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Chemical and photobiological study of the structures and functions of DNA
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Abstract

This review describes the recent progress in our chemical and photobiological studies of the structures and functions of
DNA. We used the DNA origami method to construct a new nanostructure, i.e., a “DNA frame.” We used this nanoscale
platform to successfully visualize the cooperative binding between Sox2 (Sex determining region Y-box 2) and Pax6
(Paired box protein) using high-speed atomic force microscopy. We demonstrated the cooperative binding of these
transcription factors via photosensitization of 5-bromouracil-containing DNA by electron transfer from the tryptophan
residues of the proteins. Our group also developed artificial genetic switches that switch the expression of selected genes
on and off based on knowledge of chemical synthesis and molecular biology. We conjugated a histone deacetylase inhibitor
to the N-methylpyrrole-N-methylimidazole polyamide, which recognizes the DNA sequence, to construct the ON switch.
We demonstrated that one of the conjugates, SAHA (Suberoylanilide hydroxamic acid)-X, successfully upregulated
retina-related genes, such as Pax6. We also established a new thG-tC (2-Aminothieno[3,4-d]pyrimidine G-mimic-tricyclic
cytosine) FRET base pair system with replaceable native nucleobases that is fixed by base stacking and hydrogen bonding.

We recorded distance- and orientation-dependent FRET after the formation of mononucleosome structures.

Introduction

Design of a DNA frame using the DNA origami
method and visualization of enzymatic action

The DNA origami method was developed in 2006 by
Rothemund and can be used to design and create a two-
dimensional DNA structure with a size of ~100 nm.! In this
method, a closed circular single-stranded DNA called m13
DNA and about 200 different short complementary DNA
oligomers (mainly 32-mers) are used. After the annealing
of these DNAs, self-assembled DNA origami structures
can be obtained routinely. Using the DNA origami method,
various 2D- and 3D-designed DNA nanostructures can be
constructed. We created a 2D DNA structure called DNA
frame to allow the direct observation of the behavior of
DNA-modifying enzymes with double-stranded DNAs in
an internal space of 40 ~ 40 nm.? We introduced 64 bp and
74 bp DNA bridges into the DNA frame, which provided
tensed and relaxed duplexes, respectively. Using AFM, we
visualized DNA-modifying enzymes directly on the DNA.
We observed that a methylation enzyme was bound to DNA
as a substrate. In addition, when the amount of methylation
was estimated via a biochemical method, methylation
occurred preferentially on the 74 bp vs the 64 bp DNA
bridge (a threefold difference). Various DNA-modifying
enzymes were investigated using this DNA frame system.
We observed that a thymine dimer produced by irradiation
with UVB was inserted into double-stranded DNA and a
repair reaction by T4 pyrimidine dimer glycosylase was
visualized.’ The DNA recombination reaction is important
for the generation of new genome sequences and for

repairing damaged DNA. Therefore, the substrate DNA
fragment was introduced into the DNA frame structure
and the recombination reaction by Cre recombinase was
examined. We visualized the recombination of the DNA
chain through Holliday junction intermediate (two duplex
cross-shaped DNA structure that forms during the process
of genetic recombination) and the dissociation of Cre from
the complex formed by Cre and the DNA chain using
high-speed AFM. In this case, we were able to analyze the
reaction by changing the orientation of the DNA strand
using the DNA frame. We published these results as a
review of three articles.*® We recently used the DNA frame
for visualizing the MOCI protein, which is important for
the segregation of chloroplasts.” We demonstrated that
MOCI effectively resolved a Holliday junction substrate.

Visualization of the cooperative binding of Sox2
and Pax6 and confirmation by photoreaction
using PrU-substituted DNA

The selective regulation of gene expression has
been achieved by pairing various transcription factors,
followed by cooperative binding to the promoter region
of genes. For example, Sox2 works with different
transcription factors at different stages of development. In
embryonic hepatocytes, Sox2 binds to Oct4 and maintains
pluripotency. Sox2 also forms a pair with Pax6 to control
the differentiation of cells into the nervous system, which
is particularly important for eye differentiation. Therefore,
the direct visualization of the binding of Sox2 and Pax6 to
DNA was achieved using the DNA frame.® The results of



AFM imaging are shown in Figure 1. It was demonstrated
that Sox 2 alone bound to the DNA bridge in the DNA
frame and that it bound preferentially to the longer DNA
bridge. However, under this condition, Pax6 alone did not
bind to the DNA bridge, whereas it bound to the DNA
bridge as a heterodimer in the presence of Sox2.

For many years, we investigated whether the
photoreactivity of 5-halouracil could be used to probe the
DNA local conformation and monitor the binding of small
molecules and proteins. 5-Halo-2’-deoxyuridine is readily
incorporated into DNA, and 5-halouracil-substituted DNA
remains functional in vivo. However, the incorporation of
S5-halouracil enhances the photosensitivity of cells with
respect to DNA—protein crosslinking and DNA strand
cleavage. We demonstrated that hydrogen abstraction by
the uracil radicals that are generated in DNA duplexes
strongly reflects the DNA local conformations.” Our
laboratory has also developed a method to investigate
the sequence-specific binding of proteins and small
molecules to DNA using B'U-substituted DNA under 302
nm irradiation conditions. This method is based on the
principle that electron transfer occurs from photoexcited
tryptophan when the tryptophan residues of proteins are
located near the P'U residues of DNA. The formation of
a uracil radical after the elimination of the bromide ion
produces a uracil residue in the presence of an excess
amount of the hydrogen donor, which can be cleaved
by uracil glycosidase treatment and subsequent heating

A
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relaxed dsDNA

conditions. Therefore, the occurrence of DNA cleavage
indicates that the protein is bound in the vicinity of the
DNA molecule. Fortunately, as tryptophan residues are
present near the Sox2- and Pax6-binding sites, cooperative
binding between these transcription factors was examined
using B'U-substituted DNA under 302 nm irradiation
conditions. It was revealed that Sox2 alone can bind to,
and cleave DNA, whereas Pax6 cannot bind to DNA alone
(Figure 2¢). However, DNA cleavage by binding of Pax6
was observed in the presence of Sox2, and Pax6 was
capable of binding to DNA only when Sox2 was present,
indicating the cooperative binding of these proteins.?

Artificial genetic switches
Sequence-specific binding of the PIP

PIP is a modified peptide in which units of
N-methylpyrrole (P) and N-methylimidazole (I) are linked
by a peptide bond. The incorporation of aminobutyric
acid leads to the folding of the PI polyamide into a
hairpin shape and to its binding to double-stranded DNA
in a sequence-specific manner with the same strength as
that observed for the transcription factor."! The sequence
specificity follows a simple recognition rule: i.e., the pair
of I and P recognizes GC base pairs, and the pair of P and
P recognizes AT base pairs or TA base pairs. Therefore, by
changing the sequence of P and I, it is possible to design a
PIP that binds to specific DNA sequences. For this reason,
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Sox2-Pax

Protein Occupancy (%) on Various DNA Bridges

Sox2 Pax6  Sox2-Pax6
64-mer DNA 2.5 0 3.6
69-mer DNA 3.7 0 4.6
74-mer DNA 4.7 0 9.8

Figure 1. Direct observation of the cooperative binding of the transcription factors Sox2 and Pax6 in the DNA frame. (A) The model
structure of the Sox2/Pax6 complex on the putative DNA element and DNA frame with a vacant area inside containing four connection
sites: A, B, C, and D. The two DNA strands of the 64-mer and 74-mer DNA bridges. (B) Representative AFM image of Sox2 and Sox2/
Pax6 bound to a 74-mer dsDNA. (C) Quantification of protein occupancy on various DNA bridges.



it is possible that PIP can deliver various functional
molecules to a specific sequence in the genome.

A functional Py-Im polyamide that distinguishes
telomeric sequences

As described above, because PIP binds to the minor
groove of double-stranded DNA in a sequence-specific
manner, a fluorescent PIP that binds specifically to a
telomeric region located at the end of a chromosome was
synthesized. To improve the specificity of PIP for the human
telomeric  sequence (5-TTAGGG-3'/5'-CCCTAA-3")
» we developed a novel synthetic method of connecting
the hairpin PIP to synthesize a tandem dimer, trimer, and
tetramer.'>!* These structures can be used as tools for
telomere research because the fluorescent PIP binds to
DNA without melting of the double-stranded DNA. We
visualized specific fluorescence from the telomeric region
in human HeLa cells and mouse MC12 cells with a long
telomere under mild conditions. We also examined the
possibility of cancer diagnosis using telomere-specific
imaging. We estimated the length of telomeres and cleared
the path for the clinical application of the sequence-
specific binding of PIP.'® We demonstrated further that
the specificity of PIP for the telomere is increased by
expanding the molecule from a tandem dimer to a tandem
trimer, and then to a tandem tetramer. Moreover, using
a biotinylated tandem tetramer, we demonstrated that
this molecule selectively binds to the telomeric region
of human chromosomes, as revealed by pull-down
experiments and a subsequent next-generation sequencing
(NGS) analysis.!® As this polyamide can bind to double-
stranded DNA, visualization under milder conditions
becomes possible. We have not succeeded in performing
live-cell imaging, because the molecule becomes large and
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it is poorly incorporated into the nucleus. It is expected
that further improvement of molecular structures and
conditions will allow live-cell imaging.

Design of the PIP OFF switch

As PIP has excellent sequence-specific DNA-binding
properties and excellent accumulation in the nucleus, it is
one of the promising building blocks of artificial genetic
switches. Because binding to DNA is similar to that of
transcription factors, it is possible to inhibit the binding of
transcription factors, and the suppression of the expression
of various genes in this manner has been reported. In
addition, even in coding regions, gene expression can
be suppressed by alkylation of the template strand in a
sequence-specific manner. First, we attempted to suppress
the expression of oncogenes via the conjugation of an
alkylating agent to PIP. It has been shown that mutations
of KRAS occur frequently in colon cancer and pancreatic
cancer. Among them, the mutation from GGT to GTT at
codon 12 is well known. Therefore, we synthesized KR12,
to react with the complementary strand of this mutated
GTT sequence.!” This molecule selectively reacted with
the mutated sequence of KRAS and selectively inhibited
KRAS expression. The injection of KR12 into a mouse
bearing human colon cancer via the tail vein led to the
obvious suppression of the growth of the cancer, and it
was revealed that the bulging of the cancer tissue had
disappeared almost completely 5 weeks after the injection.
These results indicate that the DNA base sequence is
sufficient as a molecular target for cancer treatment and is
expected to be a new tailor-made anticancer drug.

30 min
280 nm + + + +
Pax6 . - +
Sox2 - + - +
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Figure 2. The detection of cooperative binding of the transcription factors Sox2 and Pax6 by photoreaction of ®'U-substituted DNA.
(A) The formation of a uracil radical by electron transfer induced DNA cleavage. (B) Upon photoirradiation of the Sox2—Pax6-DNA
complex, an electron is injected from Pax6 to the U residue. (C) Pax 6 itself did not induce cleavage of P'U-substituted DNA, but 'U-
substituted DNA was cleaved when Sox 2 was present. The 5U residue at the binding site of Sox 2 was converted with T.
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Figure 3. Histone is acetylated by HDAC inhibition, the nucleosome structure becomes loose, the transcription factor binds to the

molecule, and the expression of the gene is turned ON.

Design of ON switch

It has become clear that gene expression is controlled
by DNA sequence information, as well as by epigenetic
modifications, such as histone acetylation and methylation,
and DNA methylation. To activate the expression of
specific genes, it is necessary to consider epigenetic
changes, such as histone acetylation. Therefore, SAHA,
which is an HDAC inhibitor, was conjugated to PIP, and
we tried to activate selective gene activation using this
conjugate (Figure 3).!

Because selective gene activation did not yield clear
results in terms of the sequence specificity of PIP, 32
types of SAHA-PIP libraries that were expected to bind
to different base sequences were synthesized, and gene
activation was investigated using human skin fibroblasts
(HDFs). The results of a microarray assay after treatment

of HDFs with 1 mM SAHA-PIP for 48 h revealed that
most of the SAHA—PIP molecules activated the expression
of 200 genes by >10-fold under these conditions. We
showed that most of the activated genes are unique genes
and proved our hypothesis that SAHA-PIP activates genes
in a sequence-specific fashion. In addition, we confirmed
that SAHA-PIP-E, -F, -H, and -I increased the expression
of pluripotency-related genes, such as Sox2 and Nanog. As
shown in Figure 4, SAHA—PIP-X in the library activated
retina-related gene groups, such as Pax6, RSI, USH2A,
CRYBB3, and STRA6." Using the biotinylated SAHA—
PIP-X, we demonstrated that the binding site on the
genome selectively bound to the encoded portion of PAX6
and the promoter region, as examined by NGS analysis.
These results suggest that SAHA-PIP can be used for the
treatment of diseases that are caused by repression of gene

Activation of Retinal gene
circuit in HDF by SAHA-PIP X

Figure 4. HDFs were specifically inhibited by DNA base sequence by AHA-PIP-X, and activation of retina-related gene groups, such

as Pax6, RS1, USH2A, CRYBB3, and STRAG, occurred.



expression.

New FRET system for nucleosomes

We are also interested in the dynamic structure of
nucleosomes because gene expression involves chromatin
structure. Forster Resonance Energy Transfer (FRET) has
been used for the analysis of the dynamic structural changes
of nucleosomes. In conventional systems, however, dyes
attach to DNA bases or histone proteins with a flexible
carbon linker. Moreover, these dyes can be randomly
rotated; thus, it is difficult to discuss the accurate dynamics
of nucleosomes. Therefore, we introduced "dG as a donor
and tC as an acceptor with base pairing with normal G and
C in our new FRET system. To examine the new FRET
system, we prepared 31-mer oligonucleotides containing
"dG or tC at different positions and assessed the distance
dependency between the donor and the acceptor.?

Based on these observations, we prepared three
PCR primers containing "dG or tC and amplified
601 nucleosome positioning sequences.”’ After PCR
amplification, we reconstituted the nucleosome using a
salt dialysis method. The steady-state fluorescence of
mononucleosomes is shown in Figure 5B. The dashed line
indicates nucleosomes containing only a donor, and the
solid line shows nucleosomes containing a donor and an
acceptor. As compared with nucleosome with D 40" + A
41, higher quenched donor emission of nucleosome with
D 40™ + 27" was obtained around 450 nm. Furthermore,
nucleosomes with D 40" + A 27" exhibited a longer
emission maximum (471 nm) than did nucleosomes
with D 40" + A 41%, suggesting that the former have a
higher FRET efficiency than the latter (469 nm). After

Erger = 0.10 £ 0.01

Photomedicine and Photobiology, Vol.40, 2019

deconvolution, FRET efficiencies were calculated as
shown in Figure 5C. The present FRET system can
provide a deeper insight into the conformational changes
of DNA on nucleosomes in the presence of our artificial
genetic switch, as well as promote the understanding of
the mechanism of intrinsic genetic processes.

Conclusions

We developed a new DNA frame using the DNA origami
method and demonstrated that the retina-related Pax6 and
Sox2 cooperatively bind to the target sequence. Using a
photo reaction of ®'U-containing DNA, we also obtained
evidence of the cooperative binding of these transcription
factors. Moreover, we developed SAHA-PIP-X to
upregulate retina-related genes. Various diseases have
been associated with epigenetic changes. Understanding
the mechanism of control of gene expression at the
molecular level would lead to novel diagnoses of diseases
and even to rational therapies. Genetic switches that
possibly serve as tools that regulate the expression of
specific gene could be used for the treatment of various
diseases. We applied a highly emissive nucleobase "dG-
tC FRET system to 601 nucleosomes for the first time.
The nucleosomal DNA containing the "dG-tC FRET
pair was successfully amplified by PCR, and its DNA
wrapped around nucleosomes, similar to that observed in
the natural condition. We calculated the FRET efficiencies
and orientation factors of two nucleosomes by changing
the location of the acceptors. We hope to be able to
control gene expression and create innovative treatments
by further combining the tools of chemical biology
introduced in this article.

D 40t + A 41st

D 40t + A 27t

F Nucleosome :

D40

7th

Errer = 0.25 % 0.03

Figure S. thG-tC FRET system of nucleosomal DNA. (A) Schematic presentation of 601 145 bp sequences containing a donor, thG
(40™), and an acceptor, tC (27" and 41*). (B) Fluorescence emission spectra of a nucleosome containing a donor (D 40™) and an acceptor
(27" and 41%), and deconvoluted emission spectra. (C) Calculated FRET efficiencies of two nucleosomes (D 40th + A 41st or 17 D 40th

+ A 27th), with mean errors.
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Abstract: Berberine, an alkaloid, forms inclusion complex with a- and f-cyclodextrins through an entropy effect. The
photoexcited state of berberine is rapidly quenched in an aqueous solution, however the lifetime of singlet excited state
of berberine was markedly elongated in the hydrophobic cavity of cyclodextrin. Furthermore, the intersystem crossing
to triplet excited state of berberine was enhanced by this interaction. Singlet oxygen generation of berberine was not
increased by cyclodextrin, possibly due to the inhibition of the interaction between berberine in the cyclodextrin cavity
and oxygen molecule.

Keywords: Berberine, Cyclodextrin, Photosensitizer, Triplet excited state, Singlet oxygen

INTRODUCTION

Berberine (5,6-dihydro-9,10-dimethoxybenzo[g]-1,3-
benzodioxolo[5,6-a]quinolizinium; BBR) is an alkaloid
isolated from Goldenseal (Hydrastis canadensis L.) [1].
Its antibacterial and anti-inflammatory effects have been
reported, and it is marketed as an antidiarrheal [2,3].
Furthermore, BBR does not show toxicity under dark
condition [2,3]. We have previously reported that the

of the intersystem crossing to the triplet excited (T,) state
and energy transfer to oxygen molecule. Therefore, the
interaction with CD may use to control the PDT activity
of BBR. In this study, the association between BBR and
CD (a-, p-, and y-CD) (Fig. 1) and the photochemical
properties of these inclusion complexes were investigated.

EXPERIMENTAL

photoexcited state of BBR is rapidly quenched through
intramolecular electron transfer and an electrostatic
interaction with DNA suppresses this quenching, resulting
in the enhancement of fluorescence emission and singlet
oxygen ('O,) generation [4,5]. This characteristic might
be applied to photodynamic therapy (PDT), a promising
less invasive cancer therapy using a non-thermal visible
light [6], through DNA-selective mechanism as a target
biomolecule [7]. Cyclodextrin (CD), which is a non-
toxic cyclic glucose, can be employed in supramolecular
medicine [8]. CDs form an inclusion complexes with
BBR using its hydrophobic cavity [9-11]. Relevantly,
more complex supramolecular system including a CD
derivative and BBR was reported [12]. However, the
photochemical property of inclusion complex of CDs
and BBR has not been well understood. In general, a
hydrophobic environment inhibits photoinduced electron
transfer [13-15], because of a stabilization of the energy
level of charge transfer state [16]. It is speculated that
the intramolecular electron transfer-mediated quenching
of photoexcited state of BBR 1is suppressed in the
hydrophobic cavity of CDs, resulting in the enhancement

BBR (or palmatine, an analogue of BBR) chloride
(Wako Pure Chemical Industries, Ltd., Tokyo Japan) was
mixed with CD in a 10 mM sodium phosphate buffer
(pH 7.6) to measure absorption and fluorescence spectra.
This experimental condition at pH 7.6 was selected as a

Berberine OH\O
e
N
H3CO Z ¥
OCHs
Cyclodextrin

Berberine-cyclodextrin
inclusion complex
(speculated by molecular
mechanics calculation)

a-CD: m=86, g-CD:m=7
m y-CD:m=8

Fig. 1 Structures of berberine, cyclodextrin, and image of the
inclusion complex.



physiological condition model. Indeed, photosensitized
DNA damage by various drugs has been examined
at around this pH condition [17-19]. In addition, the
interaction between BBR and DNA was examined at
this pH [4,5]. Fluorescence lifetime (r) and transient
absorption spectra of this sample solutions were also
measured [20]. Time-resolved electron paramagnetic
resonance (EPR) measurement was performed to examine
the T, state of BBR with CD [21]. The 'O, generation
was directly measured by near-infrared luminescence
at around 1270 nm from 'O,, which corresponds to the
'0,('A)0,(L,) transition [4,22].
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Fig. 2 Absorption spectra of BBR with f-CD (A) and their
fluorescence spectra (B). The sample solution contained 50
uM BBR and the indicated concentration of f-CD in a 10 mM
sodium phosphate buffer (pH 7.6). The excitation wavelength
was 400 nm.

RESULTS AND DISCUSSION

Absorption and fluorescence spectra of BBR with or
without -CD are shown in Fig. 2. Similar results were
observed in the cases of a-CD. Absorption spectrum of
BBR was barely changed by the addition of CDs (Fig. 2A).
Therefore, the analysis of interaction between BBR and
CDs was difficult by absorption spectrum measurement.
Fluorescence intensity of BBR is very small by the rapid
deactivation process in aqueous solution [4,5]. In the
presence of a- or f-CD, the fluorescence intensity (Fig.
2B) and 7, (described in later) of BBR markedly increased,
suggesting the formation of inclusion complex (BBR-
CD,) as follows:

BBR +1CD 2 BBR-CD, (1).

Table 1 Association constant and thermodynamic parameter of
the inclusion complex of berberine and a- and f-CD

K AH° AS° AG°

M! kJ mol’! JK! kJ mol’!
a-CD 3,500 8.8 59 -8.8
£CD 7,500 1.4 37 -9.6

These parameters were determined using 50 uM BBR and 0-200
uM a- or £-CD in a 10 mM sodium phosphate buffet (pH 7.6)
at 298 K.

Interestingly, y-CD did not show the fluorescence
enhancement effect of BBR. In addition, the fluorescence
spectrum of palmatine, an analogue of BBR, was not
changed by the addition of these CDs in this experimental
condition. These results suggest that y-CD is too large
to form a stable complex with BBR and the slight bulky
strucuture of palmatine compared with BBR is not
appropriate for the interaction with CDs. Molecular
mechanics calculation also supports the stable inclusion
complex formation between BBR and o- and S-CD (Fig.
1). From the analysis of the fluorescence intensity of BBR
with CD, the association constant (K) was calculated using
the following equations:

[BBR-CDy,]
~ [BBR][CDI" &
and
Fo—F

Log -

= Log K+ nLog{CD] 3)

where [BBR],[CD], and [BBR-CD, ] are the concentrations
of BBR, CD, and the inclusion complex, respectively, F,
is the fluorescence intensity of BBR without CD, and F is
that with CD. In the case of relatively low concentration
of CD (the concetration ratio of BBR and CD is around
1:1), the n became unity, suggesting the formation of
1:1 complex. In the presence of excess amount of CD,
the n became 0.4 (a-CD) and 0.2 (5-CD), suggesting the
aggregation of CD molecules around the 1:1 BBR-CD
complex. The thermodynamic parameters of this 1:1
inclusion complexation at standard state, enthalpy change
(AH®), entropy change (AS°), and Gibbs energy (AG°),
were calculated from the temperature dependence of K
values by van’t Hoff equation (Table 1). Obtained AH° and
AS° values were positive. These analyzed values indicate
that the entropy effect is a driving force of this interaction.
This interaction mechanism at pH 7.6 is different from the
reported interaction between S-CD and BBR under basic
condition [10]. In addition, these results suggest that
this complexation between these CDs and BBR proceeds
through a hydrophobic interaction under this experimental
condition [23].

The fluorescence enhancement of BBR through
inclusion complexation can be explained by the inhibition
of intra-molecular electron trasfer [4,5] in a hydrophobic
cavity of CD. Fluorescence lifetime measurement showed



that the singlet excited (S, ) state lifetime of BBR in sodium
phosphate buffer (z, = 0.12 ns; without CD) is markedly
elongated in the complex form with CD (z,= 1.9 ns; a-CD
and 3.0 ns; f-CD). These 7, values were shorter than those
of BBR with DNA, suggesting that the electron transfer-
mediated quenching is not completely inhibitted by CDs.

It was reported that photoexcited BBR in an aqueous
solution does not produce the T, state due to rapid non-
radiative quenching [24]. However, in the presence of
DNA, the S, state lifetime increases and the intersystem
crossing to the T, state is enhanced [4,5,7]. Therefore,
the T, state formation of BBR with $-CD, of which the K
value with BBR is larger than that of a-CD, was examined.
Time resolved EPR measurement demonstrated the
formation of BBR T, state in the presence of f-CD (Fig.
3). The time profile of this signal could be fitted by
double exponential function and the analyzed lifetimes
(1.2 ps; 48% and 16 ps; 52%) were comparable with
those of BBR-DNA complex in an aqueous solution [4].
Furthermore, a transient absorption spectrum around
400-700 nm, which is assigned to BBR T, state by the
theoretical calculation of the density functional treatment
at the B3ALYP/6-31G* level, was obseved and the intensity
was increased by the addition of f-CD. These findings
indicated that photoexcited BBR can produce its T state
in the CD cavity.

Photosensitized 'O, generation by BBR was examined
by a near-infrared emission measurement. The quantum
yield of 'O, generation (®,) was estimated from the
comparison of the emission intensity with that of methylene
blue (@, = 0.52 in water) [25]. The 'O, generation by

0.02
0.015 |
0.01
0.005 |
ot
-0.005
-0.01
-0.015 |
-0.02

.0.025 L L L L
2000 2500 3000 3500 4000 4500

Field/ G

(A)

Intensity (arb. unit)

01 (B)

001 | ?MMWQ

0.001

Intensity (arb. unit)

N

Bl

00001 . 1 1 1 1 n n 1 n
2 0 2 4 6 8 10 12 14 16 18
Time / us

Fig. 3 Time resolved EPR spectrum of BBR obtained 0.7 ps
after 355 nm laser excitation at 77 K (A) and the time profile of
the absolute value of signal at 3000 G (B). The sample solution
contained 50 uM BBR and 200 uM f-CD in a 10 mM sodium
phosphate buffer (pH 7.6) with ethylene glycol.
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BBR in ethanol was confirmed (©,=0.072), however,
the estimated value in water was very small (0.018). In
the presence of CD, the 'O, generation activity of BBR
was barely increased. These results can be explained
by that the inclusion complexation with CD inhibits the
interaction including energy transfer from the T, state of
BBR to oxygen molecule [26].

CONCLUSIONS

BBR forms an inclusion complex with a- and S-CDs
through entropy effect.  Specifically, more stable
complex is formed with -CD. The S, state lifetime of
BBR is markedly elongated and the T, state formation is
enhanced through this inclusion complexation. However,
'O, generation activity of BBR is not improved by CD,
possibly due to the inhibition of the interaction with oxygen
molecule. Therefore, a- or f-CD can be used as a carrier
of BBR, and the dissociation from the inclusion complex
by a controlled release technique [12] and an interaction
with other biomolecules, e.g. DNA, is necessary for the
photodynamic action of BBR.
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Glutathione arrest in the pores of mesoporous silica nanoparticles
bearing maleimide units to enhance the radiation effects
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ABSTRACT

Glutathione (GSH) is one of the main non-protein thiols present in cells, and it exhibited a protective effect in tumor
radiation therapy. Therefore, the reduction of GSH from cells is required for the enhancement of therapeutic effects. In this
study, we prepared nanoparticles, that arrest small-sized GSH. We modified the pores of mesoporous silica nanoparticles
by the introduction of maleimide groups to react with GSH. We found that GSH was captured by the nanoparticles, while
the nanoparticles did not react with the large-sized thiols such as albumin. These new nanoparticles bearing maleimide
units may provide a smart molecular system with selective capturing ability of small-sized thiols under biological condi-

tions.

INTRODUCTION

Non-protein thiols (NPSH) in tumor cells have adverse
effects on cancer treatment, especially in radiation
therapy.'™ Among several thiols in the cells, the reduced
form of glutathione (GSH), typical NPSH, is known to
exist in high concentration in the cells, and it plays a role
in protecting intracellular molecules from damage caused
by radiation.”® In the light of this function, the depletion
of GSH in tumor cells has been attracting attention in
efforts to enhance the therapeutic effect of radiation.’ To
arrest and deactivate NPSH, several strategies have been
proposed, including oxidation of thiols,'®!" alkylation
by electrophilic molecules'>* and prevention of NPSH
synthesis.'”> However, almost all strategies influence the
protein thiols nonspecifically; hence the precise arrest of
small-sized NPSH remains a challenge.

These research contexts prompted us to demonstrate
a selective trapping of small-sized NPSH by means of
mesoporous silica nanoparticles (MSN).'®!7 Because
the pores of MSN provide a limited reaction field for
small molecules,'®!" modification of the pores allows the
reaction of small molecules and their capture in a selective
manner. We employed maleimide groups for the arrest of
NPSH, and introduced them into the pores of MSN. We
prepared MSN bearing maleimide units (MSN-MI) and
characterized their reaction properties.

MATERIALS AND METHODS

Fluorescence-Labeled MSN-MI (MSN-MI-F). A
solution of 5-carboxyfluorescein N-succinimidyl ester
(CFNSE) in mixture of DMSO (45 mL) and saturated
aqueous NaHCO, (4.5 mL) was added to MSN-MI, and
stirred at room temperature for 24 h. The mixture was
centrifuged at 16,000 rpm for 10 min. After removing
the supernatant, the mixture was washed with DMSO
and water. Drying under reduced pressure afforded MSN-

SMCC-F as an orange powder.

Quantification of amino and maleimide groups on
MSN Surface. A solution of 5-carboxyfluorescein
N-succinimidyl ester (CFNSE, 180 pM) in mixture of
DMSO (45 mL) and saturated aqueous NaHCO, (4.5
mL) was added to propylamine functionalized silica
nanoparticles (MSN-NH,, 0.9 mg) or MSN-MI (0.9 mg),
and the resulting mixture was stirred at room temperature
for 24 h. After the reaction, the mixture was centrifuged
and the supernatant was diluted 20-fold and measured by
absorption spectrophotometer.

Evaluation of cellular uptake. The fluorescence labeled
MSN-MI-F (0.05 mg/mL) in serum-free D-MEM was
added to A549 cells, followed by incubation at 37 °C for
6 h. The cells was washed with PBS, and after addition
of Fluoro Brite DMEM the samples were subjected to
confocal microscopy.

Quantification of GSH/GSSH Ratio in Cells. Levels
of GSH and GSSG were measured using a GSH/GSSG
quantification kit (Dojindo, Japan). Briefly, A549 cells
were pre-incubated for 24 hat 37 °C in 5% CO, and further
incubated for 24 h with the medium containing MSN-
MI. After washing with PBS, the cells were harvested
and centrifuged for 5 min, and the supernatant was
discarded. After the pellets were resuspended in 10 mM
HCI (80 pL), the cell suspensions were frozen—thawed.
Then, 20 pL of 5% 5- sulfosalicylic acid (SSA) was
added to the suspensions and the resulting samples were
centrifuged for 10 min. Then, the samples were reacted
with 5, 5'-dithiobis(2-nitrobenzoic acid) (DTNB) and
the absorbance at 405 nm was recorded on a microplate
absorbance spectrophotometer.

Reaction of MSN-MI in lysate of A549 cells. A549
cells were pre-incubated for 48 h at 37 °C in 5% CO,.
After washing with PBS, the cells were harvested and
centrifuged for 3 min. After the pellets were resuspended
with 500 pL of H,O, the cell suspensions were frozen—

— 11—



thawed. The obtained cell lysate was incubated with
MSN-MI (5.0 mg) for 30 min, and after the reaction, the
samples were centrifuged at 1000 rcf. The supernatant was
added to phosphate buffer (pH 8.0) and 10 mM DTNB,
and the resulting mixtures were subjected a microplate
absorbance spectrophotometer at 405 nm.

RESULTS AND DISCUSSION

The synthesis of MSN-MI is outlined in Figure 1. We
employed commercially available MSN bearing primary
amino groups (MSN-NH,) for the preparation of MSN-MI.
The size of MSN-NH, and their pore size were estimated
to be 200 and 4 nm, respectively. Coupling of MSN-NH,
with succinimidyl 4-(N-maleimidomethyl)cyclohexane-
1-carboxylate (SMCC) gave the desired MSN-MI.
Immobilization of the maleimide units on the surface
of MSN was confirmed by FT-IR analysis. The strong
band around 1100 cm™ seems to arise from the structure
of the silica nanoparticles.”® The bands around 1680
cm’ observed for MSN-MI were attributed to the C=0
stretching vibration, indicating that maleimide units were
immobilized on the surface of MSN. We then conducted
experiments to quantify the maleimide units on the MSN.
MSN-ML, or control compound MSN-NH,, were treated
with 5-carboxyfluorescein N-succinimidyl ester (CFNSE),
and the resulting samples were centrifuged to yield the
supernatants. The measurements of absorption spectra of

(A) (B)

supernatant revealed the amount of free CFNSE, which
enabled us to estimate the amount of free amino groups
on the nanoparticles. Thus, we calculated the amounts of
maleimide units on MSN-MI and free amino groups on
MSN-NH, to be 24.9 and 111.4 nmol / mg, respectively,
indicating that 22% of amino groups on the surface of
MSN were modified by maleimide groups. The average
diameter of MSN-MI was 185.6 + 17.5 nm as determined
from TEM images (Figure 1C).

We next tracked the GSH-arrest by MSN-MI using the
reaction of 5,5-dithiobis(2-nitrobenzoic acid) (DTNB).
After the reaction between GSH and MSN-MI, the
samples were centrifuged to obtain an unreacted GSH
in supernatant, which was further reacted with DTNB.
The GSH molecules in the supernatant reduced DTNB
to afford S-mercapto-2-nitrobenzoic acid (TNB), which
showed typical absorption around 400-450 nm. Thus, we
could monitor the reaction of MSN-MI with GSH by the
measurement of absorption spectra. As shown in Figure 1D,
the direct reaction of GSH with DTNB resulted in a typical
strong absorption around 400-450 nm due to the formation
of TNB. It is noticeable that the reaction of DTNB with a
sample in which MSN-MI was mixed with GSH resulted
in weak absorption. A similar reaction using the control
compound N-ethyl maleimide (NEM), which is a trapping
reagent of GSH, also showed weak absorption, indicating
that MSN-MI arrested GSH in a similar efficiency of
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Figure 1. (A) Synthesis of MSN-MI using succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC). (B) FT-IR spectra
of MSN-MI. Arrow indicates C=0 vibration. (C) TEM images of MSN-MI (Avg. 185.6 nm, S.D. 17.5 nm). (D, E) Absorption spectra
of DTNB after the reaction of thiols (D: GSH, E: BSA). After the reaction of GSH (100 pM) or BSA (100 uM) with MSN-MI (1 mg,
red) or NEM (25 nmol, black), the samples were centrifuged to obtain an unreacted thiols in supernatant, which was further reacted with
DTNB. Absorption spectra of control samples (direct treatment of thiols with DTNB) were depicted in blue line.
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NEM. In separate experiments, we monitored the reaction
of bovine serum albumin (BSA), which consists of 853
amino acids with one free cysteine.?'?* The Stokes radius
of the BSA molecule is estimated to be 3.55 nm;> hence,
BSA could not enter the pores of MSN-MI to react with the
maleimide units. We observed that the reaction of DTNB
with the sample obtained from the reaction of MSN-MI
and BSA showed strong absorption, similar to that of the
sample obtained from the reaction of DTNB and BSA
itself (Figure 1E). Given that BSA reacted with NEM to
show weak absorption, it is reasonable to conclude that
MSN-MI arrested small GSH in a selective manner due to
the size effect of the pores.

For a better understanding of the function of MSN-MI in
living cells, we next assessed the cellular uptake of MSN-
MI using a human cell line of lung carcinoma A549 cells.
Fluorescein-labeled MSN-MI (MSN-MI-F) was prepared
to track their cellular dynamics and was administered to
A549 cells. As shown in Figure 2A, we observed bright

Photomedicine and Photobiology, Vol.40, 2019

emission of fluorescein on MSN-MI from the cells. We
confirmed that MSN-MI-F was accumulated in cytosol
in the cells by co-stained experiments. We examined
the merged images of fluorescence of MSN-MI-F and
organelle-specific fluorescent molecules, which targeted
nucleus, lysosome and cell membrane. We did not observe
amerged color of MSN-MI-F and other fluorescent agents,
indicating that MSN-MI-F had access to the cytosol but
not to the lysosome. We next evaluated the GSH arrest
by MSN-MI in A549 cells. After incubation of the cells
for 24 h in the presence of MSN-MI, the ratio of GSH
and GSSG (GSH / GSSG) in the cells was quantified.
Although a decrease of the amount of GSH was expected
because of the function of MSN-MI, we observed no
effect on the GSH / GSSG ratio (Figure 2B). To confirm
whether the GSH arrest can occur within cells, we further
studied the reaction of MSN-MI upon treatment with cell
lysate. After a solution of MSN-MI was incubated with
the lysate of A549 cells, the amount of thiols in the cell
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Figure 2. (A) Localization of MSN-MI-F in A549 cells. The cells were incubated with MSN-MI-F (green) and then nucleus (blue), cell
membrane (red) and lysosome (light blue) were stained by organelle markers, Hoechst 33342, Cell mask and Lyso tracker, respectively.
(B) GSH/GSSG ratio in A549 cells before or after treatment with MSN-MI (0.2 mg / mL) for 24 h at 37 °C. (C) Concentration of thiols
in the lysate of A549 cells before or after treatment MSNMI (5 mg) for 30 min at 37 °C.
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lysate was determined. As shown in Figure 2C, an evident
decrease of thiols was observed in the sample treated
with MSN-MI, indicating that MSN-MI maintained the
GSH arresting function even in the cells. At present, the
reason for the ineffectiveness of MSN-MI in living cells
is unclear, however, the one acceptable explanation is
that the cellular uptake of MSN-MI was not sufficient to
express their original capturing ability for GSH.

CONCLUSION

In summary, in an effort to improve the radiosensitivity
of tumor cells, we attempted to design a molecular system
for capturing intracellular non-protein thiols such as GSH.
We synthesized mesoporous silica nanoparticles, that
had their pores modified by maleimide units (MSN-MI)
and characterized their reactivity toward GSH. MSN-MI
captured small GSH in the pores, while the large-sized
thiols did not react with MSN-MI because they could
not enter the pores. Although MSN-MI appeared to be
promising as an agent to trap GSH, results of cellular
experiments revealed that MSN-MI did not function
in living cells, probably due to the low cellular uptake.
Improvements to enhance the uptake and attainment
of efficient accumulation of MSN-MI in the cells by
the surface modification of nanoparticles are currently
underway.

REFERENCES

1. Balendiran G. K., Dabur R., Fraser D. The role of
glutathione in cancer. Cell Biochem. Fucnt. 2004; 22:
343.

2. Estrela J. M., Ortega A., Obrador E. Glutathione in
cancer biology and therapy. Crit. Rev. Clin. Lab. Sci.
2006; 43: 143.

3. Ishimoto T., Nagano O., Yae T., Tamada M., Motohara
T., Oshima H., Oshima M., Ikeda T., Asaba R., Yagi H.,
Masuko T., Shimizu T., Ishikawa T., Kai K., Takahashi
E., Imamura Y., Baba Y., Ohmura M., Suematsu M.,
Baba H., Saya H. CD44 variant regulates redox
status in cancer cells by stabilizing the XxCT subunit
of system xc(-) and thereby promotes tumor growth.
Cancer Cell 2011; 19: 387.

4. Lipard M., Bothe E., Schulte-frohlinde D.
Determination of the Constants of the Alper Formula
for Single-strand Breaks from Kinetic Measurements
on DNA in Aqueous Solution and Comparison with
Data from Cells. Int. J. Radiat. Biol. 1990; 58: 603.

5. Alper T.; Cellular Radiobiology. Cambridge
University Press: Cambridge, 1979.

6. Astor M. B.; Anderson V.; Mester A. Relationship
between intracellular GSH levels and hypoxic cell
radiosensitivity. Pharmaco. Ther. 1988; 39: 115.

7. Held K. D. Models for thiol protection of DNA in
cells. Pharmaco. Ther. 1988; 39: 123.

8. Chapman J. D., Greenstock C. L., Reuvers A. P., Dugle
D. L. The Inactivation of Chinese Hamster Cells by X

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

—14 -

Rays: The Effects of Chemical Modifiers on Single-
and Double-Events. Radiat. Res. 1975; 64: 365.
Zhang X., Chen X., Jiang Y. -W., Ma N., Xia L. -Y.,
Cheng X., Jia H. —R., Liu P., Gu, N., Chen Z., We F.
—G. Glutathione-Depleting Gold Nanoclusters for
Enhanced Cancer Radiotherapy through Synergistic
External and Internal Regulations. ACS Appl. Mater.
Interfaces 2018; 10: 10601.

. Lin L. -S., Song J., Song, L., Ke K., Liu Y., Zhou Z.,

Shen Z., Shen Z., Li J., Yang Z., Tang W., Niu G.,
Yang H. —H., Chen X. Simultaneous Fenton-like Ton
Delivery and Glutathione Depletion by MnO,-Based
Nanoagent to Enhance Chemodynamic Therapy.
Angew. Chem. Int. Ed. 2018; 57: 4902.

Harris J. W., Power J. A. Diamide: A New
Radiosensitizer for Anoxic Cells. Radiat. Res. 1973;
56:97.

Han A., Sinclair W. K., Kimler B. F. The Effect of
N-Ethylmaleimide on the Response to X Rays of
Synchronized HeLa Cells. Radiat. Res. 1976; 65: 337.
Nishimoto S., Zhou L. Cellular non-protein thiol
depletion and radiosensitization of hypoxic cells by
a novel 2-nitroimidazole derivative possessing an
NPSH-reactive side chain. Bioorg. Med. Chem. Lett.
1994; 4: 439,

Tanabe K., Kojima R., Hatta H., Nishimoto S.
Propargylic sulfones possessing a 2-nitroimidazole
function: novel hypoxic-cell radiosensitizers with
intracellular non-protein thiol depletion ability.
Bioorg. Med. Chem. Lett. 2004; 14: 2633.

Biaglow J. E., Varnes M. E., Clark E. P, Epp E. R. The
Role of Thiols in Cellular Response to Radiation and
Drugs. Radiat. Res. 1983; 95: 437.

. Li Z., Barnes J. C., Bosoy A., Stoddart J. F., Zink

J. I. Mesoporous silica nanoparticles in biomedical
applications. Chem. Soc. Rev. 2012; 41: 2590.

Wu S. —H., Hung Y., Mou C. —Y. Mesoporous silica
nanoparticles as nanocarriers. Chem. Commun. 2011;
47:9972.

Nakamura T., Son A., Umehara Y., Ito T., Kurihara
R., Ikemura Y., Tanabe K. Confined Singlet Oxygen
in Mesoporous Silica Nanoparticles: Selective
Photochemical Oxidation of Small Molecules in
Living Cells. Bioconjugate Chem. 2016; 27: 1058.
Umehara Y., Son A., Kondo T., Tanabe K. Dioxetane
formation and chemiluminescent emission upon
the combination of a vinylphenol derivative with
naphthalene endoperoxide. RSC advances 2017; 7:
9472.

Shawky S. M., Abo-AlHassan A. A., Lill H., Bald D.,
EL-Khamisy S. F., Ebeid E. —Z. M. Efficient Loading
and Encapsulation of Anti-Tuberculosis Drugs using
Multifunctional Mesoporous Silicate Nanoparticles. J.
Nanosci. Curr. Res. 2016; 1: 1000103.

Rombouts I., Lagrain B., Scherf K. A., Lambrecht
M. A., Koehler P.,, Delcour J. A. Formation and
reshuffling of disulfide bonds in bovine serum albumin



22.

23.

demonstrated using tandem mass spectrometry with
collision-induced and electron-transfer dissociation.
Sci. Rep. 2015; 5: 12210.

Paris G., Kraszewski S., Ramseyer C., Enescu M.
About the structural role of disulfide bridges in serum
albumins: Evidence from protein simulated unfolding.
Biopolymers 2012; 97: 889.

Erickson H. P. Size and Shape of Protein Molecules at
the Nanometer Level Determined by Sedimentation,
Gel Filtration, and Electron Microscopy. Biol. Proced
Online, 2009; 11: 32.

— 15—

Photomedicine and Photobiology, Vol.40, 2019



Photomedicine and Photobiology, Vol.40, 2019

Possible beneficial effects of narrow-band UVB therapy on hypertension and
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Abstract

Epidemiological studies show a possible link between cardiovascular disease, hypertension, and low vitamin D levels
partly due to limited sunlight exposure. We previously demonstrated that UVB exposure prevents atherosclerosis in mice
by suppressing T-cell-mediated immunoinflammatory responses. Phototherapy using UVB radiation is an established
treatment for immunoinflammatory cutaneous disorders. However, it remains unknown whether UVB irradiation prevents
atherosclerotic cardiovascular disease and hypertension in humans. We investigated the effect of narrow-band (NB)-
UVB irradiation on vascular function, blood pressure, T-cell immune responses, and vitamin D levels in patients with
cutaneous diseases. Although NB-UVB did not affect vascular function in the brachial artery, it tended to decrease systolic
blood pressure in three hypertensive patients. Peripheral regulatory and effector T cells were not significantly affected
by NB-UVB therapy. NB-UVB significantly increased serum 1,25-dihydroxyvitamin D levels and tended to increase
serum 25-hydroxyvitamin D levels. Although the sample size is small, our data suggest that NB-UVB therapy may have
beneficial effects on hypertension and anti-inflammatory vitamin D levels.

Key words: narrow band UVB, cardiovascular disease, hypertension, T cells, vitamin D

promoting Treg responses, can prevent atherosclerotic
disease®® and hypertension.” '’

Recent experimental and epidemiological studies
have suggested a possible role of vitamin D in

Introduction

Despite advances in pharmaceutical treatment for
lifestyle-associated risk factors such as hyperlipidemia,
diabetes, and hypertension, atherosclerotic cardiovascular

disease is a major cause of mortality in developed
countries. Importantly, a large number of patients suffer
from uncontrollable hypertension. Therefore, it is
important to develop novel therapeutic approaches for
preventing these diseases.

Recent experimental and clinical evidence suggests
that innate and adaptive immune responses contribute
to vascular wall inflammation and play important roles
in the development and progression of atherosclerotic
cardiovascular disease' and hypertension.> We and others
have shown the involvement of the imbalance between
proatherogenic effector T cells (Teffs) and atheroprotective
regulatory T cells (Tregs), which are known to regulate
excessive immune responses,’ in the pathogenesis of
atherosclerotic disease* ° and hypertension.? Numerous
animal studies have demonstrated that modulation of
the Treg/Teff balance, by suppressing Teff responses and

prevention of atherosclerotic cardiovascular disease and
hypertension.""'* Epidemiological studies show a possible
link between cardiovascular disease, hypertension,
and sunlight exposure.’>'7 This phenomenon may be
attributable to low levels of anti-inflammatory vitamin
D, because UVB exposure to the skin plays a critical role
in the synthesis of vitamin D. We recently demonstrated
that in addition to its possible protective role against
atherosclerosis and hypertension by promoting vitamin
D production, broad-band (BB)-UVB irradiation
prevents experimental atherosclerosis and abdominal
aortic aneurysm by expanding atheroprotective Tregs,
suggesting a novel immunomodulatory strategy to prevent
atherosclerotic cardiovascular disease.!*?* UVB irradiation
is reported to critically regulate the immune system?' and
is clinically used for the treatment of cutaneous diseases
such as psoriasis and atopic dermatitis. However, it
remains unknown whether UVB irradiation prevents
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atherosclerotic cardiovascular disease and hypertension in
humans.

In the present study, we investigated the effect of
narrow-band (NB)-UVB irradiation, the most frequently
used UVB wavelength for treatment of cutaneous disease,
on vascular function, blood pressure, T-cell immune
responses, and vitamin D levels in patients with cutaneous
disease.

Methods
Recruitment of Patients

Patients with psoriasis, atopic dermatitis, and other
cutaneous diseases, who underwent NB-UVB therapy for
the first time or after at least six months interval, were
recruited from Kobe University Hospital. Patients with
systemic diseases including hepatic disease, renal disease
(serum creatinine levels > 2.0 mg/dL), and malignancy
were excluded. This study was performed in compliance
with the Declaration of Helsinki and was approved by
the Ethics Committee of Kobe University (No.1530).
All subjects provided oral and written informed consent
to participate in this study. We determined the patient’s
minimal erythema dose (MED) to establish the optimal
dosage schedule prior to phototherapy (330-480mJ/cm?/
once). Patients were treated once to three times per week,
depending on the severity of cutaneous diseases and their
life style.

Flow-mediated Dilatation (FMD) and Blood
Pressure

The %FMD change in the brachial artery diameter
was computed from initial and maximum diameters after
the cuff occlusion as described previously.?? Systolic
and diastolic blood pressure was measured on three
consecutive days in the morning before breakfast at home
and was compared between baseline and three months
after UVB therapy.

Table. Baseline characteristics

Flow Cytometric Analysis

Peripheral blood samples of patients were obtained
in EDTA-coated tubes. Peripheral blood mononuclear
cells were prepared by Ficoll gradient centrifugation and
incubated in phosphate-buffered saline containing 2%
fetal calf serum. Fluorescent-activated cell sorter analysis
was performed by Attune Acoustic Focusing Cytometer
(Life Technologies, Carlsbad, CA) using FlowJo10.0.6
software (Tree Star). The antibodies used were as follows;
PerCPCyS5.5-anti-CD3 (clone SK7; BD Biosciences),
APCCy7-anti-CD4 (clone RPA-T4; BD Biosciences),
APC-anti-FoxP3 (clone 236A/E7; Biosciences), PECy7-
anti-CD45RA (clone L48; BD Biosciences) and isotype-
matched control antibodies.

Measurement of Serum Vitamin D

Serum 1,25-dihydroxyvitamin D and25-hydroxyvitamin
D were analyzed by radioimmunoassay as described
previously (SRL, Tokyo, Japan).'!

Statistical Analysis

Data represent the mean + S.D. Paired ¢ test was used
for statistical correlation between pre and post NB-UVB
therapy. All statistical analyses were two sided; P < 0.05
was considered statistically significant. For statistical
analysis, GraphPad Prism version 7.0 (GraphPad
Software, San Diego, CA, USA) was used.

Results and Discussion

The baseline characteristics were presented in Table.
Three patients with hypertension were included in this
study. The dose and frequency of NB-UVB therapy were
determined depending on minimal erythema dose and
severity of the disease. We examined the effect of NB-
UVB therapy on vascular function and blood pressure.
FMD, which is considered to be one of the most reliable
non-invasive methods for detecting early stages of
atherosclerosis, was not affected by NB-UVB therapy
(Figure 1A). Interestingly, systolic blood pressure tended

Patients Age Sex Disease Dose of NB-UVB  Frequency Hypertension
(mJ/cm?/once) (per week)
No.l1 87 Male Psoriasis 330 2 -
No.2 30 Male Atopic dermatitis 400 1 -
No.3 43 Male Atopic dermatitis 400 3 (8weeks), 1 (4weeks) —
No.4 30 Male Atopic dermatitis 400 3 (8weeks), 1 (4weeks) —
No.5 70 Male Psoriasis 350 3 +
No.6 59 Female Another disease 400 lor2 +
No.7 72 Male Psoriasis 480 1 +
No.8 82 Male Psoriasis 300 1 -

Hypertension was defined as blood pressure > 140/90 mmHg.
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to be decreased in three hypertensive patients following
NB-UVB therapy (163 = 3 mmHg to 149 + 6mmHg, P =
0.06) (Figure 1B).

Epidemiological studies suggest a possible association
between cardiovascular disease, hypertension, and sunlight
exposure,'!"” which may be partly explained by limited
UVB exposure. However, there is no report providing
direct evidence that UVB prevents these diseases.
Interestingly, in this study, we showed the possibility that
NB-UVB therapy may contribute to the improvement of
hypertension in patients with cutaneous disease, although
it did not affect FMD in the brachial artery, an indicator for
early stages of atherosclerosis.

Recent experimental and clinical evidence shows
an imbalance between proatherogenic Teffs and
atheroprotective Tregs in atherosclerotic cardiovascular
disease and hypertension.> > Earlier clinical studies
showed that bath-psoralen UVA or NB-UVB therapy
expanded CD4°CD25Foxp3™ Tregs in the peripheral
blood of patients with skin autoimmune disease.?* ** Our
recent experimental study demonstrated that BB-UVB
irradiation to the murine skin prevented the development
of atherosclerosis and abdominal aortic aneurysm by
favorably modulating the balance between Teffs and
Tregs.'® ' Therefore, we next investigated the effect
of NB-UVB on these T-cell immune responses by flow
cytometry, and found that the proportions of resting
Tregs (Frl), activated Tregs (Fr2), and Treg/Teff ratio
(Fr1+2 / Fr3+4+5) were not affected by NB-UVB therapy
(Figure 2A and 2B). Importantly, BB-UVB (a continuous
spectrum from 280 to 320 nm with a peak around 313 nm)
was used in our animal studies, whereas in this clinical
study we used NB-UVB (a narrow peak around 311 nm).
We speculate that there might be some differences in the
beneficial effects of UVB on Treg immune responses
depending on its wavelength, although differences in the

Photomedicine and Photobiology, Vol.40, 2019

immunological anti-inflammatory actions between BB-
UVB and NB-UVB have not been clarified. Moreover,
because as shown in Table, the dosage and frequency of
NB-UVB therapy differed considerably among patients
in this study, we could not discuss the dose-dependent
effect of NB-UVB therapy. Collectively, the discrepancy
between our data and the previous reports may potentially
be due to very small number of patients, or the differences
in UVB dose, wavelength, or protocol and patient
characteristics, and further studies will be required.
Accumulating clinical evidence highlights the vitamin
D deficiency and a predisposition to cardiovascular
events and hypertension.'> ' In addition, our previous
study using atherosclerotic mice showed anti-atherogenic
properties of biologically active 1,25-dihydroxyvitamin
D." In addition to its dietary intake, the synthesis of
vitamin D in the UVB-exposed skin are known to play
a major role in the maintenance of its systemic levels.
In consideration of these backgrounds, it is likely that
possible protective roles of UVB in cardiovascular disease
and hypertension may be partly due to increased vitamin D
production. We examined the effect of NB-UVB on serum
vitamin D levels. Serum levels of biologically active
1,25-dihydroxyvitamin D were significantly increased
(53.2 £ 16.2 ng/ml to 67.1 = 14.3 ng/ml, P = 0.03), and
those of storage form 25-hydroxy vitamin D were tended
to be increased following NB-UVB therapy (18.3 £ 12.7
pg/ml to 36.3 £ 17.8 pg/ml, p = 0.05) (Figure 3). These
data are consistent with a previous report evaluating the
influence of NB-UVB therapy on serum 25-hydroxy
vitamin D levels in patients with skin diseases.” Although
no prior work has examined serum 1,25-dihydroxyvitamin
D levels in patients with skin diseases, a recent study
showed that NB-UVB exposure significantly increased
serum 1,25-dihydroxyvitamin D levels as well as
25-hydroxy vitamin D levels in chronic kidney disease
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Figure 1. Flow-mediated dilatation (FMD) and Blood pressure.

(A) FMD was not affected by NB-UVB therapy. (B) Narrow-band (NV) UVB therapy tended to lower systolic blood pressure (SBP)
(from 163 + 3 mmHg to 149 + 6 mmHg, P = 0.06) in three hypertensive patients, but not in normotensive patients. Blood pressure was
measured on 3 consecutive days in the morning before breakfast at home and averaged. DBP, diastolic blood pressure. The data in

hypertensive patients are shown in red.
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patients on dialysis.*® To our knowledge, this is the first
report demonstrating increased production of biologically
active 1,25-dihydroxyvitamin D following NB-UVB
therapy in patients with skin diseases. Our data indicate the
possible involvement of promoted vitamin D production
in NB-UVB-dependent protection against hypertension
in patients with cutaneous diseases. However, protective
roles of vitamin D against hypertension remains to be
determined, because a recent prospective, randomized
trial failed to show beneficial effects of oral vitamin D
supplementation on blood pressure in individuals who

A

pre UVB

have low serum concentrations of 25-hydroxyvitamin
D and elevated blood pressure.”” Future clinical studies
should provide direct evidence for anti-hypertensive
effects of vitamin D.

This study included some limitations. First, the number
of patients was too small to draw conclusions about the
beneficial effects of NB-UVB therapy on hypertension.
Second, some patients had normal blood pressure and
vascular function. Third, there were differences in NB-
UVB irradiation dose or frequency among patients. Based
on our findings, additional larger trials including patients
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Figure 2. Regulatory T cells (Tregs) and effector T cells (Teffs).

(A) Representative flow cytometric analysis of Tregs and Teffs. (B) Resting Tregs, activated Tregs, and Treg/Teff ratio were not changed
after NB-UVB therapy. Treg/Teff ratio was calculated by Fr1+2 / Fr3+4+5. Frl, resting Tregs; Fr2, activated Tregs; Fr3, Teffs; and

Fr4+5, Teffs. The data in hypertensive patients are shown in red.
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Figure 3. Serum vitamin D levels.

Serum levels of biologically active 1,25-dihydroxyvitamin D (1,25-(OH), Vit D) were significantly increased, and those of storage form
25-hydroxyvitamin D (25-(OH) Vit D) tended to be increased following NB-UVB therapy. The data in hypertensive patients are shown

in red.
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with hypertension or atherosclerotic cardiovascular
disease are needed to validate our observations.

Although larger clinical trials should be conducted,
our data suggest that NB-UVB therapy can systemically
increase vitamin D and may have beneficial effects on
hypertension.
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