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Abstract

Abstract

Chapter 1.
Evaluation of the effects of chitin
nanofibrils on skin function using skin models
Chitins are highly crystalline structures that are predominantly found in
crustacean shells. Alpha-chitin is composed of microfibers, which are made up of
nanofibrils (NFs) that are 2-5 nm in diameter and 30 nm in length and embedded
in a protein matrix. Crystalline NFs can also be prepared by acid treatment. We
verified the effect of chitin NFs and nanocrystals (NCs) on skin using a three-
dimensional skin culture model and Franz cells. The application of NFs and NCs
to skin improved the epithelial granular layer and increased granular density.
Furthermore, NFs and NCs application to the skin resulted in a lower production
of TGF-B compared to that of the control group. NFs and NCs might have
protective effects to skin. Therefore, their potential use as components of skin-

protective formulations merits consideration.



Abstract

Chapter 1II.

Protective effect of chitin urocanate nanofibers
against ultraviolet radiation

Urocanic acid is a major ultraviolet (UV)-absorbing chromophore. Chitins are
highly crystalline structures that are found predominantly in crustacean shells.
Alpha-chitin consists of microfibers that contain nanofibrils (NFs) embedded in a
protein matrix. Acid hydrolysis is a common method used to prepare chitin NFs.
We typically obtain NFs by hydrolyzing chitin with acetic acid. However, in the
present study, we used urocanic acid to prepare urocanic acid chitin NFs (UNFs)
and examined its protective effect against UVB radiation. Hos:HR-1 mice coated
with UNF were UVB irradiated (302 nm, 150 mJ/cm?), and these mice showed
markedly lower UVB radiation-induced cutaneous erythema than the control.
Additionally, sunburn cells were rarely detected in the epidermis of UNFs-coated
mice after UVB irradiation. Although the difference was not as significant as UNFs,
the number of sunburn cells in mice treated with acetic acid chitin nanofibrils
(ANFs) tended to be lower than in control mice. These results demonstrate that
ANFs have a protective effect against UVB and suggest that the anti-
inflammatory and antioxidant effects of NFs influence the protective effect of ANF
against UVB radiation. The combination of NFs with other substances that
possess UV-protective effects, such as urocanic acid, may provide an enhanced

protective effect against UVB radiation.
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General Introduction

1. Introduction

Alpha-chitin is composed of microfibers, which are made up of nanofibrils (NFs)

that are approximately 2—5 nm in diameter and 30 nm in length and embedded in

a protein matrix [1, 2, 3]. Isolated chitin NFs show a potential for use in drug

delivery systems, the tissue engineering of scaffolds, and wound dressing [4].

Acid hydrolysis is one of the main methods used to prepare chitin NFs [5, 6].

Moreover, ultrasonication of squid pen beta-chitin under acidic conditions yields

3—4-nm-wide chitin NFs with relatively low crystallinity [7]. Chitin nanofibers are

easily prepared using either fine grinding or wet-type atomization methods [8].

Chitin and chitosan have an accelerating effect on the wound healing process

and regulate immune response [9, 10]. Recently, chitin and chitosan could be

used as NFs. However, it is unclear whether chitin NFs could maintain original

function or not.

We have previously found that chitin NFs improve the clinical symptoms and

suppress the onset of ulcerative colitis in an animal model [11]. Furthermore,

chitin NFs suppressed myeloperoxidase activation in the colon and decreased

serum interleukin (IL)-6 concentrations. In contrast, the application of chitin

powder did not produce any anti-inflammatory effect [11].
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General Introduction

Because many people exhibit skin hypersensitivity in response to cosmetics and

textiles, the development of materials exempt from inflammatory activity is

essential. Inthe chapter I, we describe a novel three-dimensional skin model

assay and Franz cells to evaluate the skin-protective effects of chitin NFs. Our

results suggested that chitin NFs are mildly irritating to the skin and can protect

skin cells. In the chapter 1T, we prepared urocanic acid (UCA) chitin NFs (UNFs)

by UCA hydrolysis. We hypothesized that we could generate valuable new NFs

with UV-blocking function by preparing NFs with UCA, and we examined the

protective effect of the UNFs against UV radiation.
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Chapter 1

Chapter 1.

Evaluation of the effects of chitin

nanofibrils on skin function using skin models

Abstract

Chitins are highly crystalline structures that are predominantly found in
crustacean shells. Alpha-chitin is composed of microfibers, which are made up of
nanofibrils (NFs) that are 2—-5 nm in diameter and 30 nm in length and embedded
in a protein matrix. Crystalline NFs can also be prepared by acid treatment. We
verified the effect of chitin NFs and nanocrystals (NCs) on skin using a three-
dimensional skin culture model and Franz cells. The application of NFs and NCs
to skin improved the epithelial granular layer and increased granular density.
Furthermore, NFs and NCs application to the skin resulted in a lower production
of TGF-B compared to that of the control group. NFs and NCs might have
protective effects to skin. Therefore, their potential use as components of skin-

protective formulations merits consideration.

1. Introduction

Alpha-chitin is composed of microfibers, which are made up of NFs that are
approximately 2—5 nm in diameter and 30 nm in length and embedded in a protein
matrix [1, 2, 3, 4] . Isolated chitin NFs show a potential for use in drug delivery
systems, the tissue engineering of scaffolds, and wound dressing [5]. Acid
hydrolysis is one of the main methods used to prepare chitin NFs [6, 7]. Moreover,
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ultrasonication of squid pen beta-chitin under acidic conditions yields 3—4-nm-
wide chitin NFs with relatively low crystallinity [8]. Chitin nanofibers are easily
prepared using either fine grinding or wet-type atomization methods [9].

Chitin and chitosan have an accelerating effect on the wound healing process
and regulate immune response [10, 11]. Recently, chitin and chitosan could be
used as nanofibrils. However, it is unclear whether chitin NFs could maintain
original function or not.

We have previously found that chitin NFs improve the clinical symptoms and
suppress the onset of ulcerative colitis in an animal model [12]. Furthermore,
chitin NFs suppressed myeloperoxidase activation in the colon and decreased
serum interleukin (IL)-6 concentrations. In contrast, the application of chitin
powder did not produce any anti-inflammatory effect [12].

Because many people exhibit skin hypersensitivity in response to cosmetics and
textiles, the development of materials exempt from inflammatory activity is
essential. In the present study, we describe a novel three-dimensional skin model

assay to evaluate the skin-protective effects of chitin NFs.

2. Materials and methods
2.1. Preparation of chitin nanofibers and chitin nanocrystals

Chitin NFs and NCs were prepared as described previously [6, 13]. In brief, dry
chitin powder from crab shell was dispersed in water at 1 wt.%, and acetic acid
(AC) was added to adjust the pH value to 3 to facilitate fibrillation. The chitin
was roughly crushed with a domestic blender. Finally, the slurry was passed

through a grinder (MKCA6-3; Masuko Sangyo Co., Ltd.) at 1500 rpm. Chitin
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crystals were prepared by hydrolyzing the chitin with 3 N HCI at the boil for 90
min under stirring. After acid hydrolysis, the suspension was washed with distilled
water (DW) by centrifugation thoroughly. The precipitate was dispersed in water
at 1 wt.%, and AC was added to adjust the pH value to 3. The chitin was passed

through a grinder.

2.2. Test materials

Test using 3D human skin culture model: We prepared a 1% chitin NFs
dispersion and a 1% chitin NCs dispersion at pH 3 and pH 6 by the grinding
method described by Ifuku & Saimoto (2012). Control solutions were DW, or AC
at pH 3 and pH 6. 1% N-acetyl-D-glucosamine (GIcNAc) was used as a positive
control for effect of the keratinocyte growth factor [14].

Test using Franz diffusion cells: We prepared samples of 1% chitin NFs and 1%

chitin NCs under the following conditions at pH 6, Ac at pH 6, and DW.

2.3. Test procedures using 3D human skin culture model

The three-dimensional epidermal model LabCyte EPI-MODEL 24 (Tissue
Engineering Japan Co, Aichi) was used to test the contact effect of each sample.
This model, which includes skin layers between the keratin layer and the basal
layer, was incubated at 37°C in a 5% CO2 humidified atmosphere.

The 9 conditions tested in this experiment are as follows: 1) no application
(NON) (n = 8); 2) DW (n = 12); 3) 1% AC solution, pH 3 (n = 8); 4) 1% AC solution,
pH 6 (n = 8); 5) 1% chitin NFs dispersed at pH 3 (n = 8); 6) 1% chitin NFs

dispersed at pH 6 (n = 12); 7) 1% chitin NCs dispersed at pH 3 (n = 8); 8) 1%
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chitin NCs dispersed at pH 6 (n =12); and 9) 1% GIcNAc (n = 12).

The assay media (0.5 mL/well) (Tissue Engineering Japan Co, Aichi) was
aliquoted into the assay plate (Tissue Engineering Japan Co, Aichi). Next, the
three-dimensional skin culture model was placed in each well. The assay plates
were then incubated in a CO:2 incubator for 1 h. The test material (50 uL/well) was
applied to the keratin layer of the three-dimensional skin culture model after the
1-h incubation.

The three-dimensional human skin culture models were removed from the assay
plate at 4, 12, and 24 h post-application, and the cultured skin (from the keratin

to basal layers) were harvested.

2.4. Histological observations

The harvested skin culture was immersed and fixed in 10% formalin (Mildform
10N, Wako Pure Chemical Industries Ltd., Osaka, Japan). Cross-sectional slices
(4-pm-thick) were soaked in hematoxylin and eosin (H&E) and histological
evaluations were conducted. The samples were prepared by Sumika
Technoservice Corporation (Osaka, Japan). The H&E stained samples from each
experimental group were evaluated using an optical microscope (BX51-FL,
Olympus Corporation, Tokyo). The tissue image analysis was done using Lumina
Vision (Ver. 2.5.2.1, Mitani Corporation, Tokyo, Japan).

Images for 4 non-continuous fields of view at 400 x magnification were taken for
each H&E-stained sample in each experimental group. Sample scores were
calculated by averaging the observational scores from one quadrant of the image

for the granular layer and stratum spinosum. The below criteria were used to
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convert the observations into a score.

2.5. Assessment of the granular layer and the stratum spinosum

The number of granular layers and the granule cell density of the layers were
evaluated.

A complete absence of the granular layer was assigned a score of 0; a partial
granular layer was assigned a score of 1; if 1, 2, 3, or 4 layers were present,
scores of 2, 3, 4, and 5, respectively, were assigned.

The granule cells lacking keratohyalin granules were assigned a score of 0, a
weak presence was assigned a score of 1, a moderate abundance with a high
dye-affinity was assigned a score of 2, and a granule cell with abundant granules
was assigned a score of 3.

The stratum spinosum quality was evaluated by measuring the width of the
intercellular gap and the clarity of the nucleus. A score of 0 was assigned if the
intercellular contacts in the stratum spinosum had collapsed; 1, if the intercellular
gap was greater than 1 mm at 400 x magnification; 2, if the space was less than
1 mm; and 3, if a space could not be confirmed by the naked eye, when |
displayed the image which photographed at magnification 400 times with 122 mm
in height, size of 163 mm in width In addition, a score of 1 was assigned if the

nucleus was clearly visible; otherwise, a score of 2 was assigned.

2.6. Test procedures using Franz diffusion cells
Franz diffusion cells (PermeGear Inc., Keystone Scientific K.K., Japan) were

used to evaluate the test model. Skin removed from Hos:HR-1 mice (8—-9 wk-old,
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25-35-g males, Hoshino Laboratory Animals, Inc., Ibaraki, Japan) was used. The
use of the animals and the procedures they underwent were approved by the
Animal Research Committee of Tottori University.

The 4 experimental conditions were as follows: 1) DW (n = 4); 2) 1% AC
solutions of pH 6 (n = 4); 3) 1% chitin NFs dispersed at pH 6 (n = 4); and 4) 1%
chitin NCs dispersed at pH 6 (n = 4).

Skin samples removed from mice sacrificed by cervical dislocation were applied
to 1X phosphate buffered saline (PBS 10X, pH 7.4; Life Technologies Corporation,
Tokyo, Japan)-soaked Franz cells. The cells were incubated in a thermostat
chamber for 1 h (TERMO MINDER EX; Taitec Corporation, Saitama, Japan).
Each test material was then applied and the cells were re-incubated. A graphical
illustration of the methods is shown in Figure 1.

At 1, 3, and 6 h post-application, PBS was aspirated from the cells.
Approximately 1 and 3 h after removal of PBS, fresh PBS was injected into Franz
cells using a disposable feeding needle (FG6206; Fuchigami, Kyoto, Japan), and
reincubated. The aspirated PBS was concentrated using a centrifuge (SCT 5BA,
Hitachi Koki Co. Ltd., Tokyo) at 4,000 g for 20 min at room temperature. The

concentrated PBS was stored at -80°C until analysis.

2.7. Measurement of cytokine concentrations in PBS

We measured the concentration of IL-1a and TGF-B using a commercially
available cytokine measurement kit (Mouse, ELISA Kit, Quantikine M (96 well),
R&D Systems, Minneapolis, USA). In addition, we calculated the cumulative

cytokine production level through the summation of cytokine concentrations at
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each time point.

2.8. Statistical analysis

Analysis was performed using 4step Excel Statistics (OMS Publishing, Saitama,
Japan). For each investigation, we performed the Bartlett test for normality; for
those where we confirmed normality or equal variance, single factor ANOVA was
performed; otherwise, we used the Kruskal-Wallis test. Afterwards, a multiple
comparison test (the Tukey-Kramer test or Scheffe’s F test) was performed. Arisk
ratio of less than 5% (p < 0.05) was considered significant. A risk ratio less than

1% (p < 0.01) was considered highly significant.

3. Results
3.1. Experiment 1: Effect of chitin NFs on epithelial cells using a three-
dimensional skin culture model

Histological observations for each group are shown in Table 1. In the NON group,
the granular layer score was 2.5 and granule cell concentrations score was
maintained at 1.9 points 24 h post-application. However, the intercellular gap and
nucleus clarity scores were relatively low (0.2-0.4 points and 0.3—-0.4 points,
respectively) 12 h post-application.

In the DW-treated group, the granular layer score was over 2.5 until 4 h post-
application, after which time, it fell below 2.5 and was very low 24-h post-
application, and the granule cell density and intercellular gap scores 24 h post-
application were low (1.1 and 0.2 points, respectively).

In the AC (pH 3) group, the granular layer scores 12 h post-application were

14
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2.5, and gradually decreased below 2.5 points by 24 h post-application. The
granule cell density score was 1.3 points 12 h post-application and 1.1 points 24
h post-application.

In the Ac (pH 6) group, although the granular layer score was below 2.5 at 24
h post-application, scores for granule cell density (1.5 points), intercellular gap
(0.7 point) and nucleus clarity (0.9 points) indicated good results.

In the NFs (pH 3) group, the granular layer scores 4 h post-application were
above 2.5; however, they subsequently decreased by 12 h post-application.
Similarly, the granule cell density scores were high (1.9 points) 4 h post-
application, but subsequently fell to 0.8—1.3 points by 12 h post-application. The
intercellular gap and nucleus clarity scores were favorable 12 h post-application
(1.3—-1.6 and 1.0 points, respectively).

At all measured time points, the granular layer scores for the NFs (pH 6) group
were over 2.5, and the scores for granule cell density (1.7-2.5 points),
intercellular gap (1.0-1.3 points), and nucleus clarity (0.9-1.0 points) were also
maintained at satisfactory values post-application.

Granular layer scores for the NC (pH 3) group fell below 2.5 points beginning
12 h post-application. Granule cell scores were also low (0.5-1.2 points) after
this time. Both the intercellular gap and nucleus clarity scores remained constant
(1 point) at all the measured time points.

Similar to the NFs (pH 6) group, the granular layer scores for the NCs (pH 6)
group were above 2.5 at all measured time points. Additionally, scores for
granule cell concentrations (1.7—-2.1 points), intercellular gap (1.4-1.9 points),

and nucleus clarity (0.9—1.0 points) remained satisfactory post-application.

15



Chapter 1

In the GIcNAc group, all measured values were satisfactory until 12 h post-
application; however, 24 h post-application, scores for the granular layer fell
below 2.5, while granule cell density and intercellular gap scores were low, at
1.0 and 0.6 points, respectively.

Comparisons for each group are shown in Figure 2. Furthermore, histological
images for the NON, DW, NCs (pH 6), and NFs (pH 6) groups 24 h post-
application are shown in Figure 3.

At 12 and 24 h post-application, the NCs (pH 6) group scores were significantly
higher scores than those of the AC (pH 6) and NON groups (p < 0.05). In contrast,
the NCs (pH 3) group scores were significantly lower than that of the NON group
24 h post-application (p < 0.05). At 4 h post-application, scores for the NFs (pH
6) group were significantly higher than those of the AC (pH 6) and NON groups
(p < 0.01). The GIcNAc group scores were significantly higher 12 h post-

application compared to those of the DW group (p < 0.01).

3.2. Experiment 2: Effect of NFs on skin cytokine production using Franz cells
The cumulative secreted cytokine concentration in the supernatant (PBS) from
each experimental group is shown in Figure 4.
For both IL-1a and TGF-B, the cytokine production increased in the following
order: NFs < NCs < DW < AC. The TGF-B levels differed significantly between

the NFs and AC groups (p < 0.01), and the NCs and AC groups (p < 0.05).
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4. Discussion
4.1. Experiment 1: The effect of chitin NFs on epithelial cells in a three-
dimensional skin culture model

The skin, which is responsible for protecting various internal organs from the
external environment, is composed of the epithelium and the corium and is
supported by subcutaneous tissues. The epithelium consists of the cornified layer
(CL), granular layer (GL), spinosum layer (SL), and basal layer (BL). Of the skin
layers, the CL is responsible for acting as a protective barrier, and hence is an
important part of the epithelium as it protects the internal structures from
desiccation or against changes in the environment, while maintaining appropriate
hydration for function within the environment, for example, UV, desiccation and
chemical substances. [15]. Secretions from the sebaceous glands that cover the
outermost layer, secretions from granule cells, and keratinocytes participate in
CL formation. Intercellular lipids and natural moisturizing factors (NMF) are
composed of secretions from granule cells in the CL, and facilitate the barrier and
moisturizing functions. NMFs are complex mixtures of lactic acid, urea, citrate,
sugars, and amino acids such as pyrrolidone carboxylic acid (PCA), urocanic acid
and its derivatives [16]. Intercellular lipids regulate moisture evaporation from the
skin, but this phenomenon is known to decrease with age. In senile xerosis, a
reduction in the number of keratohyalin granules has been observed [17], and
there are reports that the granule cells and lamellar body numbers increase in
hairless mice grown under dry environments [18]. The essential role that NMFs
play in the moisturizing and barrier functions of skin underscores the critical

function of the granular layer and the associated granules, as they are
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responsible for secretion of both lipids and NMFs. Additionally, it has been
reported that tight junctions in the second uppermost layer (SG2) of the granular
layer seal intercellular gaps [19].

Our current study reveals that even if topical treatments are not directly applied
to the CL, the maintenance of proper culture and moisturizing conditions below
the epithelium leads to favorable granular layer development, with an increase in
granule density. However, if skin cells were cultured without the application of
substances to the CL, low intercellular gap and nucleus clarity scores were
obtained and maintenance of cellular integrity was not possible. Similar to
previous studies, our current report suggests that the granule cell number is
increased as a defense mechanism upon disruption of cellular integrity.

As shown in Figures 2A and 2C, both the NFs (pH 6) and NCs (pH 6) group
scores were favorable compared to those of their respective controls or the NON
group, at all measured time points. Application of NFs (pH 6) or NCs (pH 6)
appears result in tighter intercellular spacing and promotes the maintenance of
cellular integrity, when compared to non-treated cells.

These results suggest that the application of chitin NFs to skin protects epithelial
cells. Although the precise mechanism remains unknown, this effect may be
attributable to its ability to prevent moisture evaporation. Moreover, as shown in
Figures 2A and 2B, the NCs (pH 6) group scored higher on measured criteria
compared to the NFs (pH 6) group at all time points after the first 8 h of application,
indicating that NCs is the more effective skin protector in the long-term. In contrast,
as shown in Figures 2B and 2D, the scores for NFs (pH 3) and NCs (pH 3)

decreased compared to those of the control or NON groups, beginning at 12 h
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post-application. This suggests that pH is an important criterion for topical
formulations, and that pH 6 is more effective than pH 3 for epithelial cell protection.

In the GIcNAc group, the granular layer score fell below 2.5 points by 24 h post-
application. At this time, the granule cell density and intercellular gap scores were
1.0 and 0.6 points, respectively. Histological images 24 h post-application
revealed a granular layer that had nearly disappeared or was 1-layer thick in
some portions of the image. As stated above, granule cells secrete substances
that constitute the CL, thereby conferring its barrier function. Furthermore, there
are tight junctions in the SG2 layer of the granular layer, which in combination
with the granule density and number of layers within the cell, are likely important
for its barrier function. The granular layer score 24 h post-application for the
GIcNAc group was 2.1 points, which is lower than that of the NFs (pH 6) and NCs
(pH 6) groups. In addition, the granule density was lower in the GIcNAc group
than the NFs (pH 6) and NCs (pH 6) groups. This suggests that the application
of GIcNAc to the skin does not contribute to long-term skin cell protection. In
contrast, 24 h post-application histological images of the NFs and NCs group
samples showed that at least 2 layers of the granular layer were maintained and
that many granules were present. All of these observations indicate that the
application of NFs (pH 6) and NCs (pH 6) contributes more significantly to

epithelial cell protection than does application of GIcNAc.

4.2. Experiment 2: Effect of NFs on skin cytokine production using Franz cells
Keratinocytes in skin produce a high level of IL-1a, and activated IL-1a is

abundant in the cuticle [20]. Furthermore, molecules isolated from house dust
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mites have been shown to induce pro-inflammatory cytokine and chemokine
release from epidermal keratinocytes and skin fibroblasts [21], there are many
environmental stimuli that can be inflammatory. The cytokine TGF-f is secreted
from T-cells and functions as an immunosuppressive factor. TGF- regulates
immune cell differentiation, proliferation, activation, and can contribute to
pathologies such as cancer, autoimmunity, and opportunistic infection [22]. TGF-
B is a suppressive factor that regulates wound and skin-inflammation-related
cellular processes [23].

In mouse hepatocytes, TGF- suppresses the IL-1a-induced expression of IL-
1R as well as TLR2 [24]. Patients with osteomyelofibrosis have activated NF-kB
due to monocyte adhesion, leading to IL-1 production, which in turn stimulates
TGF-B production and causes bone marrow fibrosis [25]. Based on these
interactions, inflammatory cytokines such as IL-1a and suppressive cytokines
such as TGF- are intimately related. Findings from a Nocardia brasiliensis-
induced mouse footpad immunoreactivity model showed that both inflammatory-
and anti-inflammatory cytokines are produced simultaneously by host cells [26].
Taken together, the involvement of IL-1 in TGF-B production can be explained
through a similar model, whereby production of TGF-f is intricately linked to the
production of IL-1.

In our current study, the sum of cytokine concentrations at each time point was
considered as the cumulative cytokine production level. The cumulative cytokine
production level in the NFs and NCs groups was lower than that in the AC and
DW groups. Although a significant difference in the IL-1 production in the

NFs/NCs and AC/DW groups was not observed, a significant difference in TGF-
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B production was detected. TGF-8 production in the NFs (pH 6) group was lower
than that in the NCs (pH 6) group. On the other hand, the NCs (pH 6) group
scored was higher on measured criteria compared to the NFs (pH 6) group in
experiment 1. These experiments revealed that NFs and NCs protected skin cells.
The reason of the difference in effects for skin protect between the two materials
was still unclear. One of the mechanisms was considered that 3D structure of
NFs and NCs contained water and prevent from skin dryness. In future, it needs
further research to verify mechanisms of reduction of inflammatory cytokine when

NFs and NCs were applied to skin.

5. Conclusions

The results of our study suggested that NFs and NCs protect skin cells while
being less inflammatory. Further research is necessary to determine precisely
how NFs and NCs can be incorporated into the manufacture of cosmetics or

textiles.
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Figures and tables

Table 1. The results of histological scoring in each group

nucleus intercellular granule number of the Total
clearly gap density granule layers  (mean £ SE)
4h 0.81 0.84 2.19 2.94 6.78 + 0.51
NON 12h 0.34 0.34 2.19 3.13 6.00 + 0.32
24 h 0.38 0.25 1.88 3.09 5.59 + 0.19
4h 0.71 0.56 1.92 3.08 6.27 + 0.23
DW  12h 0.75 0.63 1.60 2.42 5.40 + 0.35
24 h 0.73 0.21 1.15 2.10 419 +0.38
4h 1.00 1.44 1.75 2.84 7.03+0.18
Ac
12h 1.00 1.00 1.34 2.50 5.84 + 0.34
(PH3)
24 h 0.94 1.13 1.06 1.75 4.88 +0.44
4h 0.84 1.00 2.16 3.03 7.03 + 0.21
Ac  1oh 0.69 0.97 1.75 2.63 6.03 + 0.27
(pH®6)
24 h 0.91 0.66 1.53 2.31 5.41 + 0.31
4h 0.97 1.84 1.91 2.69 7.41 £ 0.41
NFs  1on  1.00 1.28 1.34 2.28 5.91+0.30
(pH3)
24 h 0.97 1.56 0.84 1.75 5.13 +0.37
4h 0.92 1.33 2.54 3.63 8.42+0.18
NFs — 1on 096 1.06 1.90 2.69 6.60+0.17
(pH6)
24 h 0.94 1.04 1.73 2.65 6.35 + 0.30
4h 1.00 1.06 1.81 2.84 6.72 + 0.30
NCs
12h 1.00 1.06 1.16 2.00 5.22 + 0.33
(PH3)
24 h 0.97 1.00 0.47 1.28 3.72 + 0.30
4h 0.88 1.40 2.13 3.23 7.63 +0.20
NCs  1oh 008 1.35 2.06 3.19 7.58+0.29
(pH®6)
24 h 0.96 1.90 1.67 258 7.10 £ 0.20
4h 0.77 1.29 2.06 3.10 7.23+0.33
GlcNAc  12h 0.94 1.27 217 2.69 7.06 + 0.33
24 h 0.81 0.65 1.00 2.15 4.60 + 0.21
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Intercellular gap scores were consistently low in the no application (NON) and
distilled water (DW) groups. The acetic acid (AC) (pH 3) and nanofibrils (NFs)
(pH 3) group scores decreased over time. The AC (pH 6) and nanocrystals
(NCs) (pH 3) group scores decreased gradually over time. Although scores for
the NFs (pH 6) group decreased gradually over time, scores at the 4-h time point
were higher compared to those of the other groups, and the scores at the 24-h
time point were higher than that of the control groups. Scores for the NCs (pH
6) group remained high over all measured periods. Scores in the N-acetyl-D-
glucosamine (GIcNAc) group were high until the 12-h time point but decreased

by the 24-h time point.
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~Materials~

| PBS sampling
(1,3, and 6 h after incubation)

Mouse skin sample

Thermostatic bath (37 C)

Figure 1. Schematic of the protocol for Experiment 2.

Skin samples were applied to PBS-soaked Franz cells. The samples were
incubated in a thermostat chamber for 1 h. Each test material was then applied
and the samples were re-incubated. At 1, 3, and 6 h post-application, PBS was

aspirated from the cells.
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NC(pH8) L [ NC(pH3)
Ac(pH8) : Ac(pH3)
NON ) NON

LI NF(pH6)
Ac(pHB)
NON

4h  12h 24h 4h  12h  24h

GlcNAc

DW

4h 12h  24h

Figure 2. Comparison of the results of histological scoring in each group
(y-axis, total scores; x-axis, incubation time)

A: Comparison of the nanocrystals (NCs) (pH 6) group and the corresponding
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control groups, acetic acid (AC) (pH 6) and no application (NON)

B: Comparison of the nanocrystals (NCs) (pH 3) group and the corresponding
control groups, AC (pH 3) and NON

C: Comparison of the NFs (pH 6) group and the corresponding control groups,
AC (pH 6) and NON

D: Comparison of the NFs (pH 3) group and the corresponding control groups,
AC (pH 3) and NON

E: Comparison of the N-acetyl-D-glucosamine (GIcNAc) group and the
corresponding control groups, distilled water (DW) and NON

In the NCs (pH 6) group, scores were significantly higher compared to those in
the AC (pH 6) and NON groups 12 and 24 h post-application. In the NCs (pH 3)
group, scores were significantly higher compared to those in the NON group 24
h post-application. In the NFs (pH 6) group, scores were significantly higher
compared to those in AC (pH 6) and NON groups 4 h post-application. In the
GIcNAc group, scores were significantly higher compared to those in the DW
group 12 h post-application. The error bars indicate mean + SE. Significantly

different from the AC group (**P < 0.01; *P < 0.05).
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Figure 3. The effect of chitin nanofibrils (NFs) on the EPI-MODEL after 24 h of

incubation

The number of layers and granule density were assessed in the granular layer
(GL). Intercellular gaps and nucleus clarity were assessed in the spinosum layer
(SL). Characteristic observations included large intercellular gaps in the no
application (NON) group, low granule density in the distilled water (DW) group
and high granule density in the nanocrystals (NCs) (pH 6) and NFs (pH 6) group.

(bar = 100 um)
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Figure 4. Estimated production of cytokines in each group

For both IL-1a and TGF-B, the cumulative cytokine production increased in the
following order: nanofibrils (NFs) < nanocrystals (NCs) < distilled water (DW) <
acetic acid (AC). A highly significant difference was confirmed between the NFs
and DW groups (IL-1a and TGF-B) and the NFs and AC groups (for TGF-B),
whereas a significant difference was confirmed between the NCs and AC groups
(IL-1a and TGF-B). The error bars indicate mean = SE. Significantly different from

the AC group (**P <0.01; *P<0.05).
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Chapter 1II.

Protective effect of chitin urocanate nanofibers
against ultraviolet radiation

Abstract

Urocanic acid (UCA) is a major ultraviolet (UV)-absorbing chromophore. Chitins
are highly crystalline structures that are found predominantly in crustacean shells.
Alpha-chitin consists of microfibers that contain nanofibrils (NFs) embedded in a
protein matrix. Acid hydrolysis is a common method used to prepare chitin NFs.
We typically obtain NFs by hydrolyzing chitin with acetic acid. However, in the
present study, we used UCA to prepare UCA chitin NFs (UNFs) and examined its
protective effect against UVB radiation. Hos:HR-1 mice coated with UNFs were
UVB irradiated (302 nm, 150 mJ/cm?), and these mice showed markedly lower
UVB radiation-induced cutaneous erythema than the control. Additionally,
sunburn cells were rarely detected in the epidermis of UNFs-coated mice after
UVB irradiation. Although the difference was not as significant as UNFs, the
number of sunburn cells in mice treated with acetic acid chitin NFs (ANFs) tended
to be lower than in control mice. These results demonstrate that ANFs have a
protective effect against UVB and suggest that the anti-inflammatory and
antioxidant effects of NFs influence the protective effect of ANFs against UVB
radiation. The combination of NFs with other substances that possess UV-
protective effects, such as UCA, may provide an enhanced protective effect

against UVB radiation.
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1. Introduction
1.1. DNA Damage and Skin Damage by UV Light

Ultraviolet (UV) radiation has a harmful effect on the human body. UV radiation
can be classified according to wavelength as UVA (320-380 nm), UVB (290-320
nm), and UVC (210-290 nm). Because the ozone layer blocks UVC radiation,
only UVA and UVB reach the earth’s surface. UV radiation with shorter
wavelengths has higher energy and is more likely to cause skin damage.
Exposure to UVB causes DNA damage and dermatopathies such as
inflammation, pigmentation, skin aging, photoallergy, skin cancer, and immune
dysfunction [1, 2]. The mechanism underlying DNA damage has been determined
as follows: DNA has a maximum absorption at approximately 260 nm; therefore,
UVC and some UVB radiation of certain wavelengths can cause DNA nucleotides
to absorb energy, which results in their transition to an excited state. Molecules
in such an excited state are unstable, and in order for them to return to a stable
state, new chemical bonds are formed. These differ from the original bonds, and
this shift damages the DNA [1]. In addition, DNA damage also occurs as a result
of irradiation with UVA or UVB rays within a range of wavelengths where there is
no UV absorption. This is thought to be due to reactive oxygen species (ROS),
which are generated as a result of irradiation [3]. Chromophores such as NADH
and FAD, which absorb UV rays, are present in the cell and are activated by light
energy. As a result, ROS, such as O2-, H202, and 02, are generated from oxygen.
These ROS cause lipid peroxidation, protein polymerization or cleavage, enzyme
deactivation, and various types of DNA damage. The potential DNA damage

includes the production of thymine glycol due to thymine peroxidation as well as
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the production of uracil due to cytosine deamination [1]. In addition, ROS attack
adenine and guanine, which causes cleavage of the imidazole ring and oxidation
of guanine. DNA strands can also break. Such DNA damage is difficult to repair
[1].

UVB-induced cutaneous damage leads to erythema, one of the cardinal signs
of inflammation. Non-steroidal anti-inflammatory drugs (NSAIDs) suppress the
early stages of erythema very well; however, their suppressive efficacy gradually
weakens after the initial stage, regardless of whether or not the skin is treated
with additional NSAIDs. It has been suggested that prostaglandins (PGs) might
be responsible for the early phase of erythema that is depressed by NSAIDs;
however, other factors may be involved in prolonging the duration of erythema [4].
Sunburn begins several h after exposure, and flaring of the skin, swelling, and
bullous formation peak 12-24 h later [1]. In the present study, the skin was
observed for up to 24 h after exposure, when erythema peaks.

One in five Americans suffers from skin cancer [5], for which UV irradiation is
the primary cause [6]. Risk of skin cancer is influenced by UV irradiation and skin
pigmentation [7]. Hence, UV ray-blocking experiments using UVB irradiation have
been performed by many scientists. Yasuoka et al. irradiated the back skin of
hairless mice with 5 kJ/m? UVB irradiation [8], and Mizukoshi et al. used 100
mJ/cm? UVB irradiation to evaluate irradiation blocking ability [9]. By those
various experiments, various sun protection materials are widely manufactured
and used. The proof of these materials’ efficacy is of great significance for the
protection of public health, as the UVB rays of solar radiation are the main

contributors to sunburn, immunosuppression, and skin cancer [10]. According to
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Ananthaswamy et al., application of SPF-15 sunscreen to mouse skin before
each UV irradiation nearly eliminated p53 mutations, which play an essential role
in skin cancer development [11].

In recent years, the demand for new, more functional sun protection materials
has increased as the risk of the UV exposure has risen due to depletion of the

ozone layer.

1.2. About UCA and Squid Ink as Positive Controls

The breakdown of filaggrin into hygroscopic free amino acids and their
derivatives is the major contributor to the natural moisturizing factor (NMF) that
is produced within the stratum corneum [12]. NMF is responsible for maintaining
skin hydration and water retention within the stratum corneum under conditions
of low environmental humidity [12]. Filaggrin is particularly rich in histidine.
Histidine is deiminated into trans-UCA (frans-UCA) by the catalytic action of
histidase, and presumably provides a major source of epidermal UCA [13, 14].

UCA is an intermediate metabolite of histidine and is present mainly in the
stratum corneum. UCA is a major UV-absorbing chromophore in the skin [15].
Trans-UCA is a major UVR-absorbing skin molecule that undergoes a
photoisomerization to its cis-isomer following UVR exposure. Cis-UCA has been
shown to have immunosuppressive properties, whereas trans-UCA may act as a
natural sunscreen due to its UV-absorbing properties [16]. Trans-UCA has also
been reported to inhibit UVB-induced secretion of IL-6 and IL-8 in the cornea [17],
and it is an important protective factor against UV radiation.

Squid ink is comprised of eumelanin, a well-known natural UV ray absorber. The
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beneficial effects of melanin are mainly due to the presence of eumelanin, which
scatters and absorbs 50-75% of UVR. Eumelanin also scavenges UV-generated
free radicals, which protect against UVR damage in deeper layers [18]. Therefore,

we decided to use squid ink as a positive control.

1.3 About Chitin and Chitin Nanofibers

Chitins are highly crystalline structures that are found predominantly in
crustacean exoskeletons, insects, cuttlefishes, shellfishes, mushrooms, and fungi.
Alpha-chitin is composed of microfibers that are comprised of NFs, which are
approximately 2-5 nm in diameter and 30 nm in length and embedded in a protein
matrix [19,20]. Isolated chitin NFs have potential for use in drug delivery systems,
tissue-engineering scaffolds, and wound dressings [21]. We have recently
succeeded in isolating alpha-chitin NFs from crab shells by a simple process [22].
An acidic condition is key to fibrillating the chitin effectively. A small number of
amino groups in the chitin are cationized by the addition of an acid, which
promotes the fibrillation of chitin into nanofibers by electrostatic repulsion.

NFs are thought to have great potential for various applications because they
have several useful properties, including high specific surface area and high
porosity [23, 24]. Many studies have demonstrated the potential applications of
chitin and chitosan NFs in tissue engineering, as wound dressings, in cosmetic
and skin products, in stem cell technology, as anti-cancer treatments, as drug
delivery systems, and as treatments for obesity and inflammatory conditions [25].
Until now, we have obtained NFs by hydrolyzing chitin with acetic acid.

In this study, we prepared UCA chitin NFs (UNFs) by UCA hydrolysis. We
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hypothesized that we could generate valuable new NFs with UV-blocking function
by preparing NFs with UCA, and we examined the protective effect of the UNF

against UV radiation.

2. Materials and methods
2.1. Test Specimens

As shown in Table 1, mice were divided into seven experimental groups and
treated with the following substances: (1) Acetic acid (Ac) cream (1 wt% Ac
aqueous solution mixed with hydrophilic ointment [HO; NIPRO Pharma
Corporation Co., Ltd., Osaka, Japan] at a ratio of 1:1); (2) HO (HO only); (3)
Polyethylene glycol (PG) cream (35 wt% PG aqueous solution [NOF Corporation,
Tokyo, Japan] mixed with HO at a ratio of 1:1); (4) Acetic acid chitin nanofibrils
(ANFs) cream (0.82 wt% ANFs and 99.18 wt% [1 wt% Ac] aqueous solution
mixed with HO at a ratio of 1:1); (5) UCA cream (0.2 wt% UCA and 35 wt% PG
as an aqueous solution mixed with HO at a ratio of 1:1); (6) UNFs cream (1 wt%
UNFs and 99 wt% [0.2 wt% UCA and 30 wt% PG] as an aqueous solution mixed
with HO at a ratio of 1:1); (7) Squid ink (Sl) cream (1 wt% Sl and 35 wt% PG in
an aqueous solution mixed with HO at a ratio of 1:1).(Table 1)

Acetic acid (Ac) cream: 1 wt% Ac aqueous solution mixed with hydrophilic
ointment (HO) at a ratio of 1:1; HO: HO only; Polyethylene glycol (PG) cream: 35
wt% PG aqueous solution mixed with HO at a ratio of 1:1; Acetic acid chitin
nanofibrils (ANFs) cream: 0.82 wt% ANFs and 99.18 wt% (1 wt% Ac) as an
aqueous solution mixed with HO at a ratio of 1:1; UCA cream: 0.2 wt% UCA and

35 wt% PG as an aqueous solution mixed with HO at a ratio of 1:1; UNFs cream:
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1 wt% UNFs and 99 wt% (0.2 wt% UCA and 30 wt% PG) as an aqueous solution
mixed with HO at a ratio of 1:1; Squid ink (SI) cream: 1 wt% Sl and 35 wt% PG
in an aqueous solution mixed with HO at a ratio of 1:1.

The samples were prepared according to the following methods: Ac cream was
prepared in distilled water at a final concentration of 1 wt%. Next, 1 mL of the
aqueous solution was mixed with 1 g of HO. To prepare the PG cream, an
aqueous solution of PG was prepared by mixing 84 g of an aqueous solution of
40 wt% PG (molecular weight 20,000) with 12 g of distilled water. Then 1 mL of
the aqueous solution was mixed with 1 g of HO. To prepare the ANFs cream, 197
g of purified water was added to 2 g of crab shell-derived chitin powder (Nacalai
Tesque, Inc., Kyoto, Japan, deacetylation degree: <5%) and stirred overnight.
The aqueous solution was subjected to 30 passes on a Star Burst system (Star
Burst Mini, HIP-25001S; Sugino Machine Co., Ltd. Toyama, Japan) at 245 MPa.
Finally, 1 mL of the aqueous solution was mixed with 1 g of HO. To prepare the
UCA cream, a PG aqueous solution was prepared by mixing 84 g of an aqueous
solution of 40 wt% PG with 12 g of distilled water. Next, 0.192 g of UCA (Sigma-
Aldrich, USA) was added to the aqueous solution and stirred until it dissolved.
Finally, 1 mL of the aqueous solution was mixed with 1 g of HO. To prepare the
UNFs cream, 2 g of UCA was added to 1 L of distilled water and dissolved by
heating at 40°C. Ten grams of crab shell-derived chitin powder was added to the
UCA aqueous solution, and the mixture was used as a chitin suspension. The
suspension was defibrated twice using a millstone grinder (MKCAG-3; Masuko
Sangyo Co., Ltd., Saitama) at 1,500 rpm. An aqueous solution of 30 wt% PG was

added to this sample. Then 1 mL of the aqueous solution was mixed with 1 g of
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HO. To prepare the S| cream, 60 g of distilled water was added to 40 g of PG,
and the mixture was dissolved to obtain an aqueous solution of 40 wt% PG. Next,
12 g of ikasumi melamine (melanin density 8 wt%) was added to 84 g of an
aqueous solution of 40 wt% PG and stirred. The aqueous solution was adjusted
so that it would contain 1 wt% ikasumi melamine and 35 wt% PG. Finally, 1 mL
of the aqueous solution was mixed with 1 g of HO. The UCA contained trans-

UCA.

2.2. Experimental Animal Model
Male 8-9-week-old Hos:HR-1 mice (25-35 g, Hoshino Laboratory Animals Inc.,
Ibaraki, Japan) were used. All animal care and experimentation procedures were

approved by the Animal Research Committee of Tottori University.

2.3. Experimental Groups

The mice were divided into nine groups: The Ac cream group (n = 5), HO (n =
5), PG cream (n = 5), ANFs cream (n = 5), UCA cream (n = 5), UNFs cream (n =
5), Sl cream (n = 5), C (+) (non-coated, irradiated; n = 5), and C (-) (non-coated,

non-irradiated; n = 5) groups.

2.4. Sample Application and UV Irradiation

Each sample (2 g) was applied to the left side of the back of the test mice. In
addition to the seven sample groups, two control groups were included in this
study. In one group, no sample was applied to the mice, but they were irradiated

[the positive control, C (+)], and in another group, no sample was applied and the
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mice were not irradiated [C (-)]. All of the groups were irradiated (150 mJ/cm?)
with a UV crosslinker (Model CL-1000M, 302 nm UV; UVP, USA). In accordance
with the criteria established by the OECD, erythema of the skin was assessed at

2, 4,6, 12, and 24 h after irradiation.

2.5. Preparation of Irradiated Samples

Twenty-four h after UV irradiation, the animals were euthanized by cervical
dislocation, and the skin at the irradiated site was sampled using a Dermapunch
(8 mm; Nipro Co., Osaka). The collected skin samples were immersed and fixed
in 10% formalin (Mildform 10N; Wako Pure Chemical Industries Ltd., Osaka,
Japan). The skin surface samples were cut into 4-um thick vertical slices for
cross-sectional observation. Histological observations were performed after

hematoxylin-eosin (H&E) and TUNEL staining.

2.6. Evaluation Methods

The erythema score was determined as the mean score of two observers, in
accordance with OECD standards, at 2, 4, 6, 12, and 24 h after UV irradiation at
the site of sample application. The presence of sunburn cells in the epidermis
was evaluated using specimens prepared by TUNEL staining. Basal cells (n =
100) inside the epidermis were counted (excluding hair follicle cells), and the
number of TUNEL-positive sunburn cells present between granular cells was
counted. These measurements were conducted at four random times, and the

mean number of sunburn cells per 100 cells was recorded.
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2.7. Statistical Analysis

Data analysis was performed using 4-step Excel Statistics (OMS Publishing,
Saitama, Japan). For each experiment, we performed Bartlett’s test for normality.
For those where we confirmed normality or equal variance, single-factor ANOVA
was performed; otherwise, we used the Kruskal-Wallis test. Afterwards, a multiple
comparison test (Tukey-Kramer test or Scheffé’s F-test) was performed. P values
less than 0.05 were considered statistically significant, and P values less than

0.01 were considered highly significant.

3. Results and Discussion
3.1. Erythema Score

All of the groups were irradiated (150 mJ/cm?) with UV (302 nm). In accordance
with the criteria established by the OECD, erythema of the skin was assessed at
2,4,6, 12, and 24 h after irradiation.

As shown in Figure 1, compared to the C (+) group, UV radiation-induced
erythema was markedly reduced in the SI cream group. The erythema score for
the C (+) group was similar to the erythema scores for the HO, PG cream, Ac
cream, and ANFs cream groups. In addition, compared with the C (+) group, UV
irradiation-induced erythema was markedly inhibited in the UNFs cream group as
compared to the Si cream group, which was the positive control. Erythema in the
UCA cream group was mildly inhibited.

In Figure 2, the degree of erythema in each group is shown as a score. Two h
after UV irradiation, the erythema scores for the UNFs cream and Sl cream

groups were significantly lower than those of the C (+), HO, PG cream, Ac cream,
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and ANFs cream groups. The erythema scores for the UCA cream group were
significantly lower than those of the C (+), HO, PG cream, and Ac cream groups.

Four h after UV irradiation, the erythema score for the UNFs cream group was
significantly lower than the scores for the C (+), HO, PG cream, Ac cream, and
ANFs cream groups. The erythema scores for the UCA cream and Sl cream
groups were significantly lower than those of the C (+), HO, PG, and Ac groups.

Six h after UV irradiation, the erythema score for the UNFs group was
significantly lower than those of the C (+), HO cream, PG cream, Ac cream, ANFs
cream, and UCA cream groups. The erythema score for the S| group was
significantly lower than those of the C (+), HO, PG cream, Ac cream, and ANFs
cream groups.

Twelve h after UV irradiation, the erythema scores for both the UNFs cream and
S| cream groups were significantly lower than those of the C (+), HO, PG cream,
Ac cream, and ANFs cream groups.

Twenty-four h after UV irradiation, the erythema score for the UNFs cream group
was significantly lower than the scores for the C (+), HO cream, PG cream, Ac
cream, and ANFs cream groups. The erythema score for the S| cream group was

significantly lower than those of the C (+) and HO groups.

3.2 Sunburn Cell Counts in the Epidermis

Within h after UVB irradiation, the skin shows reddening, swelling, and vesicle
formation, which is referred to as a “sunburn.” Apoptosis occurs as a result of
DNA fragmentation due to UV irradiation [26—29], and such apoptotic cells are

called “sunburn cells.” Sunburn cells are characterized by cytoplasm with
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concentrated nuclei and an increase in eosinophilic staining [30].

The presence of sunburn cells in the epidermis was evaluated using specimens
prepared by TUNEL staining. TUNEL staining is a technique that facilitates
visualization of fragmented DNA by using terminal deoxynucleotidyl transferase
and biotinylated deoxyuridine triphosphate [31]. Thus, using TUNEL staining, we
identified cells that became apoptotic as a result of UVB irradiation. The number
of TUNEL-positive sunburn cells present between granular cells was counted.

Figure 3 shows a picture of H&E-stained cutaneous tissue at 24 h after UV
irradiation, and Figure 4 shows the TUNEL staining of the same tissues. In the C
(+) group, the boundary between the dermal layer and the basal layer of the
epidermis was unclear, and sunburn cells with eosinophilic cytoplasm and
aggregated nuclei were observed (Figure 3). The histological findings for the Sl
cream group were similar to those for the C (-) group: the boundary between the
dermal and basal layers of the epidermis was clear, and no sunburn cells were
detected. The histological findings for the HO, PG cream, and Ac cream groups
were similar to those for the C (+) group, and the presence of sunburn cells was
confirmed.

The presence of sunburn cells could not be confirmed in the UCA cream and
UNFs cream groups, and the boundary between the dermal and basal layers of
the epidermis was clear. In the ANFs cream group, the boundary between the
dermal and basal layers of the epidermis was slightly unclear; however, very few
sunburn cells could be detected.

In the C (+), HO, PG cream, Ac cream, and ANFs cream groups, TUNEL-

positive sunburn cells were observed from the basal layer of the epidermis to the
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stratum spinosum (Figure 4). In the C (+) group, sunburn cells were observed in
large numbers; however, they were not found in the SI group. Similar numbers of
sunburn cells were observed in the HO, PG cream, Ac cream, and ANFs cream
groups. Sunburn cells were present in the ANFs cream group; however, they
were nearly absent in the UCA cream and UNFs cream groups.

The sunburn cell counts determined from the TUNEL staining are shown in
Figure 5. The sunburn cell counts in the UCA, UNFs, SI, and C (-) groups were
significantly lower than those of the C (+), HO, PG cream, and Ac cream groups.
The sunburn cell counts in the HO, PG cream, Ac cream, and ANFs cream groups

were significantly lower than those of the C (+) group.

3.3. Conclusions in These Two Results

In this study, we examined the protective effects of various formulations against
UV radiation, with a focus on UV irradiation-induced erythema and sunburn cells.
The sunburn cell count results demonstrated that the UNFs cream, UCA cream,
and Sl cream significantly and equivalently prevented the generation of sunburn
cells. The erythema scores showed differences among the UNFs cream, UCA
cream, and Sl cream groups; however, these differences were not significant.
Compared with UCA cream and S| cream, which was used as a positive control,
UNFs cream controlled erythema. UNFs cream inhibited erythema more
conspicuously than UCA cream. The UCA cream erythema score rose over time,
but UNFs cream maintained approximately the same low score from 2 h to 12 h.
Thus, the UNFs cream inhibited erythema by UV irradiation better than the UCA

cream did. Moreover, although the differences were not significant, we obtained
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interesting results with the ANFs cream. ANFs cream controlled the generation
of sunburn cells and erythema at 2, 4, and 6 h when compared with the C (+)
group, as well as with the HO, PG cream, and Ac cream groups. The results of
our previous study suggested that NFs has anti-inflammatory effects. When we
measured the levels of secreted cytokines from the skin of HR-1 mice treated
with NFs using Franz cells, we noted that there was less IL-1a and TGF-
secreted from NFs-treated samples than from the control [32]. Inflammatory
cytokines such as IL-1a induce the expression of COX-2 and increase the number
of PGs. It has been suggested that NFs controls the expression of COX-2 by
controlling inflammatory cytokines, which suppresses inflammation of the skin
and reduces erythema. In addition, various studies have shown the antioxidant
effects of chitin. Ngo et al. (2008) determined that chitin oligomers released by
the acidic hydrolysis of crab chitin had inhibitory effects on myeloperoxidase
(MPOQO) activity in human myeloid cells, and their direct radical scavenging effect
and intracellular glutathione levels increased significantly in a time-dependent
manner [33]. Azuma et al. (2012) evaluated the anti-inflammatory effects of orally
administered NFs in a mouse model of experimental inflammatory bowel disease
(IBD). The number of MPO-positive cells in the submucosal layer was
significantly lower in the NFs group than in the control group [34]. These results
suggest that chitin and NFs act as antioxidants. The results of our study suggest
that the antioxidant effect of NFs may reduce DNA damage and ROS production
due to UV irradiation and controls the generation of sunburn cells. They also

suggest that UNFs is a superior sun protection material to UCA alone.
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4. Conclusion

This study demonstrated that UNFs has a protective effect against UVB
irradiation and inhibits UVB irradiation-induced erythema and sunburn cell
generation. In addition, the results suggested that NFs itself has a protective
effect against UVB, and that the anti-inflammatory and antioxidant effects of NFs
affect its protective effect against UVB. This study also showed that UNFs has a
protective effect against UVB, and inhibits UVB irradiation-induced erythema and
sunburn cell generation. Likewise, the results suggested that NFs has a
protective effect against UVB, and that the anti-inflammatory and antioxidant
effects of NFs may affect its protective effect against UVB. A combination of NFs
and UCA might show a greater Anti-UV effect than conventional preparations do.
Further studies are needed to elucidate the underlying mechanism, investigate
the anti-inflammatory and antioxidant effects of UNFs, and digitize the UV-ray

absorbency of UNFs.
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Figures and tables

Table 1. Composition of test specimens (%)

1 HO 35 | ANFs | 0.2wt% | 0.2wt% | UNFs | 1 wt%
wt% wt% UCA UCA Sl
Ac PG in 35 In 30 wt% in 35
wt% PG PG wt% PG

Ac cream 50 50

HO 100

PG cream 50 50

ANFs cream | 49.59 50 0.41

UCA cream 50 50

UNFs cream 50 49.5 0.5

S| cream 50 50

Ac : Acetic acid, HO : Hydrophilic ointment, PG : Polyethylene glycol, ANFs :
Acetic acid chitin nanofibrils, UCA : Urocanic acid, UNFs : Urocanic acid chitin

nanofibrils, Sl : Squid ink
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Figure 1. Erythema in hairless mice 12 h after UV irradiation (302 nm, 150
mJ/cm?)

A: C (+) (non-coated, irradiated) group; B: HO (hydrophilic ointment)-coated
group; C: PG (polyethylene glycol) cream-coated group; D: Ac (acetic acid)
cream-coated group; E: ANFs (acetic acid chitin nanofibrils) cream-coated group;

F: UCA (urocanic acid) cream-coated group; G: UNFs (urocanic acid chitin
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nanofibrils) cream-coated group; H: Sl (squid ink) cream-coated group; I: C (-)
(non-coated and non-irradiated) group. For B—H, each sample was applied to the
left side of the mouse’s back. The color of the skin on the right and left sides of
the mice in the UNA cream group, UCA cream group and Si cream group differed.
Contrary to the findings in the C (+) group, UV-irradiation-induced erythema was
markedly inhibited in the UNFs cream group as compared to the Si cream group,
which was the positive control. The erythema of the UCA cream group was mildly
inhibited. The erythema scores for the HO cream, PG cream, Ac cream, and
ANFs cream groups were equivalent to the C (+) group. The places surrounded

with an oval are the places where erythema is characteristically inhibited.
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Figure 2. Time-course measurement of cutaneous erythema induced by UV
irradiation (302 nm, 150 mJ/cm?)

C (+) (non-coated, irradiated) group; HO (hydrophilic ointment)-coated group; PG
(polyethylene glycol) cream-coated group; Ac (acetic acid) cream-coated group;
ANFs (acetic acid chitin nanofibrils) cream-coated group; UCA (urocanic acid)
cream-coated group; UNFs (urocanic acid chitin nanofibrils) cream-coated group;
Sl (squid ink) cream-coated group; and C (-) (non-coated and non-irradiated)
group. * P < 0.01, significantly different from C (+), HO, PG, Ac, ANFs, and UCA.
# P < 0.01, significantly different from C (+), HO, PG, Ac, and ANFs. t P < 0.01,
significantly different from C (+), HO, PG, and Ac. $ P < 0.01, significantly different

from C (+) and HO. The error bars indicate mean + SE. (Scheffé’s F-test)
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Figure 3. Histology (H&E staining) of the skin of hairless mice 24 h after UV

irradiation (302 nm, 150 mJ/cm?)
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A: C (+) (non-coated, irradiated) group; B: HO (hydrophilic ointment)-coated
group; C: PG (polyethylene glycol) cream-coated group; D: Ac (acetic acid)
cream-coated group; E: ANFs (acetic acid chitin nanofibrils) cream-coated group;
F: UCA (urocanic acid) cream-coated group; G: UNFs (urocanic acid chitin
nanofibrils) cream-coated group; H: Sl (squid ink) cream-coated group; I: C (-)
(non-coated and non-irradiated) group. Each specimen was subjected to H&E
staining and photographed at a magnification of 400x. Scale bar = 100 pm. The

sunburn cell in the epidermis is indicated above the figures with an arrow.
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Figure 4. Histology (TUNEL staining) of the skin of hairless mice 24 h after

UV irradiation (302 nm, 150 mJ/cm?)
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A: C (+) (non-coated, irradiated) group; B: HO (hydrophilic ointment)-coated
group; C: PG (polyethylene glycol) cream-coated group; D: Ac (acetic acid)
cream-coated group; E: ANFs (acetic acid chitin nanofibrils) cream-coated group;
F: UCA (urocanic acid) cream-coated group; G: UNFs (urocanic acid chitin
nanofibrils) cream-coated group; H: Sl (squid ink) cream-coated group; and |: C
(-) (non-irradiated non-coated) group. Each specimen was subjected to TUNEL
staining and was photographed at a magnification of 400x. Scale bar = 100 pm.

The sunburn cell in the epidermis is indicated above the figures with an arrow.
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Figure 5. Quantification of sunburn cells in the skin of hairless mice 24 h
after UV irradiation (302 nm, 150 mJ/cm?)

The sunburn cell counts in the UC cream, UNFs cream, Sl cream, and C (-)
groups were significantly different from those in the C (+), HO, PG cream, and Ac
cream groups. The sunburn cell counts in the HO, PG cream, Ac cream, and
ANFs cream groups were significantly different from those in the C (+) group. The
data shown are the mean + SE. * P < 0.01, significantly different from C (+), HO,

PG, and Ac. # P < 0.01, significantly different from C (+), (Scheffé's F-test).
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Conclusions

® The results of our study suggested that NFs and NCs protect skin cells while

being less inflammatory.

® This study demonstrated that UNFs have a protective effect against UVB

irradiation and inhibit UVB irradiation-induced erythema and sunburn cell

generation. In addition, the results suggested that NFs itself have a protective

effect against UVB.

® A combination of NFs and UCA might show a greater Anti-UV effect than

conventional preparations.

63



Acknowledgments

Acknowledgments

| would like to express my sincere gratitude to my supervisor, Dr. T Osaki,

Associate Professor of Tottori University for providing me this precious study

opportunity as a Ph.D student in his laboratory.

| especially would like to express my deepest appreciation to my supervisor, Dr.

K Misumi, Professor of Kagoshima University and Dr. Y Okamoto, Professor of

Tottori University.

| am very grateful to Dr. H Saimoto, Professor of Tottori University, Dr. S Ifuku,

Associate Professor of Tottori University, Dr. S Minami, and Dr. K Azuma,

Assistant Professor of Tottori University for their valuable cooperation in my

experiments.

This work was supported by a Tottori prefecture-financed aid project for beauty

& health products (2011~2012).

64



