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CHAPTER 1: General introduction



1.1. Structure and function of human skin

Living organisms give off ultraweak photon emissions (UPE) in their biochemical
reaction processes, also known as biophoton. They are spontaneously generated from the
skin’s surface and observed from human skin [1].

Human skin is the largest organ in the body, covering an area of approximately 1.6m? in
adults [2]. Skin has the important function of maintaining the body’s homeostasis. The
structure of human skin is highly complicated, containing roughly three layers: the
epidermis, the dermis, and subcutaneous tissue. 95% of the cells present in the epidermis
are keratinocytes. The remaining 5% are composed of melanocytes, Langerhans cells
(LC), and others. The stratum corneum (SC) is made up of keratinocytes in the epidermis.
As the outermost layer of the skin, it has the essential function of preventing water
evaporation, blocking foreign matter infiltration, and protecting the body from the
external environment, which includes ultraviolet (UV) rays. The dermis contains the
extracellular matrix (ECM) — along with collagen and elastic fibers — and blood
vessels, sweat glands, sebaceous glands, and hair follicles. The boundary between the
epidermis and the dermis shows an undulating structure, and the parts where the dermis
protrudes toward the epidermis are called the dermal papillae. Subcutaneous tissue mainly

consists of adipose tissue. It is responsible for heat insulation and the storage of



triglycerides.

1.2. Ultraviolet rays and human skin

Three types of electromagnetic waves — infrared, visible, and ultraviolet (UV) rays —

reach the surface of the earth as sunlight. Among these, UV is known to have a

significant effect on the human body [3]. It has the shortest wavelength and the highest

energy among the electromagnetic waves reaching the surface of the earth [4]. UV is

divided into UVA (320 to 400 nm), UVB (280 to 320 nm) and UVC (190 to 280 nm).

The classifications correspond to the biological impact of each wavelength. UVC does

not reach the surface of the earth because it is absorbed and scattered by the ozone layer

in the upper atmosphere. Therefore, the types of UV that the living body is actually

affected by are UVA and UVB.

It is well known that UV affects the skin, and it is thought that UV exposure from

sunlight causes damage to the skin [5, 6]. UVA reaches deeper into the skin than UVB

because of its wavelength. It is known that exposure to UVA for long periods of time

accelerates skin aging (decrease in elasticity). It also has the effect of changing the light-

colored melanin pigment in the epidermis into a darker color, temporarily darkening the

skin (immediate pigment darkening [IPD]) [7]. UVA generates reactive oxygen species



(ROS) by exciting photosensitizers in the skin [8]. UVB causes an acute inflammatory

erythema reaction in human skin, provoking an immediate skin reaction known as

sunburn [9]. Sunburn is derived from the apoptosis of keratinocytes in the epidermis,

suggesting the involvement of ROS generated by UV irradiation. Delayed tanning is

observed in post-inflamed skin due to the increased production of melanin by UVB-

activated pigment cells (melanocytes). On the other hand, UVB is also involved in the

production of vitamin D in the skin, which regulates the homeostasis of calcium in the

body [10].

The age-related skin changes common to UV-exposed areas of the body are unlike

normal intrinsic aging. This is referred to as photoaging [5, 11]. Photoaging is thought to

be induced by long-term UV exposure, and in general, the skin is histologically thickened,

with visible flattening of rete pegs and dermal papilla. In the dermis, degeneration called

solar elastosis — where elastic fibers become denser — is often observed. The

involvement of metalloproteinases in the degeneration of elastic fibers and collagen fibers

has been reported [12]. It has also been reported that the numbers of LC decrease in

photoaged skin [13].

UV exposure is associated with skin cancer. Increased exposure to UV largely coincides

with rising rates of cutaneous melanoma, and keratinocyte skin cancer which is comprised



of basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) [14]. Therefore, it is

now generally accepted that UV is one of the major causes of skin cancer [15].

1.3. Oxidative stress and skin

ROS play an important role in sustaining human life [16, 17], but when they are in excess,
they damage cells and tissues and are thought to trigger illness and aging. Therefore,
various mechanisms (antioxidant ability) for scavenging ROS are at work in the body
[18]. In the living body, substances such as superoxide dismutase (SOD), glutathione and
catalase act as antioxidants to eliminate and neutralize oxidative stress. When excess ROS
that cannot be completely removed is generated, nucleic acids, proteins and lipids are
oxidized, resulting in damage to their structure and function. When ROS exists in excess
— and generation and elimination are imbalanced — this is called oxidative stress.

ROS refers to oxygen molecules and their related molecular species, which are more
chemically reactive than oxygen molecules in the steady state [19]. ROS can broadly be
divided into radical species with unpaired electrons and non-radical species without
unpaired electrons. Radical species include superoxide anion (O2" ™) and hydroxyl radical
(" OH). Non-radical species include hydrogen peroxide (H>02) and singlet oxygen (102).

ROS is produced endogenously by intracellular mitochondria and induced externally by



radiation or UV exposure. In the case of ultraviolet rays, singlet oxygen is also produced

in addition to superoxide. Hydroxyl radicals and singlet oxygen have a short lifetime but

are highly reactive.

In humans, oxidative stress is also involved in skin diseases including skin cancer and

skin aging [20-23]. Therefore, it is very important to evaluate oxidative stress. Oxidative

stress leads to chronic inflammation and skin cell dysfunction, and also contributes to

skin diseases including cancer [23]. In human skin aging, oxidative stress plays a major

role for intrinsic and extrinsic aging [20]. Extrinsic aging is attributed to the oxidative

stress caused by UV irradiation.

In canines, the relationship between oxidative stress and atopic dermatitis has been

reported [24, 25]. In addition, previous study on canine atopic dermatitis (CAD) showed

that there are higher plasma malondialdehyde (MDA) levels in CAD patients than in

healthy dogs and a highly positive correlation between the CADESI (Canine Atopic

Dermatitis Extent and Severity Index) score and the plasma MDA in CAD patients. This

suggests that oxidative stress with increased lipid peroxidation could be involved in the

pathogenesis of CAD [24].

Further, radiation therapy used in cancer treatments is found to physically generate ROS,

and this oxidative stress attacks cancer cells to exert an antitumor effect. However, since



oxidative stress may also occur in normal cells, measures must be taken following

radiotherapy [26]. Experiments with rats have shown a relationship between radiation-

induced skin damage and oxidative metabolites [27]. Oxidative stress assessment is also

needed in medical and veterinary fields, as radiation therapy is performed not only in

humans but also in animals.

1.4. Evaluation method for oxidative stress

Methods for evaluating oxidative stress include direct measurement of ROS, the

measurement of oxidative stress markers, and the measurement of antioxidants. Some

ROS can be directly measured by Electron Spin Resonance (ESR) requiring spin trapping

agents [28]. Products produced by ROS, which are oxidative stress markers, include 8-

hydroxy-2'-deoxyguanosine (8-OHdG) [29], carbonyl protein, and lipid peroxide. Also,

antioxidant markers include SOD, glutathione, and catalase [30]. These oxidative stress

markers can be measured relatively easily and are often used for oxidative stress

evaluation, but reagents and extraction processes are required for these evaluations. These

methods are useful for samples collected from living organisms and cultured cells.

However, collecting samples of oxidative stress from humans or animals for in vivo

analysis induces a burden, so non-invasive methods are required.



1.5. Evaluation of oxidative stress by ultraweak photon emission (UPE)

As an evaluation method that does not burden the living body, a method using UPE has

been reported [31, 32]. UPE is an extremely weak spontaneous luminescence observed in

living organisms, also referred to as the “biophoton™ [33]. Of particular importance is that

it is spontaneously expressed without any physical or chemical stimulus or manipulation,

including artificial light or heat. UPE requires a dark environment due to its extremely

weak light, but it can be detected using a photomultiplier tube (PMT) or a high-sensitivity

charge-coupled device (CCD) camera [1, 31]. Since these methods can detect UPE from

objects without contact, they are considered non-invasive and non-labelling. Artificial

stimuli (UV irradiation and heat) induce increased UPE generation from plant seeds and

skin [34, 35].

UPE is distinguishable from the phenomenon known as bioluminescence which occurs

in fireflies and luminescent bacteria. Bioluminescence is light given off by species that

have luminescent mechanisms based on enzymatic reactions. On the other hand, UPE

mainly originates from ROS and free radicals generated in biochemical reactions. It is

derived from the generation of excited molecules in the oxidation process by the ROS

and free radicals. UPE is universally observed in all living organisms regardless of species.

Figure 1.1 shows the emission intensity levels of UPE in comparison with visible light



intensity. The emission intensity is very weak, about 107 W / cm? (103 photon / s / cm?)
or less, which is about 3 to 6 orders of magnitude weaker than the intensity perceptible to
the naked eye.

UPE is the luminescence emitted when the excited molecular species generated during
biochemical reactions transition to the ground state [33]. Most of them usually originate
from the oxidation reaction in the living body and are generally observed in the oxidation
and peroxide processes of biological substances with ROS and free radicals. Taking the
lipid peroxidation reaction as an example, ROS generated in the living body acts as an
initiator to generate peroxy radicals, and excited carbonyl molecules and excited singlet
oxygen are formed (Figure 1.2). It is presumed that these excited molecular species and
biological substances excited by energy transfers become luminescent species. It has also
been reported that it can be used to evaluate oxidative stress in living organisms through
these light-emitting mechanisms. UPE have also been observed from human and animal
skin and are used to evaluate oxidative stress in the skin. In addition, application in the
evaluation of tumors in mice has been reported [36].

Photon counting using a PMT can be mentioned as a photon detection method, but it is
also possible to image using an ultrasensitive cooled CCD camera [37]. An important

characteristic of the use of UPE is that it can be measured non-invasively and without



labeling, which enables direct evaluation in vivo — a point of difficulty in the past. In

addition, CCD camera imaging can visually capture the level of oxidative stress of the

skin. Pigment darkening, delayed tanning, and erythema are examples of UV-induced skin

changes that can be visually confirmed, but it is necessary to expose them to relatively

large UV doses. On the other hand, UPE can be detected with a relatively small UV dose

to the skin, so it is also useful in that it can evaluate the acute oxidative stress caused by

UV without inducing a burden on the subject.

1.6. History of UPE research

In the 1920s, Gurwitsch suggested that ultraweak photons transmit information in living

systems [38]. It was based on evidence found in experiments with onion roots as the

“source” and “detector” [39]. Gurwitsch claimed that the growing tissues of one onion

could induce or at least trigger the growth of a nearby specimen, it was called

“mitogenetic radiation” (light found in visible and UV wavelength regions) [40]. Some

experiments were conducted to confirm the reproducibility but the physical methods at

the time didn't produce clear evidence for the existence of mitogenetic radiation [41] and

interest in this subject declined in following decades.

In the1950s, the presence of biological radiation was re-examined with the development
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of the photomultiplier tube (PMT) [42]. In the 1960s—1970s, studies were performed on

the UPE of cells and tissues [43-46]. The development of the measurement apparatuses

needed to detect UPE from biological samples was started in the 1970s [47, 48] and highly

sensitive PMT was developed for biological applications [49] in the1980s. In the 1980s—

1990s, two-dimensional photon counting cameras were able to detect that dividing tissues

emit more than inactive neighbors [50]. Wounded parts were found to present a higher

UPE than intact tissues [S1, 52]. Moreover, it is commonly agreed that plant, animal, and

human cells emit UPE — often referred to as biophoton [53-57]. Since the 2000s, UPE

imaging systems have been further developed and used for spatiotemporal analysis,

enabling the detection of fast changes in the UPE profile in response to stress [58]. In

addition, according to the progress of scientific grade charge-coupled device (CCD)

cameras, UPE of not only humans but also mice and insects have been observed in vivo

using cryo-cooled CCD camera imaging systems [36, 59].

In this way, UPE has a long history of research from the confirmation of its phenomenon

to the development of detection methods [60-62].

1.7. Thesis objectives

Although UPE measurement has the potential to replace other methods in that it can

11



evaluate skin oxidative stress non-invasively, it is not widely used as a general-purpose

method. In order to investigate the potential of UPE detection for the skin, it is necessary

to understand the phenomenon in more detail. Many things are still unclear regarding the

mechanism of UPE generation from skin, and detailed studies are required to elucidate

its application in evaluating the skin’s oxidative stress. If the sources and mechanisms of

UPE from skin are understood, it may be used as a valuable, non-invasive diagnostic

method for both human and animal skin in the future.

Therefore, this thesis’s objectives were to verify the usefulness of UPE measurement for

the evaluation of oxidative stress in skin and to elucidate the mechanism.
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Figure 1.1. Emission intensity level of UPE
The emission intensity of UPE is much weaker than starlight, moonlight, or
bioluminescence. It is about 3 to 6 orders of magnitude weaker than the intensity

perceptible to the naked eye.
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Figure 1.2. Mechanism of UPE generation in lipid peroxidation

Using the lipid peroxidation reaction as an example, ROS acts as an initiator to generate

peroxy radicals, and excited carbonyl molecules and singlet oxygen are formed. The

excited molecular species and biological substances excited by energy transfers are

presumed to be luminescent species.
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CHAPTER 2: Evaluation of UV-induced oxidative
stress in human skin using ultraweak photon

emission
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2.1. Introduction
Living organisms [32, 33] — including microorganisms, plants, and humans [63, 64] —
give off ultraweak photon emission (UPE) as a result of their biochemical reactions. This
emission is often designated as the “biophoton”. Presently, UPE measurement is used to
evaluate oxidation stress and can potentially be used to perform optical biopsies to detect
tumor viability [36]. UPE is detectable from human skin, and its intensity increases with
external stress, such as with ultraviolet (UV) irradiation [31, 65, 66]. It was proposed that
the electronically excited species responsible for UPE are formed by reactive oxygen
species-induced lipid peroxidation and protein and nucleic acid oxidation [33]. The
oxidation of these biomolecules leads to the formation of high-energy intermediates [67].
The decomposition of these intermediates generates electronically excited species that
undergo electronic transition. UPE is accompanied by electronic transition from singlet-
excited or triplet-excited states to the ground state. UPE intensity is extremely weak at
approximately 107! W/em? (10° photon/s/cm?) or less, which is 1/1000™ the sensitivity
of'the human eye. UPE can be distinguished from black-body radiation because the black-
body radiation is 1/1000™ the strength of UPE intensity [68].
UPE from human skin can be visualized using highly sensitive cooled charge-coupled

device (CCD) cameras [69], offering a label-free and non-invasive method for detecting

16



oxidation.

In daily life, UV irradiation causes various skin complications. UV irradiation leads to

increased ROS production [70, 71], which alters gene and protein functions [72]. This

results in dysregulation of intracellular and extracellular homeostasis causing impaired

skin function. ROS can interact with intracellular and extracellular components, thus

causing oxidative reactions. It is well known that UV irradiation induces skin oxidation,

as indicated by the squalene oxidation [73], protein carbonylation in the stratum corneum

(SC) [74], and protein oxidation [75]. UV irradiation has also been reported to induce

UPE from the skin. However, the mechanism of UPE generation has not been studied in

detail. If better understood, evaluations of UPE from the skin may help in replacing the

present methods used for evaluating oxidative stress of the skin.

In this chapter, experiments were conducted to confirm the characteristics and source of

UPE generated from the skin, along with UPE’s usefulness in the evaluation of skin

oxidative stress. Additionally, the UV-protective efficacy of sunscreen using imaging

technique was examined.

17



2.2. Material and Methods

2.2.1. UV irradiation

UV irradiation was generated using a Dermaray 200 (Canon Medical Supply, Tokyo,

Japan) system with a UVA source (TOREX FL20SBL/DMR, 300—430 nm, peak 352 nm;

Toshiba Medical Supply, Tokyo, Japan) and a UVB source (TL20W/12 RS, 280-380 nm,

peak 311-313 nm; Phillips, Eindhoven, The Netherlands). UVA and UVB intensities were

measured by DMR-UV-ABBNB-1 (Gigahertz-Optik GmbH, Puchheim, Germany).

2.2.2. Human skin tissue

Human (Caucasian) skin samples were purchased from Biopredic International (Rennes,

France) and Analytical Biological Services (Wilmington, DE) via KAC (Kyoto, Japan).

Subcutaneous tissues were removed prior to the experiments. The epidermis and dermis

layers were obtained from the skin tissue by heating at 60°C. Human stratum corneum

(Caucasian) sheets were purchased from Biopredic International (Rennes, France) via

KAC (Kyoto, Japan).

18



2.2.3. UPE measuring systems

Imaging system:

UPE images were captured using a CCD camera system [69] in a dark chamber (Figure

2.1). The skin tissues were placed on the stage, and the human hands were inserted

through an input port in vivo. UPE images were continuously taken with 5-min exposures

using the CCD camera (SI 850s; Spectral Instruments Inc., USA, equipped with e2v

CCD42-40). A specially designed high-throughput lens system was equipped. Imaging

was performed on a surface area of 75 x 75 mm. In this experiment, the CCD was operated

in the 8 x 8 binning mode, and the actual pixel number was 256 x 256. The resulting

images were edited using Image] (NIH) and UPE intensity was calculated.

Spectroscopy system:

UPE spectra of excised human skin were taken using a polychromatic spectrum analysis

system, which consists of a transmission-type diffraction grating, a lens system, and a

CCD camera (SI 600s; Spectral Instruments Inc., USA) [76]. The exposure time of the

CCD camera for spectral measurement of UV-induced UPE was set at 20 min. The

exposure time for spontaneous UPE was set at 30 min and its photon intensity was

multiplied by 2/3 to compare with the intensity of UV-induced UPE. UPE spectra were
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measured by placing the skin tissue samples (n = 3) in a dark chamber containing the

CCD camera.

2.2.4. UPE imaging of human skin

To evaluate the UV dose dependence of UPE, human skin was irradiated with various
doses of UVA or UVB. To confirm the origin of UPE, human skin was separated into
epidermis and dermis layers. The separated layers (epidermis and dermis) of human skin
and human stratum corneum were irradiated with UVA (1,100 mJ/cm?, 2.3 mW/cm?) or
UVB (234 mJ/cm?, 0.65 mW/cm?), and UPE images were immediately taken.

Once human skin was separated into the epidermis and dermis layers, the epidermis was
placed on the dermis. After UVA (1,100 mJ/cm?, 2.3 mW/cm?) or UVB (234 mJ/cm?, 0.65
mW/cm?) irradiation to this reconstructed skin, human skin was separated into epidermis
and dermis layers again, and the images of UPE generated from dermis layers were
immediately taken.

To evaluate the effects of antioxidants against UV-induced UPE, 5% antioxidant
solutions of sodium L-ascorbate (Kanto Chemical), L-glutathione (Sigma-Aldrich) and
d-6-tocopherol (Tama Biochemical) were prepared. Sodium L-ascorbate and L-

glutathione solutions were prepared with PBS (—), whereas d-d-tocopherol solution was

20



prepared with 50% EtOH. After UVA (1,100 mJ/cm?, 2.3 mW/cm?) or UVB (234 mJ/cm?,
0.65 mW/cm?) irradiation, 5% antioxidant solutions were applied to the skin surfaces (SC

side), and UPE images were immediately taken.

2.2.5. UPE from human skin in vivo

After recruitment, human subjects (Asian, 7 healthy males in their 20s) provided written
informed consent to participate in the study. Before measurement, subjects were asked to
wash their hands. Subsequently, they were asked to wait for 10 min in a dark room to
allow decrease in the effect by external light. Spontaneous UPE images of the skin at the
back of fingers were taken for 5 min. The backs of the fingers were exposed to UVA at
800 mJ/cm? (1.33 mW/cm?) via a SiO, plate with or without a sunscreen (SPF 50+,
PA++++) coating (2 mg/cm?). Irradiated skin areas measured 1 x 1 cm? Immediately
after UVA irradiation, UVA-induced UPE images of the skin at the back of fingers were

taken for 5 min.

2.2.6. Statistical analysis
Tukey—Kramer test was used for UPE images of each skin layer directly irradiated with

UV and paired #-test was used for other experiments. The level of significance was

21



defined as *p < 0.05, **p < 0.01, and ***p < 0.001.

2.3. Results

2.3.1. Imaging of UV-induced UPE in human skin tissue

Intensities of UV-induced UPE were increased in a dose-dependent manner (Figure 2.2),

clearly representing a reaction of skin to UVA and UVB. The data in Figure 2.3 show that

UV-induced UPE was detectable from the epidermis and dermis, and intensity from the

dermis was higher than that from the epidermis. UVA induced higher UPE in the dermis

than UVB. In addition, UV-induced UPE from the stratum corneum was confirmed. After

UV irradiation to the reconstructed skin with the epidermis placed on the dermis, UV-

induced UPE was detected from the dermis but the intensities were lower than intensities

that UV were irradiated to dermis directly (Figure 2.4). The lower intensities indicated

that the epidermis partially absorbed UV radiation.

Figure 2.5 shows the effects of antioxidants against UV-induced UPE. UV-induced UPE

was suppressed by antioxidant treatments confirming that UV-induced UPE are related to

the oxidative stress of skin. The present antioxidant solutions did not emit UPE and did

not absorb UV-induced UPE (data not shown).
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2.3.2. Spectral patterns of UV-induced UPE

Polychromatic spectrum analyses revealed that UV irradiation induces UPE within the

visible spectrum from the skin (Figure 2.6). Irradiation with UVA or UVB led to a similar

peak UPE at approximately 550 nm. Spectral pattern of spontaneous UPE (non-irradiated

skin) peaked at 600—650 nm. These experiments were performed in the visible range and

UPE in the infrared range was not considered.

2.3.3. Suppression of oxidative stress by sunscreen in vivo

UVA-irradiated areas of finger skin showed UV-induced UPE, whereas UVA irradiation

through sunscreen failed to increase the intensity of UPE (Figure 2.7). Because the

sunscreen was indirectly applied, these data indicate actual UV protection by the

sunscreen. Accordingly, UV-induced UPE significantly differed (p < 0.01) between parts

with and without sunscreen.

2.4. Discussion

UV causes skin disorders via oxidative stress. To study these skin disorders, better

methods of evaluating oxidative stress are required. In this chapter, the characteristics of

UV-induced UPE in human skin were confirmed, along with its usefulness for evaluating
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oxidative stress.

In UPE imaging, acute changes in UPE intensity were observed following UV

irradiation, and these were dependent on the UV dose. Dose-dependent increases of

photon counts following UVA irradiation have been identified in previous research [31].

In Figure 2.3, it showed that each skin layer (SC, epidermis and dermis) includes

components that emit UV-induced UPE. Moreover, the results showed that UVA induced

higher UPE in the dermis than UVB. It is proposed that UVA can oxidize the dermis more

than UVB under sunlight because the UVA/UVB intensity ratio of sunlight is higher than

that of our experimental condition [77]. Furthermore, it was indicated that UV-induced

UPE from human skin includes UPE from not only the epidermis but also the dermis layer

(Figure 2.4) and that the epidermis attenuates UV intensity. Considering the transmittance

of UV to skin [78, 79], it is presumed that the contributions of the dermis against the total

induced UPE is approximately 60%—-80% for UVA and 20%—40% for UVB. Also, the

contribution of the epidermis against the total induced UPE is approximately 20%—40%

for UVA and 50%-70% for UVB. Differing contributions of UVA and UVB are

reasonable because the transmittance of UVA to the dermis is higher than that of UVB.

Several studies reported that antioxidants suppress UPE photon counts [66, 80-82]. UPE

imaging in this study also showed that three different antioxidants (sodium L-ascorbate,
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L-glutathione, and d-6-tocopherol) suppress UV-induced UPE. It supports the view that
UPE is associated with oxidative stress. As the hydroxyl radical and superoxide anion
radical induce more UPE [83], it is speculated that these antioxidants suppress UPE by
radical-scavenging. Also, considering that imaging was performed immediately after
applying antioxidant solutions, it is suggested that the antioxidant’s effects were mainly
observed in the epidermis.

Spectral patterns of spontaneous and UVA-induced UPE from human skin agree with
previous studies [76, 84]. The spectral pattern of UVA-induced UPE peaked at
approximately 550 nm and UVB-induced UPE showed a similar peak with UVA-induced
UPE. Several researchers have reported the origin of UPE from human skin. The origin
of UV-induced UPE was previously shown to comprise spectra from *(R=0)" in the near
UVA, blue—green regions (350-550 nm), and singlet- and triplet-excited pigments in the
green—red region (550-750 nm) [33]. Additionally, it is assumed that the human skin
includes the components where UV-induced UPE originate. Mei’s group proposed the
contribution of amino acids (predominantly tryptophan) excited by oxidation as being
considered the major source of UPE [84]. Ou-Yang’s group reported that the UVA-
induced chemiluminescence may largely be attributed to the breakdown of dermal

collagen cross-links [85].
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It was shown that photosensitization reactions can oxidize lipids and proteins in the skin
[86]. The chromophores in the skin absorb UVA and UVB, and the absorption of UV
radiation by the chromophores leads to the formation of an excited state of the
photosensitizer. Following this, the oxidation of biomolecules results in the formation of
triplet-excited carbonyl [}(R=0)"] and singlet oxygen ('02) via type I or type II reactions,
which emit photons in the visible wavelength region. Also, components such as collagen
and melanin [87, 88], which can be excited, are proposed as a source of UV-induced UPE
in the visible wavelength region. For instance, it is suggested that alteration of the cross-
links of collagen by UV irradiation [89] induces ROS via a photosensitization reaction
and that the pigments such as melanin [76] may cause photon emission through energy
transfer from triplet-excited carbonyl.

Finally, the in vivo test shows that sunscreen protects against UV. Previously, protection
of skin from UVA by sunscreen was determined by measuring the photon count [35];
however, the antioxidant effect of sunscreen can be visually evaluated using imaging
systems. This data led us to conclude that UPE imaging is a useful method for evaluating
the oxidative stress of the skin, along with a sunscreen’s antioxidant effects. Imaging with
the CCD camera was less sensitive than photon counting using PMT but it provided the

advantage of visual evaluation of the skin’s oxidation stress.
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The study in this chapter confirmed the source of UV-induced UPE in the skin and the

usefulness of oxidative stress evaluation by UPE. Assessing oxidative stress on the skin

is very important in medical and veterinary fields, as oxidative damage occurs not only

in humans but also in animals. Among the many evaluation methods, evaluation using

UPE is non-invasive, and it is very promising because it can be performed without

imposing a burden on the living body. In this study, acute oxidation by UV exposure was

focused on, but it is expected that chronic oxidation can also be adequately evaluated.
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Figures
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Figure 2.1. Schematic illustration of UPE imaging system

The skin tissue was placed on the stage. The hand was inserted through an input port

and the finger was set under the CCD camera. UPE were captured using a CCD camera.

28



138 414 828 1380 2070 2760
[mJ/em?| [mJ/em?| [mJ/em?] [mJ/em?| [mJ/em?| [mJ/cm?)

1 B

RE 117 234 390 585 780

[mJ/cm?| [mJ/em?| [mJ/cm?] [mJ/em?| [mJ/em?| [mJ/cm?)
| o
UVA UVB

m 70 70
3 o
= 60 1 % 5 60
s -
2 50 - ¢ g 50 - $
= 3
% 40 A { 2 40 4
5 30 & g 30 A 3
- =]
-‘520-; 2204 & %
2 E
Z 10 A S104¢%

0 . : : . . o . ; . ;

0 500 1000 1500 2000 2500 3000 0 200 400 600 800 1000
Dose [mJ/cm?] Dose [mJ/cm?]

Figure 2.2. UV-induced UPE originating from human skin tissue

Human skin tissue was irradiated with several doses of UVA or UVB. UPE images were

captured using a cooled CCD camera with 5-min exposures; scale bar, 1 cm. The color

scale indicates signal intensity from 0 (blue) to 100 (white). The graph shows intensity of

UV-induced UPE determined from imaging data. The intensity of spontaneous UPE (non-

irradiated skin) was subtracted. Graphed data are presented as means + SD, n = 3.
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Figure 2.3. UV-induced UPE from SC, epidermis and dermis layers

Separated skin layers were irradiated with UVA (1,100 mJ/cm?) or UVB (234 mJ/cm?).
UPE images were captured using a cooled CCD camera with 5-min exposures; scale bar,
0.5 cm. The color scale indicates signal intensity from 0 (blue) to 280 (white). The
intensity of UV-induced UPE is determined from the imaging data and is shown in the
graph. Graphed data are presented as means + SD, (UVA) n= 35, (UVB) n=4; **p <0.01.

The intensity of spontaneous UPE (non-irradiated skin) was subtracted.
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Figure 2.4. UPE from dermis after UV irradiation via epidermis

Dermis samples with or without overlying epidermis were irradiated with UVA (1,100
mJ/cm?) or UVB (234 mJ/cm?). The upper portions of the images show dermis after UV
irradiation via epidermis [Epidermis (+)]. The lower portions of the images show dermis
that was directly irradiated by UV [Epidermis (—)]. Imaging data were taken using a
cooled CCD camera with 5-min exposures; scale bar, 0.5 cm. The color scale indicates
signal intensity from 0 (blue) to 280 (white). Graphed data are presented as means + SD,

n=4; ***p <(.001.

31



Sodium d-6-
L-ascorbate L-Glutathione Tocopherol

e

L]

] 0
Contrel { ApPpPly
antioxidant

-
=
-
—
=
- —
—
o]
et
o
h

e
.-

UVA irradiation UVB irradiation
200 E3 200
sk Ed
180 A r | : | 180 f 1
160 - f | 160 -
? 140 A g 140
B 120 1 5 120 4 *
£ 100 A 2 100 - 2 '_l
%J 30 - = g0 A I
60 4 % 60 4
40 4 40 4
20 4 20 4
0 1 0 1
© ) O ) © ™) €] ) (C] ) © )
Sodium L-ascorbate| L-Glutathione d-8- Tocopherol Sodium L-ascorbate| L-Glutathione d-8- Tocopherol

Figure 2.5. The effect of antioxidants against UV-induced UPE

Human skin tissues were irradiated with UVA (1,100 mJ/cm?) or UVB (234 mJ/cm?).
After UV irradiation, antioxidants were applied to the right sides of skin tissues and the
respective solvents were applied to the left sides of skin tissues. Imaging data were taken
using a cooled CCD camera with 5-min exposures; scale bar, 1 cm. The color scale
indicates signal intensity from 0 (blue) to 100 (white). Graphed data are presented as

means = SD, n=35; *p <0.05, **p < 0.01.
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Figure 2.6. Spectrum of UV-induced UPE in human skin tissue

UPE spectra were taken for 20 min after irradiating human skin tissue with UVA (1,100
mJ/cm?) or UVB (234 ml/cm?). The spectrum of spontaneous UPE was taken for 30 min
and its photon intensity was multiplied by 2/3. The black line with closed circles shows
UPE spectra after UVA and the black line with open circles shows spectra after UVB. The
gray line indicates spontaneous UPE from human skin tissue (non-irradiated skin). Data

are presented as means £ SD, n = 3.
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Figure 2.7. Imaging of UV protection by sunscreen in vivo

UVA was applied to the backs of fingers at 800 mJ/cm? via a SiO; plate with or without
sunscreen coating. Imaging data were taken using a cooled CCD camera with 5-min
exposures. The color scale indicates signal intensity from 0 (blue) to 100 (white). The
graphed data show that sunscreen suppresses UV-induced UPE intensities. Graphed data
are presented as means + SD, n = 7; **p < 0.01. The intensity of spontaneous UPE (non-

irradiated skin) was subtracted.
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CHAPTER 3: Chronic oxidative stress in human facial
skin observed by ultraweak photon emission imaging

and its correlation with biophysical properties of skin
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3.1. Introduction

Oxidative stress can cause skin wrinkling and is known to be associated with skin

diseases in humans. It has been suggested to play a role in the pathogenesis of human

skin cancers [90]. Reactive oxygen species (ROS) are involved in the pathogenesis of

several allergic and inflammatory skin diseases [21]. ROS can alter gene and protein

function [72] to dysregulate intracellular and extracellular homeostasis, thereby

impairing skin function. The mitochondria, along with enzymatic reactions in the cell,

are major source of ROS [91, 92]; in addition UV radiation also induces ROS

production. UV radiation can cause skin complications by increasing ROS production

[70, 71], and by oxidizing squalene [73, 93] and other proteins [75]. Moreover,

carbonylated protein levels in the stratum corneum of the skin are correlated with the

skin’s physiological parameters [74].

Oxidative stress in the skin is conventionally measured using methods that require

labelling with various molecules [94]. These were invasive and non-direct methods to

investigate skin oxidation. However, ultraweak photon emission (UPE), also known as

the biophoton, was recently used to assess oxidative stress in the skin non-invasively

and directly.

UPE is generated by living organisms [32], including humans [63, 64]. The
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electronically excited species responsible for UPE are formed during lipid peroxidation

and ROS-induced protein and nucleic acid oxidation [33]. Therefore, UPE imaging can

be used for non-invasive label-free evaluations of the oxidative stress in skin. UPE

generated by the skin is visualized under highly sensitive, cooled, charge-coupled

device (CCD) cameras [69]. An increase in UPE was demonstrated in cancer-implanted

nude mice by imaging [36].

In the chapter 2, two-dimensional UPE imaging showed the usefulness in assessing

acute oxidative stress in the skin caused by UV. This study demonstrated that UV-

induced UPE is generated not only by the epidermis but also the dermis. Moreover, the

spectrum of UV-induced UPE showed a peak in the visible range.

The face is a highly specialized component of the human body, and facial skin is

exposed to various adverse environmental conditions, including UV light. The skin of

the human face is chronically exposed to UV light, which causes photoaging [95].

While several studies have been conducted on facial skin, there are only a few reports

on the oxidative stress of facial skin due to the limitations of conventional methods.

Considering that the human face shows site-specific differences in biophysical

properties [96, 97], regional variations of oxidative stress are predicted. Regional

differences of blood flow, trans-epidermal water loss, stratum corneum hydration,
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temperature, pH, and sebum content in the face have been reported. Additionally, with

ageing, wrinkles around the eyes are characteristically observed [98].

In this chapter, the UPE of whole facial skin was measured to evaluated chronic

oxidative stress. Moreover, age-related alterations in UPE in each facial site were

examined, along with the relationship between UPE intensity and biophysical properties

of the skin. Based on these results, the effects of oxidative stress on facial skin were

discussed.

3.2. Material and Methods

3.2.1. Volunteers

Fifty healthy volunteers (Asian, female, aged 22—69 years) were enrolled in this study.

The study was approved by the Ethics Committees of Shiseido Co. Ltd., and Tohoku

Institute of Technology, all methods were carried out in accordance with the relevant

guidelines and regulations, and written informed consent was obtained from all

volunteers. The exclusion criteria for volunteers were severe atopy, allergies, sunburn,

topical medication (except cosmetics), and other skin abnormalities in the face.
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3.2.2. UPE imaging system

A highly sensitive, cooled, CCD camera (600 series, Spectral Instruments Inc., AZ,

USA) coupled with a specially designed high-throughput lens system was used for

imaging. A back-illuminated CCD (original pixel format: 2048x2048, pixel size:

13.5x13.5 mm; CCD42-40, Teledyne e2v, UK) and a closed-cycle mechanical

cryogenic cooler were incorporated in the camera system. The lens system was specially

designed to maximize the light collection efficiency for UPE imaging. The CCD camera

was operated in the 16x16 binning mode, with the actual pixel number of 128x128

(spatial resolution: 1.6x1.6 mm).

Figure 3.1a shows the construction of the UPE imaging system for facial skin. The

imaging system consisted of a dark room with double partitions, cooled CCD camera

with lens, and head-chin rest for fixing the face. A compressor for cryogenic cooler and

a monitor were set outside of the dark room. An air fan was installed to prevent changes

in the temperature and humidity in the dark room. All measurements were performed at

15 min exposure time.

3.2.3. Measurement procedure

After washing the face with a facial cleanser to remove sebum from the surface
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affected by the external environment prior to measurement, volunteers wore black cape

from the neck down to prevent the effects of luminescence from their clothes.

Volunteers were rested in the dark room for 15 min to prevent the effect of delayed

luminescence caused by external light. Spontaneous UPE images of facial skin were

captured for 15 min. Wrinkle scores and porphyrin scores in the face were analyzed

using the VISIA system (VISIA Evolution, Canfield Scientific, NJ, USA) [99] which

analyses biophysical properties of skin from color or UV photographs. Photographs of

from the right and front sides of the face were taken. The photographs of right side were

used for wrinkle analysis, while the ones of the front were used for porphyrin analysis.

Wrinkle scores and porphyrin scores were calculated using factors such as the count,

degree, and measurement area. Skin color parameters (L*, a*, b*) of the cheek were

measured using the CM-700d spectrophotometer (Konica Minolta, Tokyo, Japan).

3.2.4. Image analysis
ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to
analyze UPE images and measure UPE intensity. To remove noise from the images and

blur them, the following features from the Imagel software were applied: 1. “Despeckle

and II. “Smooth”. The parts of black cape from the neck down were selected as
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background, the background intensity was subtracted to calculate the actual UPE

intensity of the skin. UPE intensities of the 16 defined facial regions (Figure 3.1b) were

analyzed and the UPE intensities of the same areas on the left and right sides were

averaged. Sites that showed abnormal luminescence were excluded from analysis.

Therefore, the number of valid data for each part of the face was as follows: 1: Forehead

(n=50), 2: Area between the eyebrows (n= 50), 3: Nose (n = 50), 4: Area under the

nose (n=45), 5: Lip (n =40), 6: Chin (n = 46), 7-8: Corners of eyes (n= 50), 9—10:

Upper eyelids (n =49), 11-12: Lower eyelids (n =49), 13—14: Cheeks (n = 49), 15-16:

Area around the nose (n = 50). To analyze the correlation between UPE intensity and

biophysical properties, UPE intensities corresponding to measurement areas for

evaluation of biophysical properties were averaged.

3.2.5. Statistical analysis

The Steel-Dwass test was used to verify the regional variations of UPE intensity in

facial skin. The correlation between age or biophysical properties parameters, other than

skin color and UPE intensity, was evaluated using Spearman's rank correlation

coefficient. The correlation between skin color parameters and UPE intensity was

evaluated using Pearson’s correlation coefficient.
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3.3. Results
3.3.1. Regional variations in UPE intensity of facial skin

Photon emission from facial skin was captured in a dark room with double partition
(Figure 3.1a). UPE image of the facial skin is shown in Figure 3.2. Regional variations
in the UPE intensity were observed for different facial areas. As shown in Figure 3.1b,
16 facial areas were defined, and the UPE intensity of each area was calculated. Figure
3.3a shows the mean UPE intensity in each area for all volunteers. The intensities of
area between the eyebrows, eyelids, nose, around and under the nose and lip were
significantly higher than that of the chin ("p < 0.05, “p < 0.01). Among these area with
higher UPE, the area between the eyebrows, the nose and around and under the nose
showed even higher UPE intensity (Tp < 0.05, T/p <0.01). Figure 3.3b shows the
mapping of the UPE intensity normalized to that of the chin with the lowest intensity for

relative comparisons.

3.3.2. Age-related variations in UPE intensity of facial skin
As shown in Figure 3.4a and Figure 3.4b, UPE intensities of the upper eyelids and
areas around the corners of the eyes increased with age in 22-to-50-year-old volunteers.

Furthermore, there were no age-related variations in the UPE intensity in 51-to-69-year-
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old volunteers.

Figure 3.4c shows Spearman’s rank correlation coefficient and p-value of each site in

the face in the 22-to-50-year-old and in 51-to-69-year-old volunteers. No significant

age-related changes in UPE were observed in the sites other than the upper eyelids and

areas around the corners of the eyes.

3.3.3. Correlation between UPE intensity and biophysical properties

Figure 3.5 shows the relationship between UPE intensity and biophysical properties

(e.g., wrinkling of skin, porphyrin). Wrinkle score around the right eyes significantly

correlated with UPE intensity in 22-to-50-year-old volunteers (Figure 3.5a). However,

there was no correlation between the above-mentioned parameters in 51-to-69-year-old

volunteers (Figure 3.5b). Whereas porphyrin score was significantly correlated with

UPE intensity in volunteers of all ages (Figure 3.5¢), skin color parameters were not

(L*, a*, b*; Figure 3.6).

3.4. Discussion

UPE imaging revealed regional variations of oxidative stress in human facial skin.

Thereafter, the relationship between UPE intensity and the biophysical properties of
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facial skin was investigated. Site-specific oxidation of facial skin may help elucidate the

causes of various skin conditions and diseases. Moreover, site-specific oxidation of

certain areas of facial skin is possible due to the oxidative stress caused by high levels

of sebum [100, 101] and increased susceptibility to oxidative stress by exposure to UV

light. Regional variations of antioxidant function in facial skin are also suggested to

contribute to site-specific oxidation of facial skin.

In this study, chronic oxidation and its relationship with the biophysical properties of

facial skin were examined. The vulnerability of the skin to oxidation could induce skin

problems such as acne, rosacea, inflammation, and wrinkling. The results showed a

positive correlation between skin wrinkling and UPE intensity. Several studies have

reported the high incidence of skin cancer of the nose [102, 103], and the results in this

study have shown that the nose is particularly susceptible to high oxidative stress.

Furthermore, the role of oxidative stress in malignant melanoma and non-melanoma

skin cancer [90], and oxidative-stress-associated carcinogenesis has been reported [104,

105]. Increased oxidative stress can result in a higher incidence of skin cancer; hence,

UPE imaging may be used for the prognosis of skin cancer.

Age-related variations in UPE intensity were observed only in the skin areas

surrounding the eyes. The skin surrounding the eyes is thinner than that in other regions
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[106], and experiences mechanical stress during facial movements and cosmetic

application/removal during everyday life. This site is exposed to ultraviolet rays in the

sunlight. Therefore, it suggests that these functions with sun exposure cause age-related

variations in UPE intensity and the oxidation induces wrinkling of the skin surrounding

the eyes. It has been shown that ROS induces a decrease and degradation of the

extracellular matrix (ECM) which is associated with wrinkling [107]. Additionally,

previous reports established the relationship between skin wrinkling and oxidative stress

using conventional methods such as surface shape evaluations and histological analyses

[108, 109]. Moreover, in contrast with conventional indirect methods, the UPE method

allows for direct evaluation of oxidative stress. In chapter 2, UV-induced UPE was

shown to be generated not only in the epidermis, but also in the dermis. Further, it has

been reported that ROS formation during the skin’s metabolic processes contributes to

spontaneous UPE from the skin [81]. Further, UPE derives from electronically excited

species formed by ROS-induced lipid peroxidation, and protein and nucleic acid

oxidation [33]. Considering the oxidative stress of the epidermis and dermis, it is

reasonable to expect a correlation between skin wrinkling and UPE intensity.

UPE is also generated from UV-induced photosensitization reactions with

photosensitizers such as porphyrins. This may explain the correlation between UPE
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intensity and the score of porphyrins excreted by bacteria. The conventional method of

detecting porphyrins requires the use of a Wood’s lamp that emits long-wave UV

radiation [110]. However, UPE detection may be useful to determine the levels of

porphyrins without using UV radiation. Furthermore, porphyrin-induced oxidative stress

is thought to be the major mechanism of porphyrin-mediated tissue damage [111].

Therefore, UPE-based detection methods can improve our understanding of porphyrin-

related disorders. Finally, the a* value, which indicates skin redness, did not correlate

with UPE intensity, although the relationship had been speculated because skin redness

related to blood flow is affected by inflammation, which is related to the generation of

oxidative stress [112]. This non-correlation is most probably due to the absorption of

visible light by blood [113]. It is therefore vital to examine the contribution of

biomolecules in the skin, including blood, to UPE generation to further understand the

underlying mechanisms. Additionally, the association between UPE and skin color

warrants further research since only the color of the cheeks was measured in this study.

In conclusion, UPE imaging of facial skin revealed regional variations of oxidative

stress and site-specific increases in oxidative stress with age. Moreover, a correlation

was found between oxidative stress and the biophysical properties of the skin. In

particular, it is suggested that wrinkle formation on the face is influenced by oxidative
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stress. This study may provide insights into the treatment of areas of facial skin that are

vulnerable to aging. It also has the potential to improve our understanding of a variety

of skin diseases. In conclusion, UPE measurement is useful and has great room for

growth in the evaluation of both acute and chronic skin oxidation.
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Figures
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Figure 3.1. UPE imaging system for facial skin and UPE analysis sites

(a) UPE imaging system for facial skin in this study. Volunteers were rested in a dark

room with double partition. UPE images of facial skin were captured using the cooled

CCD camera for 15 min. (b) Facial illustration of the regions used for UPE analysis.

Sixteen facial areas were defined and the UPE intensity for each area was calculated

from the UPE images. 1: Forehead, 2: Area between the eyebrows, 3: Nose, 4: Area

under the nose, 5: Lip, 6: Chin, 7—8: Corners of eyes, 9—10: Upper eyelids, 11-12:

Lower eyelids, 13—14: Cheeks, 15—-16: Area around the nose.
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Figure 3.2. UPE image of facial skin

(a) Representative UPE image of facial skin. UPE imaging data were captured using a

CCD camera with a 15-min exposure. The color scale indicates signal intensity from 0

(black) to 5.0 (white). (b) Merged UPE image of facial skin with the regions used for

UPE analysis.
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Figure 3.3. Regional variations of UPE intensity in facial skin and mapping of
oxidative stress

(a) UPE intensity of each site was averaged for volunteers of all ages (22—69 years,)
and UPE intensities of the same sites on the left and right sides were averaged. Data are
presented as means + SD, and the number of data of each site were as follows: Forehead
(n = 50); area between the eyebrows (n = 50); nose (n = 50); area under the nose (n =
45), lip (n = 40); chin (n = 46); corners of eyes (n = 50); upper eyelids (n = 49); lower
eyelids (n = 49), cheeks (n = 49); area around the nose (n = 50). p <0.05, “p <0.01 vs.
UPE intensity of the chin (Steel-Dwass test). There were significant differences in UPE
intensity between sites with higher UPE (Tp < 0.05, "'p < 0.01 [Steel-Dwass test]). (b)
Facial illustration showing the mapping of oxidative stress level normalized by UPE

intensity of the chin.
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Figure 3.4. Relationship between age and UPE intensity of each site in the face
(a)(b) A correlation was observed between age and UPE intensity for upper eyelids or
corners of the eyes in 22-to-50-year-old volunteers (closed circles) but there was no
correlation in 51-to-69-year-old volunteers (open circles). (¢) Spearman’s rank
correlation coefficient and p-value between age and UPE intensity of each site in the
face in 22-to-50-year-old and in 51-to-69-year-old volunteers. ns: not significant, *: p <

0.05, **: p <0.01 (Spearman’s rank correlation test).
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Figure 3.5. Relationship between UPE intensity and biophysical properties

(a)(b) UPE intensity correlated with wrinkle score around the right eyes in 22-to-50-
year-old volunteers (n = 34) but there was no correlation in 51-to-69-year-old volunteers
(n=16). (c) UPE intensity correlated with the facial porphyrin score for volunteers of
all ages (2269 years, n = 50). (d) Facial illustration indicating measurement areas for
wrinkle score and porphyrin score assessment. UPE intensity corresponding to
measurement areas was averaged. ns: not significant, **: p <0.01, ***: p <0.001

(Spearman’s rank correlation test).
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Figure 3.6. Relationship between UPE intensity and skin color parameters
There was no correlation between UPE intensity of the cheek (22—69 years, n = 49)
and skin color parameters [(a) L* value, (b) a* value, (c) b* value]. ns: not significant

(Pearson’s correlation test).
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CHAPTER 4: Polychromatic spectrum analysis of

ultraweak photon emission induced from biomolecules
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4.1. Introduction

Redox reactions continuously occur in the living body to regulate various

physiological and cellular processes; among these, the oxidation reaction causes

oxidative stress and is associated with various diseases when unregulated [114-116].

Oxidative stress has been recognized as a factor contributing to aging and progression

of multiple neurodegenerative diseases [117]. Therefore, it is necessary to elucidate the

mechanism of oxidation, for the development of anti-aging strategies and the treatment

of related diseases.

The phenomenon of oxidation has also attracted attention in the field of dermatological

research, since oxidative stress is associated with human skin photoaging and skin

diseases [21, 112, 118]. Particularly, skin cancer is a serious problem in the

dermatological field and is related to excessive levels of oxidative stress [90, 119].

Ultraviolet (UV) irradiation is a major generator of oxidative stress. Therefore, it is

important to investigate the mechanism of oxidative stress in the skin caused by UV

irradiation [120].

Many methods of evaluating oxidative stress have been developed to date. In vitro,

oxidative stress is commonly assessed by measuring the levels of reactive oxygen

species (ROS) in cells and of radicals in liquids using specific reagents [94]. In vivo,
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transgenic mice expressing a redox-sensitive fluorescent protein have been used to
assess oxidation in the skin [121]. In addition, oxidative stress can be detected using
ultraweak photon emission (UPE) that is spontaneously generated in living organisms
[32]. UPE, also referred to as biophoton, is an extremely weak luminescence emitted
from the living body, including human, animals and plants [63, 64]. The human skin
also exhibits UPE, which reportedly increases under exposure to UV irradiation [66].
UPE is considered to be derived from electronically excited species formed by ROS-
induced lipid peroxidation and protein and nucleic acid oxidation [33]. The oxidation of
these biomolecules leads to the formation of high-energy intermediates [67] and their
decomposition generates electronically excited species. It has been reported that singlet
oxygen ('0,) directly emits UPE, and other ROS, such as superoxide anion radical
(O2"7), hydrogen peroxide (H20>), hydroxyl radical (* OH), are indirectly involved in
the generation of UPE via the oxidation process and photosensitization reaction [33,
122]. The key advantages of using UPE for the evaluation of oxidative stress are that it
is a label-free method and allows for non-invasive measurements in vivo.

The usefulness of UPE measurement in assessing oxidative stress has been reported
before [31, 123]. In chapter 2 and chapter 3, it also showed that UPE measurements

using a cooled charge-coupled device (CCD) camera is useful for assessing acute and
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chronic oxidative stress in human skin. UV-induced UPE in the skin tissue was

measured as acute oxidation and UPE of whole facial skin was measured in vivo as

chronic oxidation. The UV-induced UPE from the skin decreased by applying

antioxidants, showing that UPE derived from oxidative stress. In chapter 3, it proposed

that oxidative stress is correlated with wrinkle formation and porphyrin scores in the

skin, highlighting the importance of antioxidation measures in preventing skin damage

induced by oxidative stress. The dermal layer has been proposed to be one of the

sources of UPE in previous research [85] and chapter 2, suggesting that the

measurement of skin UPE could reflect the degree of oxidative stress throughout the

skin, including the epidermal and dermal layers. However, the UPE of biomolecules has

not been sufficiently measured to explore the origin of UPE generation in the skin.

Knowing the detailed origins of UPE will promote the evaluation of oxidative stress

using UPE.

Spectral analysis is one of the main approaches to reveal the characteristics of UPE

generation. A recent study showed that Arabidopsis subjected to mechanical injury

exhibited enhanced photon emission, which led to changes in the spectral pattern [124].

Another study demonstrated a difference in the spectral patterns of UPE from the body

surface between human breast cancer-bearing nude mice and healthy control mice
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[125]. These studies demonstrate that spectral analysis is an essential component of

UPE research. However, there has been no detailed investigation regarding the

mechanism of UPE generation at the molecular level. Many endogenous fluorophores in

the skin show a unique emission wavelength, which can be captured using two-photon

microscopy [88]. Two-photon excitation occurs by the simultaneous absorption of two

photons at infrared wavelengths, leading to the emission of a fluorescence photon. As

the emission wavelength of the fluorescence photon in two-photon microscopy depends

on the molecular species, it is expected that different biomolecules exhibit different

UPE spectra. Based on this premise, in this chapter, the detailed emission source of UPE

in the skin under exposure to UVA irradiation was investigated using polychromatic

spectral analysis of the relevant biomolecules in the skin and a human skin tissue

sample. Components that can be oxidized in the skin were selected as biomolecule

samples. Elucidation of the characteristics of UPE generated during UVA irradiation can

provide new insights into understanding the mechanisms contributing to skin

photoaging and skin diseases, which can in turn offer new targets for treatment and

prevention.
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4.2. Material and Methods

4.2.1. SKkin tissue samples

A human skin sample from the breast of a 58-year-old Caucasian female was

purchased from Biopredic International (Rennes, France) via KAC (Kyoto, Japan) and

stored frozen. The subcutaneous tissue was physically removed from the skin sample

prior to UVA irradiation and spectral measurements. Three smaller pieces of skin tissue

were prepared from the skin sample. Subsequently, all the three tissue pieces were,

independently, irradiated with UVA, and the UPE spectra were measured. The skin

tissue pieces that were UVA-irradiated once and used for spectrum measurement were

not used again in the experiment.

4.2.2. Skin biomolecule assessment

The following seven biomolecules were selected for spectral analysis: phospholipids

(solid, non-hydrogenated egg phosphatidylcholine; Coatsome NC-50, NOF

Corporation, Tokyo, Japan), elastin (solid, from bovine neck ligament powder; E1625,

Sigma-Aldrich, St. Louis, MO, USA), linoleic acid (liquid; 126-03612, Fujitilm Wako

Pure Chemical Corporation, Osaka, Japan), linolenic acid (liquid, a-linolenic acid;

20526-52, Nacalai Tesque, Kyoto, Japan), collagen (solid, VitroCol lyophilized type I
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collagen from human; 5008, Advanced BioMatrix, Inc., San Diego, CA, USA),
5,6-dihydroxyindole-2-carboxylic acid [DHICA] (solid, Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan), and whole blood (liquid, human heparin sodium whole blood;

Biol VT, West Sussex, UK via KAC, Kyoto, Japan). For measurement, | mM DHICA
was dissolved in 0.1 M phosphate buffer (pH 7.4), the whole blood was diluted 10-fold
with Dulbecco's phosphate-buffered saline (—), and raw samples were used for the other

molecules.

4.2.3. UVA irradiation

UVA irradiation was generated using a Dermaray 200 system (Canon Medical Supply,
Tokyo, Japan) with a UVA source (TOREX FL20SBL/DMR, 300—430 nm, peak 352
nm; Toshiba Medical Supply, Tokyo, Japan). The UVA intensity was measured by
DMR-UV-ABBNB-1 (Gigahertz-Optik GmbH, Puchheim, Germany). The skin tissue
and each of the biomolecule samples were irradiated with UVA at 1100 mJ/cm?, 2.3

mW/cm?.

4.2.4. Spectroscopy

The UPE spectra of the human skin tissue and biomolecule samples were measured
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using a polychromatic spectrum analysis system developed by Kobayashi et al. [76]

(Figure 4.1), which consists of a transmission-type diffraction grating, condenser lens,

collimator lens, input slit, and cooled CCD camera (SI 600s; Spectral Instruments Inc.,

USA). The detection wavelengths of this spectroscopy were in the range of 450—750

nm. Unlike spectroscopic devices that continuously detect UPE at each wavelength, the

spectroscopic system used in this research detected UPE at each wavelength at the same

time. Thus, there was no lag time in the detection of each wavelength.

The measurement procedure was as follows: The sample was irradiated with UVA

outside the dark chamber. After UVA irradiation, the liquid biomolecule samples were

immediately placed in a borosilicate glass cuvette, which was placed under a 1 mm

wide and 20 mm high optical input slit in the dark chamber of the spectroscopic system.

In contrast, solid biomolecule samples and the skin tissue were immediately set on the

plate after UVA irradiation and placed directly under the input slit in the dark chamber.

The skin tissue was placed with the stratum corneum facing the input slit. Immediately

after UVA irradiation and sample placement, the spectrum was recorded. Exposure

times for spectral measurement of UV-induced UPE were set to 20 min for the skin

tissue and 5 min for the biomolecule samples. UPE intensities at each wavelength were

normalized by the intensity at the peak wavelength and are expressed as the relative
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intensity to facilitate direct comparisons. Spectra of the skin tissue and biomolecule

samples were measured several times depending on the emission intensity to confirm

reproducibility. Specifically, the skin tissues’ spectra were measured three times, while

those of linoleic acid, elastin, and linolenic acid were measured twice each, and for

phospholipids and DHICA they were measured four times each.

4.3. Results

The UPE spectra from five of the seven biomolecules were successfully measured.

However, the diluted blood and collagen samples did not exhibit UPE generation

induced by UVA irradiation and therefore their spectra were not obtained. UPE

intensities at each wavelength were normalized by the intensity at the peak wavelength

and the average values were calculated for comparison. The UVA-induced UPE spectra

of skin tissue and the individual skin biomolecules are shown in Figure 4.2 and Figure

4.3, respectively, revealing distinct spectral patterns. Specifically, the spectrum for skin

tissue peaked at 550 nm, whereas the peaks of linoleic acid, elastin, phospholipids,

linolenic acid, and 1 mM DHICA solution peaked at 475 nm, 525 nm, 570 nm, 575 nm,

and 585 nm, respectively. For linoleic acid, the peak was close to the limit of detection

(450 nm) of the spectroscopy system on the short wavelength side, suggesting that
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photons with wavelengths shorter than 450 nm were likely included.

Table 4.1 shows the wavelength regions for the peak of each sample, which was

defined as a relative intensity greater than 0.9. The peak of each biomolecule was within

a 40-70 nm range, demonstrating broad peaks similar to the spectrum of the skin tissue.

Table 4.1 also shows the UPE intensities (counts/min) at the spectral peak wavelength.

UPE intensity at the spectral peak for the skin tissue was 160 (550 nm), whereas that for

linoleic acid, elastin, phospholipids, linolenic acid, and 1 mM DHICA solution was

2760 (475 nm), 10930 (525 nm), 1230 (570 nm), 5610 (575 nm), and 320 (585 nm),

respectively.

4.4. Discussion

The oxidation of biomolecules has been suggested to impact several key functions in

the living body, including the ones in skin. Therefore, it is important to understand the

oxidation potential of each biomolecule for inferring the causes of biological changes

and oxidation-related diseases. In the present study, comparisons of UVA-induced UPE

generation in the entire skin and from individual biomolecules found in the skin that are

considered to be strongly affected by oxidation revealed clearly different peaks and

wavelength ranges for each biomolecule. The UPE intensity of biomolecules depends
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on the sample size, and the biomolecular weight used in this study does not match the

amounts that are actually present in the skin.

A series of lipid oxidation reactions that give rise to various products [126] may

contribute to the spectral range, but since there are further complex contributions,

further studies are needed. Linoleic acid (C18:2) has just one less double bond than

linolenic acid (C18:3); however, their UPE spectral patterns are remarkably different

from each other. This finding suggests that double bonds may majorly contribute to the

emission wavelengths of UPE. An in vitro study showed that linoleic acid

hydroperoxide, which is formed under oxidative stress, increased the levels of pro-

matrix metalloproteinase (MMP)-1 in cultured arterial endothelial cells and increased

the levels of both proMMP-1 and proMMP-3 in cultured smooth muscle cells [127].

MMPs are involved in processes such as tissue remodeling and degradation of the

extracellular matrix containing collagen and proteoglycans. Similarly, linoleic acid

hydroperoxide was shown to significantly increase the production of MMP-1 and

MMP-3, suggesting that lipid peroxides are able to alter collagen metabolism [128].

Another study showed that the expression level of MMP-1 increased in fibroblasts after

UVA irradiation and sun exposure contributed to the formation of facial wrinkles [129].

Collectively, these findings suggest a relationship between UV-light-induced lipid
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peroxidation and wrinkle formation. Indeed, the study in chapter 3 confirmed a
relationship between oxidative stress and wrinkle formation in facial skin. a-Linolenic
acid accumulates in the bodies of mammals (carcass, adipose, and skin) and its major
metabolic route is beta-oxidation. A small proportion of ingested a-linolenic acid is
converted to docosahexaenoic acid (DHA) [130], which has been shown to improve
skin wound healing in rats [131]. Due to these beneficial effects of DHA produced by
the oxidation of linolenic acid, it is relevant to investigate the oxidation of linolenic
acid.

The UPE wavelengths obtained in the present study for elastin and phospholipids were
similar to their reported fluorescence emission ranges [87, 132]. UV-irradiated elastin
was previously shown to produce hydrogen peroxide [133] and oxidation was reported
to cause structural changes to elastin [134]. The effects of oxidized phospholipids
suggest their potential relevance in different pathologies, including atherosclerosis,
acute inflammation, lung injury, and many other conditions [135]. In contrast to elastin
and phospholipids, the UPE wavelength region of DHICA, a melanin precursor [136],
was slightly longer than the reported fluorescence range of melanin [88] and tyrosine
[87], a known DHICA precursor [136]. DHICA oxidized by 'O loses the capacity to

induce DNA damage [137]. Considering the fluorescence lifetime [138], UPE is
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different from fluorescence emission as it has a longer emission lifetime. For example,
immediately after stopping UV irradiation, the UPE lifetime is in the order of minutes
(more than 5 min) [31]. Due to this difference in the emission lifetime, it is thought that
the emission mechanism of UPE is different from that of fluorescence, and UPE spectra
are also different from fluorescence spectra. Therefore, it is important to examine the
unique spectral patterns of UVA-induced UPE.

Considering the emission wavelength of the excited species that cause UPE, the
wavelengths of triplet-excited carbonyl are in the range of 350—550 nm [33]. It has been
reported earlier that peak wavelength ranges of UPE spectra of biomolecules (DNA and
amino acids, such as cysteine and tryptophan) oxidized by hydrogen peroxide and Fe**
are within the wavelength range of triplet-excited carbonyl [84]. However, no such
study has been performed for UVA irradiation. In the present study, the peak wavelength
range of linoleic acid (450—490 nm) was close to the emission wavelength range of
triplet excited carbonyl (350-550 nm), indicating that the triplet-excited carbonyls
generated by UVA irradiation might contribute to the spectral pattern of linoleic acid.

UPE spectra for blood and collagen could not be obtained using the spectroscopy
system in this study. For the blood sample, it is surmised that hemoglobin absorbed the

generated UPE since hemoglobin is known to absorb light in the visible region [113],
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thus matching the wavelength range of UVA-induced UPE. In chapter 3, there was no

correlation between UPE intensity and the a* value reflecting cutaneous blood volume

[139]; however, photon emission from the plasma in blood has been reported to have a

UPE spectral range with a peak wavelength of 500-700 nm [140]. In this study, the

plasma was not separated from the blood in order to confirm the UPE generation from

whole blood. However, blood may indirectly be involved in UPE generation through

energy transfer. Although collagen is known to be oxidized [141, 142], photon emission

from UVA-irradiated collagen wasn’t detected in this study. This result is consistent

with the findings of a previous report [85], suggesting that the UVA-induced UPE

wavelength of collagen is outside the detectable wavelength range as inferred from the

fluorescence emission wavelength of collagen [87, 88, 132].

Based on the present findings and previous reports, some potential pathways for UVA-

induced UPE generation in the skin are proposed (Figure 4.4). UVA directly causes UPE

generation through the oxidation of biomolecules in the skin. Then, the UPE emission

derived from the biomolecules is released from the skin surface. Conversely, it has been

suggested that UPE is generated via a photosensitization reaction [86]. The

chromophores in human skin act as photosensitizers and UVA induces the excited

photosensitizers leading to ROS generation. Porphyrin [143] and melanin [144] in the
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skin are known to cause photosensitization reactions, and other chromophores such as

bilirubin, NADH, NADPH, trans-urocanic acid, and tryptophan have also been

proposed as photosensitizers [145]. The study in chapter 3 showed a correlation of

porphyrin with UPE. UVA excites photosensitizers in the skin, which in turn oxidize

biomolecules, thus resulting in the release of UPE from the skin’s surface. Moreover,

the excited photosensitizer itself can act as an UPE source [33]. However, some

biomolecules can receive energy from excited molecular species in the skin, and it is

believed that photons of different wavelengths are emitted through energy transfer. In

this way, a more complex mechanism of UPE generation and energy transfer may occur

in the skin, suggesting that UPE is detected as an assembly of photons of various

wavelengths. Although this study mainly focused on UVA-induced UPE, a separate

mechanism may be operating with respect to UVB-induced UPE since there are

chromophores that specifically absorb light in the UVB region [146].

Although a complex scheme is inferred (as shown in Figure 4.4), the results show that

the UPE spectrum of phospholipids and the spectrum of skin tissue are similar. Hence, it

is proposed that in UVA-exposed skin, phospholipid oxidation is a major contributor of

UPE generation. The results in this study regarding phospholipids showed that the UPE

generated came from the direct oxidation of the phospholipids by UVA irradiation.
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However, ROS is generated in actual skin by a photosensitization reaction with UVA

irradiation and it is thought that phospholipids are also oxidized by ROS. Phospholipids

are the main components of the cell membrane [147], and therefore, it is important to

understand the oxidative stress of phospholipids since their oxidation may have a

considerable effect on cell function. However, since other biomolecules are also

considered to be contributors to UPE generation from skin, the wavelengths of UPE

emission for each biomolecule investigated in this study are expected to contribute

toward elucidating the complicated mechanisms of UPE generation.

In this study there were some limitations that should be taken into consideration when

evaluating the results. It is difficult to elucidate the mechanism underlying UPE

generation in response to UVA irradiation from the obtained data. As the skin is made

up of various components, it was not feasible to evaluate all the biomolecules.

Therefore, the focus was on the major biomolecules known to oxidize in the skin.

Herein, the mechanism of UPE was discussed with respect to the previously reported

spectral analyses of biomolecules as well as the studies on UPE; however, further

research involving other skin biomolecules is required. Nonetheless, it is believed that

the data presented will contribute to the elucidation of the mechanisms involved in UPE

generation. In addition, this study may provide insights into the diagnosis of skin
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diseases induced by oxidative stress through the use of UPE measurement.
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Figures and Tables
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Figure 4.1. Schematic illustration of polychromatic spectroscopy

The UPE spectra of the samples were measured using a polychromatic spectrum
analysis system, which consists of a transmission-type diffraction grating, condenser
lens, collimator lens, input slit, and cooled CCD camera. The samples were irradiated
with UVA outside of the dark chamber and were then immediately placed under a 1 mm

wide and 20 mm high optical input slit in the dark chamber of the spectroscopic system.
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Figure 4.2. UVA-induced UPE spectrum of human skin tissue

Human skin tissue was irradiated with UVA and UPE spectra were measured using a
spectroscopy system. The UPE intensity was normalized by the intensity at the peak
wavelength and is displayed as relative intensity (rel). Data are presented as means + SD

(n=73).
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Figure 4.3. UVA-induced UPE spectra of biomolecules

Samples were irradiated with UVA and UPE spectra

were measured using a

spectroscopy system. UPE intensities were normalized by the intensity at the peak

wavelength and are displayed as the relative intensity (rel). Data are presented as means

+ SD (n = 4, phospholipids and DHICA). Spectra of raw materials were measured for all

biomolecules except for DHICA, for which a 1 mM solution was used for measurement.
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Figure 4.4. Scheme of proposed mechanism of UPE generation in skin by UVA
irradiation

UVA irradiation causes UPE generation through oxidation of biomolecules in the skin
via several pathways. Biomolecules exposed to UV directly generate UPE, while
photosensitizers in the skin are excited by UV exposure. The excited photosensitizers
oxidize biomolecules, and UPE is generated via the photosensitization reaction. The
excited photosensitizer itself can act as a UPE source too. The UPE measured by the
spectroscopy system, therefore, must have comprised the UPE from each of these

pathways with a broad spectral pattern that peaked at 530-580 nm.
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Table 4.1. Peak (relative intensity > 0.9) wavelength ranges of UVA-induced UPE

spectra

Data are presented as means = SD (n = 3 human skin tissue, n = 4 phospholipids and

DHICA). UPE intensities at spectral peak are listed along with the peak wavelength (nm).

Peak wavelength range

Emission source

UPE intensity (counts/min)

(nm) at peak wavelength
Human skin tissue 530 -580 160 £ 11 [550 nm]
Linoleic acid 450 — 490 2760 [475 nm]
Elastin 500 — 560 10930 [525 nm]
Phospholipids 530 - 600 1230 + 660 [570 nm]
Linolenic acid 550 -620 5610 [575 nm]
DHICA 570 — 620 320 £ 95 [585 nm]

DHICA: 5,6-dihydroxyindole-2-carboxylic acid.

75



SUMMARY AND CONCLUSION

In humans and animals, the skin comes into contact with the outside and has the

important functions of maintaining the body’s homeostasis while also preventing the

infiltration of external factors and the transpiration of water from the body. However,

human skin is routinely exposed to ultraviolet (UV) rays and is subject to oxidative stress

through the generation of reactive oxygen species (ROS). It is important to understand

skin oxidative stress as it affects skin function and has been reported to be associated with

skin diseases. On the other hand, it has long been known that ultraweak photon emission

(UPE), also called the biophoton, is spontaneously generated from living organisms.

Although the mechanism of its occurrence has not been clarified, it is known that UPE

generates during the oxidation reaction, and it has been studied as a biological

phenomenon which can be observed without the need for reagents.

Regarding these facts, chapter 2 verifies the usefulness of the evaluation method for skin

oxidative stress using UPE measurement. Chapter 3 evaluates oxidative stress of facial

skin by measuring the UPE and its relationship to skin properties. Furthermore, in chapter

4, spectrum analysis is used to elucidate the mechanisms of UPE generation in the skin.

In chapter 2, UV-induced UPE generating from skin tissue was imaged using a cooled

CCD camera. The skin’s UPE intensity is dependent on UV dose, and it is posited that
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UPE may be generated not only from the epidermis but also the dermis. It was also found

that UV-induced UPE can be suppressed by various antioxidants. UPE was positively

found to be related to oxidation. Furthermore, the imaging method used in this experiment

was able to visualize the UV-blocking effect of sunscreens. These results show that UPE

measurement is useful for evaluating the oxidative stress of skin tissue as a whole.

Next, in chapter 3, the relationship between UPE intensity and skin properties on the

entire human face was evaluated using the imaging method. As a result, it was shown that

UPE intensity of the facial skin was non-uniform, indicating that oxidative stress differs

depending on the facial part. It was suggested that the nose, which is reported to have a

high incidence of skin cancer, has chronically high oxidative stress. In addition, UPE

intensity in the skin around the eyes not only increases with age, but also shows a positive

correlation with the wrinkle score, which is considered to reflect the skin properties of

the face that are chronically exposed to UV. Although verification of the entire face can’t

be performed by conventional invasive methods, evaluating the oxidative stress of the

face by applying UPE measurement was achieved in this study, and UPE intensity showed

an important relationship with skin properties.

Finally, in chapter 4, in order to investigate the mechanism of UPE generation in the

skin, polychromatic spectral analysis of UPE induced by UVA was performed. As a result,
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the UPE generated from the skin tissue showed a broad spectral pattern with a peak at

around 550 nm. In addition, the biomolecules contained in the human skin were similarly

irradiated with UVA, and the spectra of UVA-induced UPE were measured. Various

biomolecules showed spectra with peaks at different wavelengths, and in particular,

phospholipids showed a spectrum pattern similar to that of UPE from skin tissue,

suggesting that it contributes relatively significantly as a UPE source in skin. Since

phospholipids are the main component of cell membranes, it is presumed that UVA-

induced UPE also reflects the oxidative stress of cells. On the other hand, since UVA-

induced UPE was not measured from blood, it is considered that UPE is absorbed by

hemoglobin in the blood. Considering the photosensitization reaction in addition to the

results obtained in this study, it is proposed that UPE generation from the skin has

complicated mechanisms.

In conclusion, it was confirmed that UPE measurement is useful for evaluating the acute

and chronic oxidative stress states of the skin. Also, the UPE mechanism in the skin was

partially elucidated, demonstrating a relationship between the UPE of the skin and the

skin’s properties. Since mammalians have similar skin structures [148], it is assumed that

a similar mechanism of UPE generation can be found in non-human mammals. UPE has

been observed not only in humans but also in animals and it may be applicable to tumor
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diagnosis for small animals and in follow-ups after radiotherapy. This UPE-measurement

method can evaluate oxidative stress without contact or labeling, and with no significant

burden on the living body. Therefore, it is expected that this non-invasive UPE diagnostic

method will have a variety of applications in both human and veterinary medicine.
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