2 protein expression, the
transcription factor mediating antioxidant responses, 1 h post-irradiation [57]. Two hours post exposure, there was a marked reduction of
antioxidant activity for catalase, HO-1, and superoxide dismutase [91].
The immunoﬂuorescence study showed that catalase, HO-1, and superoxide dismutase protein expression were thus detected at 1–3 h postirradiation. This interesting phenomenon of early detection is in accordance with the previous studies [91–93]. Similarly, UVB-irradiated

proliferative status rather than induction of stress response pathways.
Our previous results showed that there was a reduction in CPD
damage in human keratinocytes treated with 1,25(OH)2D3 or 20(OH)D3
prior to UVB exposure [47]. While the treatment with 1,25(OH)2D3 or
20(OH)D3 reversed the DNA damage by reducing the length of the
comet tails [47], the protective eﬀects of other hydroxy-derivatives of
20(OH)D3 and lumisterol against UVB-induced DNA damage have not
been elucidated. In this study we show that other downstream metabolites of 20(OH)D3, namely 1,20(OH)2D3, 20,23(OH)2D3, and
1,20,23(OH)3D3, and the hydroxylumisterols 20(OH)L3, 22(OH)L3,
20,22(OH)2L3, and 24(OH)L3, protect against UVB-induced DNA damage by reducing the comet tail length and CPD formation. Although
the CPD levels were not signiﬁcantly decreased by all the hydroxyderivatives tested, with 1,20,23(OH)3D3, L3, and 20(OH)L3 lacking
an eﬀect, the others inhibited CPD formation in UVB-irradiated cells.
These results indicate that in general the vitamin D3 and lumisterol
hydroxy-derivatives act like 1,25(OH)2D3 on DNA repair in keratinocytes exposed to the UVB [36]. The results are also consistent with the
reported ability of 20(OH)D3 to display photoprotective eﬀects when
topically applied to murine skin [75].
Following DNA damage, a cellular defense is mounted in order to
maintain genomic integrity, including nucleotide excision repair. The 64PP photoproduct is repaired only by nucleotide excision repair in
human keratinocytes [62,63,83]. A complete repair of 6–4PP was observed in previous studies with synthetic compounds not related to
vitamin D3 [84,85]. 1,25(OH)2D3 is also known to protect against DNA
damage through the DNA repair system [38]. We thus determined the
level of 6-4PP repair in keratinocyte treated with vitamin D3 and lumisterol hydroxy-derivatives. Most of the compounds under study enhanced the repair of 6-4PPs in UVB-irradiated cells, suggesting that
CYP11A1-derived hydroxyderivatives of vitamin D3 and lumisterol
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Fig. 8. Novel derivatives of vitamin D3 and lumisterol elevate members of the Nrf2-regulated antioxidant defense system for UVB-treated keratinocytes.
Keratinocytes were pretreated with the indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or ethanol vehicle, for 24 h before UVB irradiation (50
mJ/cm2) then further incubated with the same hydroxy-derivative for various times depending on the detection assay. Catalase (CAT) (A) and HO-1 (B) were
determined at 3 h, while MnSOD (C) was determined 1 h post UVB irradiation. Cells were ﬁxed and stained with anti-CAT, HO-1, and MnSOD antibody and imaged
with a ﬂuorescence microscope. Fluorescence intensity was detected using the Cytation 5 reader and data were analysed using Graph Pad Prizm. Images of cells are
shown on the upper left for each of A, B and C, and graphs showing the levels of ﬂuorescence intensities in non-irradiated compared with UVB-irradiated cells are
upper right. The analysis of the eﬀects of the hydroxy-derivatives relative to the irradiated, ethanol control are shown below the cell images. Keratinocytes stained
with CAT, HO-1, and MnSOD antibody exhibited a green ﬂuorescence while nuclear staining with propidium iodine caused red ﬂuorescence. Data are presented as
the percentage of control (mean ± SD) calculated from the ﬂuorescence intensities. The statistical signiﬁcance of diﬀerences was evaluated by the student t-test, *
P < 0.05, ** P < 0.01, *** P < 0.001 for all conditions.

impact on skin in various treatment regimen including pre- and posttreatment [94]. The post-treatment regimen has been used for vitamin
D3 treatment with some diseases including skin protection [95,96].
During the post-treatment, vitamin D3 reduced the apoptosis and
healing process in psoriasis [95]. Additionally, the post-treatment with
topical vitamin D3 has been used in clinical trial as well [96]. Therefore,
we found that it is important to test the eﬀect of compounds in protection against UV-induced skin damage when used in both pre-treatment and post-treatment. Following our previous studies on the ability
of melatonin to stimulate repair of UVB- damaged DNA when applied
after irradiation [15,20], we employed a post-treatment protocol to test
whether vitamin D3 and lumisterol hydroxy-derivatives had similar
eﬀects. We found that the addition of most (and in some cases all) of the
vitamin D3 and lumisterol hydroxy-derivatives after UVB exposure increased Nrf2 levels, stimulated the expression of some of its targeted
proteins and inhibited the proliferation of UVB-irradiated cells. This

cells treated with the hydroxyderivatives were able to restore Nrf2 and
antioxidant protein levels including CAT and HO-1. Thus, novel
CYP11A-derived vitamin D3 and lumisterol hydroxyderivatives display
Nrf2-activating properties correlated with their abilities to stimulate
the recovery of keratinocytes from UVB-induced oxidative stress.
The stimulation of the expression of p53 phosphorylated at Ser-15
has been reported for human keratinocytes treated with 1,25(OH)2D3 or
20(OH)D3 prior to UVB exposure [47]. In the current study, we found
that most of the vitamin D3 and lumisterol hydroxy-derivatives tested
induced phosphorylated p53 expression using both immunoﬂuorescence and nuclear/cytosolic protein expression assays on UVBirradiated cells. This suggest that the mechanism for photoprotective
eﬀects of CYP11A1-derived vitamin D3 and lumisterol hydroxyderivatives against UVB-induced DNA damage also involves activation of p53, which is in addition to their stimulation of Nrf2 signaling.
The protective eﬀects of natural compounds show a signiﬁcant
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Fig. 9. The vitamin D3 and lumisterol hydroxy-derivatives increase the level of Nrf2
and phosphorylated p53 protein in the nucleus
relative
to
the
cytoplasm.
Keratinocytes were pretreated with the indicated hydroxy-derivatives of vitamin D3 or
lumisterol (100 nM), or ethanol vehicle, for
24 h before UVB irradiation (50 mJ/cm2)
then further incubated with the same hydroxy-derivative for 24 h. Western blot
analysis was performed to determine Nrf2
(A) and phosphorylated p53 (B) levels in
nuclear and cytosolic fractions. Nrf2 and
phosphor-p53 (Ser15) were detected at approximately 68 and 53 kDa, respectively.
Lamin A, the loading control for nuclear
protein, was detected at approximately 75
kDa and β-actin, the loading control for cytosolic protein, at 40 kDa. Western blots
were analysed by measuring bands intensities in the diﬀerent lanes using ImageJ
software. Graphs on the top right of (A) and
(B) show the ratio of nuclear to cytoplasmic
protein in UVB-irradiated (50 mJ/cm2) cells
compared with non-irradiated cells. Data
were calculated from the ratio of Nrf2 or pp53 band intensities to the loading control,
normalized relative to the control (ethanol
vehicle or no irradiation). The statistical
signiﬁcance of diﬀerences was evaluated by
the student t-test, * P < 0.05, ** P < 0.01
for all conditions.

Fig. 10. Eﬀects of post-treatment with novel derivatives of vitamin D3 and lumisterol on Nrf2 nuclear translocation in human keratinocytes following UVB irradiation. Keratinocytes were exposed to UVB intensities of 50 mJ/cm2 and immediately treated with the indicated hydroxy-derivatives of vitamin D3 or lumisterol
(100 nM), or ethanol vehicle, for 24 h. Cells were ﬁxed and stained with anti-Nrf2 antibody and imaged with a ﬂuorescence microscope as in Fig. 7. Keratinocytes
stained with Nrf2 antibody exhibited green ﬂuorescence while nuclear staining with propidium iodine caused red ﬂuorescence. (A, top left), Image of ethanol treated,
UVB-irradiated control cells. (B), Images of keratinocytes treated with the hydroxy-derivatives after irradiation (below) and Nrf2 levels relative to the ethanol control
(top right). Data are presented as nuclear/cytosolic ratio (mean of fold change ± SD) calculated from the ﬂuorescence intensities. The statistical signiﬁcance of
diﬀerences was evaluated by the student t-test, * P < 0.05, ** P < 0.01, *** P < 0.001 for all conditions.
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Fig. 11. Eﬀects of post-treatment with novel
derivatives of vitamin D3 and lumisterol on
Nrf2 targeted antioxidant proteins following
UVB-irradiation. Keratinocytes were exposed to UVB intensities of 50 mJ/cm2 and
immediately treated with the indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or ethanol vehicle, for
various times depending on the detection
assay. Catalase (CAT) (A) and HO-1 (B) levels were determined at 3 h, while MnSOD
(C) was determined 1 h post UVB irradiation. Cells were ﬁxed and stained with antiCAT, HO-1, or MnSOD antibody, imaged
with a ﬂuorescence microscope and analysed using the Cytation 5 reader and Graph
Pad Prizm. Data are shown as the relative
ﬂuorescence intensities of cells treated with
the hydroxy-derivatives compared to irradiated, ethanol-treated control cells.
Keratinocytes stained with CAT, HO-1, or
MnSOD antibody exhibited green ﬂuorescence while nuclear staining with propidium
iodine caused red ﬂuorescence. Data are
mean ± SD. The statistical signiﬁcance of
diﬀerences was evaluated by the student ttest, * P < 0.05, ** P < 0.01, *** P < 0.001,
**** P < 0.0001 for all conditions.

pigmentation [102] or lack of eﬀect of active forms of vitamin D on
melanogenesis [103], no direct correlation can be made between tanning and vitamin D action in the human skin. However, it is likely that
the photoprotective activity of vitamin D compounds includes a reduction in skin inﬂammation, which plays a crucial role in sunburn
formation [104].
Since our results show the upregulation of Nrf2 activity under the
inﬂuence of the vitamin D3 hydroxy-derivatives tested, we plan to investigate in the future whether tested compounds exhibit the protective
eﬀects through Nrf2-upstream/downstream signaling [105,106].

indicates that not only pre-treatment but also post-treatment of keratinocytes with the vitamin D3 and lumisterol hydroxy-derivatives under
study can be eﬀective against UVB-induced cell damage. This subject
deserves future in-depth detailed testing following protocols described
for melatonin treatment [20] in order to deﬁne whether these novel
vitamin D3 and lumisterol derivatives are good therapeutic candidates
for reversion of skin damage induced by UVB.
The eﬀects of the novel vitamin D3 and lumisterol derivatives, including the stimulation of the expression of Nrf2-downstream genes and
proteins, as well as the photoprotection, are similar to those described
for other synthetic and natural compounds including 1,25(OH)2D3
[1,15,17,20,36,50,97]. While the role of the vitamin D receptor (VDR)
in photoprotection is well established [36,49], the challenge for the
future studies is to determine to what degree the VDR versus other
nuclear receptors contributes to the photoprotective eﬀects of the novel
vitamin D3 and lumisterol derivatives. It should be noted that retinoic
acid orphan receptors (ROR)α and γ and arylhydrocarbon receptor
(AhR) can also be activated by some of these compounds [29,45,77,98]
and a variation in receptor contribution to the observed eﬀects might
explain the lack of activity seen for some derivatives in some assays. In
summary, we have deﬁned CYP11A1-derive vitamin D3 and lumisterol
hydroxy-derivatives as protectors against damage induced by UVB,
with the potential to repair already existing damage, and we have established the involvement of p53 and Nrf2 in the regulation of these
processes.
Epidermal keratinocytes have an indirect eﬀect on the tanning
process through the activation of p53-mediated pigment synthesis and
the accumulation of melanin in epidermal melanocytes [99]. Furthermore, clinical studies have shown that skin treatments with both oral
and topical vitamin D3 protect against UV-induced inﬂammation and
sunburn [100,101]. In our study we show that vitamin D3 and its derivatives exhibit protective role against UVB-induced p53 activation,
one of biomarkers in the pigmentation mechanism. However, taking
into consideration conﬂicting data on vitamin D eﬀects on melanin

6. Conclusion
Data presented here demonstrate that pretreatment of keratinocytes
with 1,25(OH)2D3, CYP11A1-derived vitamin D3-hydroxy-derivatives,
as well as lumisterol and its hydroxy-derivatives, exert pharmacological
protective eﬀects, including free radical scavenging activities against
UVB-induced DNA damage and anti-proliferative activities.
Additionally, these compounds also protect human keratinocytes
against DNA damage through protective pathways that include activation of the Nrf2-antioxidant response and p53-phosphorylation, as
well as the induction of DNA repair. Therefore, these compounds can be
classiﬁed as natural compounds with potent antioxidant properties,
targeting Nrf2 and p53 activated pathways to protect the skin from
photodamage induced by UVB. Thus, the novel hydroxy-derivatives of
vitamin D3 and lumisterol are promising photoprotective agents and
deserve to be further tested using in vivo models.
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before UVB irradiation (50 mJ/cm2) then further incubated with the
same hydroxy-derivative for an additional 24 h. Cells were lysed after
treatment and total RNA extracted. Gene expression measurements
were conﬁrmed using quantitative real time PCR methods and expression levels normalized the relative to β-actin, cyclopilin, and GAPDH
RNA. (A), Heat-maps of log 2 transformed expression ratios for nonirradiated compared with UVB-irradiated (50 mJ/cm2) cells. (B),
Irradiated cells pretreated with the hydroxyderivatives (or the ethanol
vehicle). Each vertical row represents the same gene product and each
horizontal row each sample. The ﬂuorescence range from high (red) to
low (blue) is indicated by the colored bar and reﬂects the degree of
ﬂuorescence intensity/gene expression. Data are presented as mean of
fold-change (mean ± SD) calculated from the SYBR ﬂuorescence intensities. The statistical signiﬁcance of diﬀerences was evaluated by the
student t-test, *P < 0.05, **P < 0.01, ***P < 0.001 for all conditions.
Keratinocytes were pretreated with the indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or ethanol vehicle, for 24 h
before UVB irradiation (50 mJ/cm2) then further incubated with the
same hydroxy-derivative for an additional 24 h. Cells were ﬁxed and
stained with anti-Nrf2 antibody and imaged with a ﬂuorescence microscope. Fluorescence intensity was measured using the Cytation 5
reader and data were analysed using Graph Pad Prizm. Images and
graphs show the levels of ﬂuorescence intensities in non-irradiated
compared with UVB-irradiated (50 mJ/cm2) cells (A) and irradiated
cells pretreated with the hydroxy-derivatives (B). Keratinocytes stained
with Nrf2 antibody exhibited a green ﬂuorescence, while nuclear
staining with propidium iodine produced red ﬂuorescence. Data are
presented as the nuclear/cytosolic Nrf2 ratio (mean of fold
change ± SD) calculated from ﬂuorescence intensities. The statistical
signiﬁcance of diﬀerences was evaluated by the student t-test,
*P < 0.05, **P < 0.01 for all conditions.
Keratinocytes were pretreated with the indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or ethanol vehicle, for 24 h
before UVB irradiation (50 mJ/cm2) then further incubated with the
same hydroxy-derivative for various times depending on the detection
assay. Catalase (CAT) (A) and HO-1 (B) were determined at 3 h, while
MnSOD (C) was determined 1 h post UVB irradiation. Cells were ﬁxed
and stained with anti-CAT, HO-1, and MnSOD antibody and imaged
with a ﬂuorescence microscope. Fluorescence intensity was detected
using the Cytation 5 reader and data were analysed using Graph Pad
Prizm. Images of cells are shown on the upper left for each of A, B and
C, and graphs showing the levels of ﬂuorescence intensities in non-irradiated compared with UVB-irradiated cells are upper right. The
analysis of the eﬀects of the hydroxy-derivatives relative to the irradiated, ethanol control are shown below the cell images. Keratinocytes
stained with CAT, HO-1, and MnSOD antibody exhibited a green
ﬂuorescence while nuclear staining with propidium iodine caused red
ﬂuorescence. Data are presented as the percentage of control
(mean ± SD) calculated from the ﬂuorescence intensities. The statistical signiﬁcance of diﬀerences was evaluated by the student t-test,
*P < 0.05, **P < 0.01, ***P < 0.001 for all conditions.
Keratinocytes were pretreated with the indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or ethanol vehicle, for 24 h
before UVB irradiation (50 mJ/cm2) then further incubated with the
same hydroxy-derivative for 24 h. Western blot analysis was performed
to determine Nrf2 (A) and phosphorylated p53 (B) levels in nuclear and
cytosolic fractions. Nrf2 and phosphor-p53 (Ser15) were detected at
approximately 68 and 53 kDa, respectively. Lamin A, the loading control for nuclear protein, was detected at approximately 75 kDa and βactin, the loading control for cytosolic protein, at 40 kDa. Western blots
were analysed by measuring bands intensities in the diﬀerent lanes
using ImageJ software. Graphs on the top right of (A) and (B) show the
ratio of nuclear to cytoplasmic protein in UVB-irradiated (50 mJ/cm2)
cells compared with non-irradiated cells. Data were calculated from the
ratio of Nrf2 or p-p53 band intensities to the loading control,
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Keratinocytes were pretreated with the indicated vitamin D3 and
lumisterol hydroxy-derivatives for 24 h prior to UV irradiation (50 mJ/
cm2). The irradiated cells were further incubated for an additional 4 h
with the hydroxy-derivatives or ethanol vehicle, while non-irradiated
cells were treated with the ethanol vehicle (comparison presented as
insert, top right). Oxidant formation was examined using the DCFDA
reagent at 4 h post UVB irradiation. Data are presented as the percentage of the control (mean ± SD). The statistical signiﬁcance of differences was evaluated by one-way ANOVA, *P < 0.05, **P < 0.01,
***P < 0.001 for all conditions.
Keratinocytes were pretreated with the indicated hydroxy-derivative of vitamin D3 or lumisterol (100 nM) for 24 h prior to UV irradiation (200 mJ/cm2), then further incubated with the same hydroxy-derivative for 3 h and subjected to the comet assay. (A), Non-irradiated
compared with UVB-irradiated cells without the hydroxy-derivatives;
(B) irradiated cells treated with the hydroxy-derivatives. DNA damage
was measured as mean tail moment, using Comet score software analysis. Data are presented as the mean tail moment (mean ± SD). The
statistical signiﬁcance of diﬀerences was evaluated by the student t-test,
***P < 0.001 for all conditions.
Keratinocytes were pretreated with the indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or ethanol vehicle, for 24 h
before UVB irradiation (50 mJ/cm2). After irradiation, cells were further incubated in fresh media with the same hydroxy-derivative for
various times depending on the detection assay. CPD levels (A) were
determined at 3 h, while p-p53 levels (B) were determined 1 h post UVB
irradiation. Cells were ﬁxed and stained with anti-CPD or anti-phosphop53 antibody and imaged with a ﬂuorescence microscope, then analysed using the Cytation 5 reader and Graph Pad Prizm. Images and
graphs on the right show the levels of CPD and p53 in non-irradiated
compared with UVB-irradiated (50 mJ/cm2) cells in the absence of the
hydroxy-derivatives. Graphs on the right show the ﬂuorescence intensity of irradiated cells treated with the hydoxy-derivatives relative to
the ethanol vehicle expressed as a percentage of CPD level and fold
change in the nuclear/cytosolic p-p53 ratio. Keratinocytes stained with
CPD or p53 antibody exhibited green ﬂuorescence whereas nuclear
staining with propidium iodine appears as red ﬂuorescence. Data are
presented as (mean ± SD). The statistical signiﬁcance of diﬀerences
was evaluated by the student t-test, *P < 0.05, **P < 0.01,
***P < 0.001 for all conditions.
Keratinocytes were pretreated with the indicated hydroxy-derivatives of vitamin D3 or lumisterol (100 nM), or ethanol vehicle, for 24 h
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normalized relative to the control (ethanol vehicle or no irradiation).
The statistical signiﬁcance of diﬀerences was evaluated by the student
t-test, *P < 0.05, **P < 0.01 for all conditions.
Keratinocytes were exposed to UVB intensities of 50 mJ/cm2 and
immediately treated with the indicated hydroxy-derivatives of vitamin
D3 or lumisterol (100 nM), or ethanol vehicle, for 24 h.
Cells were ﬁxed and stained with anti-Nrf2 antibody and imaged
with a ﬂuorescence microscope as in Fig. 7. Keratinocytes stained with
Nrf2 antibody exhibited green ﬂuorescence while nuclear staining with
propidium iodine caused red ﬂuorescence. (A, top left), Image of
ethanol treated, UVB-irradiated control cells. (B), Images of keratinocytes treated with the hydroxy-derivatives after irradiation (below) and
Nrf2 levels relative to the ethanol control (top right). Data are presented as nuclear/cytosolic ratio (mean of fold change ± SD) calculated from the ﬂuorescence intensities. The statistical signiﬁcance of
diﬀerences was evaluated by the student t-test, *P < 0.05,
**P < 0.01, ***P < 0.001 for all conditions.
Keratinocytes were exposed to UVB intensities of 50 mJ/cm2 and
immediately treated with the indicated hydroxy-derivatives of vitamin
D3 or lumisterol (100 nM), or ethanol vehicle, for various times depending on the detection assay. Catalase (CAT) (A) and HO-1 (B) levels
were determined at 3 h, while MnSOD (C) was determined 1 h post UVB
irradiation. Cells were ﬁxed and stained with anti-CAT, HO-1, or
MnSOD antibody, imaged with a ﬂuorescence microscope and analysed
using the Cytation 5 reader and Graph Pad Prizm. Data are shown as the
relative ﬂuorescence intensities of cells treated with the hydroxy-derivatives compared to irradiated, ethanol-treated control cells.
Keratinocytes stained with CAT, HO-1, or MnSOD antibody exhibited
green ﬂuorescence while nuclear staining with propidium iodine caused
red ﬂuorescence. Data are mean ± SD. The statistical signiﬁcance of
diﬀerences was evaluated by the student t-test, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 for all conditions.
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