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Abstract: Ultraviolet (UV) induces skin photoaging, which is characterized by thickening, wrinkling,
pigmentation, and dryness. Astaxanthin, a ketocarotenoid from Haematococcus pluvialis, has been
extensively studied with respect to its possible effect on skin health as well as UV protection. In
addition, astaxanthin attenuates increases in the generation of reactive oxygen species (ROS) and
capillary regression of skeletal muscle. In the present study, we investigated whether astaxanthin
would protect UV-induced photoaging and capillary regression in the skin of HR-1 hairless mice. UV
induces wrinkle formation, thickness and capillary regression in dermis of hairless mice and the
administration of astaxanthin decreased the UV-induced wrinkle formation, skin thickness, and
increase in collagen fibers in skin. Astaxanthin supplementation also inhibited the levels of ROS
generation and attenuated the decreases in wrinkle formation, thickness and capillary number in the
skin. We also found an inverse correlation between wrinkling and capillary number, and the
photoaging associated with capillary regression in skin. These results suggest that astaxanthin can
protect against photoaging caused by ultraviolet irradiation and the effects of astaxanthin in
photoaging inhibition may be associated with the protection of capillary regression in skin.
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1. Introduction

The skin is the largest organ in mammals, consisting of predominantly of an external stratified,
non-vascularized, epithelium (epidermis), underlying connective tissue (dermis), and the subcutaneous
adipose tissue called the hypodermis, skin can regulate the local and global homeostasis by sensing the
environment [1-2]. however, prolonged exposure to ultraviolet (UV) irradiation causes photoaging,
which is clinically characterized by dryness, deep wrinkling, laxity, and pigmentation [3,4].

A recent study showed that exposure of the skin to UV radiation induced reactive oxygen species
(ROS) generation, accompanied by the expression of genes and proteins, leading to photodamage and
photo-carcinogenesis [5]. ROS also cause degradation of dermal collagen and elastic fibers [6].

It is known that oxidative stress, initiated by ROS, as well as DNA damage are induced in skin cells
by UV radiation, which eventually leads to premature skin photoaging. In addition. The results are fine
wrinkles due to diminished or defective synthesis of collagen and elastin in the dermis [4,7].

Astaxanthin, which naturally exists in seafood such as shrimp and salmon, and additionallyin Haematococcus
pluvialis (H. pluvialis), and is a red-colored pigment that is affiliated to the xanthophyll subclass of carotenoids
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and can scavenge ROS [8]. Astaxanthins are characterized by a great variety of advantageous biological
activities, promoting favorable outcomes. These include protection against UV-induced cell damage, chronic
inflammatory diseases, and the promotion of immunomodulatory activities, alleviation of metabolic
syndrome, cardioprotective effects, antidiabetic activity, inhibition of neuronal damage, anti-aging in skin,
and anticancer activity, as well as the suppression of cell membrane peroxidation [5,9].Astaxanthin has been
demonstrated to accelerate skin health by direct and downstream consequences at different steps of the
oxidative stress cascade in skin [10]. In addition, several clinical studies it have reported on the effects of
astaxanthin on photoaging in skin[11-12].. Astaxanthan supplementation has significant anti-aging and
functional improvements of the skin in healthy women [13].It has also been reported astaxanthin
supplementation improves crow's feet wrinkle, elasticity and transepidermal water loss in the skin of healthy
women.[14]. Thus, astaxanthin has profound utility. However, the effect of astaxanthin on capillaries in the
skin has rarely been reported. Therefore, the aim of the present study was to investigate whether astaxanthin
could prevent UV-induced epidermal thickening, ROS generation, and reduce capillary regression in the skin
of HR-1 hairless mice.

2. Materials and Methods

2.1. Animal

Male HR-1 hairless mice aged 6 weeks old were procured and acclimated for 2 weeks before the start
of the experiments. The mice were housed at 22 °C under a 12 h dark/light cycle and were fed a
commercial diet and allowed access to tap water ad libitum throughout the study. all experiments
procedure were in compliance with the Institution Animal Care and Use Committee and followed the
Kobe University Animal Experimentation Regulations. All experiments were conducted in accordance
with the National Institute of Health Guide for the Care and Use of Laboratory Animals (National
Research Council, (approval code: P180802, 2018).

2.2. Astaxanthin Treatment

The HR-1 hairless mice were divided randomly into three groups (n = 8 per group): astaxanthin was
implemented to the mice for 8 weeks, 100 mg/kg/daily, (1) control, oil olive alone (con), (2) UV-induced plus
oil olive (UV), (3) UV-induced plus astaxanthin (AST). This study was approved by the Institution Animal
Care and Use Committee and followed the Kobe University Animal Experimentation Regulations (Kobe,
Japan). All experiment and animal care programs were managed in conformity to the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23,
revised 1996).

2.3. UV Irradiation

UV irradiation of mice was performed using a UV lamp (Lutron UV-340A, Taipei, Taiwan) with an
emission control spectrum between 365 and 400 nm. A UV meter (Lutron UV-340A, Taipei, Taiwan) was used
for measurement of UV irradiance. The UV lamp was situated 20 cm above the dorsal skin of the mice. UV
light was applied to the mice for 8 weeks, and the amount of irradiance was gradually increased from 1 up to
4 MED (1 MED = 1 minimal erythema dose = 100 mJ/cm?) with no injury. The dorsal skin of the mice was
exposed to UV light 3 times/week at 1 MED for the first 2 weeks, 2 MED 3 times/week for 2 weeks, 3 MED 2
times/week for 2 weeks, and 4 MED 3 times/week for 2 weeks [15].

2.4. Wrinkle Measurement
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Skin condition was evaluated by taking photographs of the mouse dorsal skin at the end of the eight
week to confirm the extent of wrinkle formation. Replicas were prepared using a SILFLO kit (CuDerm
Corporation, Dallas, TX, USA) to scale the area of the wrinkles just before the mice were harvested.

2.5. Histological Analysis and Collagen Staining

The dorsal skin of the mice from between the ilia was harvested at the end of the experiment at an age of
14 weeks after application of anesthesia. Skins were dipped and fixed in 4% paraformaldehyde and 30 um
cryosections were prepared. Hematoxylin staining was performed to examine histological features and
epidermal and dermal thickness.After mounting in mounting medium (Vector Laboratories, Inc.,
Burlingame, CA, USA), images were captured using an Axio Imager Al microscope (Carl Zeiss Inc.,
Gottingen, Germany). IMT i-solution (IMT i-solution Inc., Vancouver, BC, Canada) was used for
automatic measurement analysis of each staining.

2.6. Masson Stain

For histological analysis and collagen staining, the dorsal skin of the mice between the ilia was harvested
under anesthesia at the end of the experiment at an age of 17 weeks. Skins were immersed and fixed in 4%
paraformaldehyde and 30 pm cryosections were prepared. Hematoxylin staining (Sigma-Aldrich) was
performed to examine histological features and epidermal and dermal thickness. Masson’s trichrome staining
was performed using Masson’s trichrome staining kit (Abcam, Cambridge, MA, USA) to examine the density
of collagen fibers. After mounting in mounting medium (Vector Laboratories, Inc., Burlingame, CA, USA),
images were captured using an Axio Imager Al microscope (Carl Zeiss Inc., Gottingen, Germany). IMT
i-solution (IMT i-solution Inc. Vancouver, BC, Canada) was used for an automatic measurement analysis of
each staining.

2.7. Assessment of ROS

In situ detection of ROS was evaluated using oxidative fluorescent dihydroethidium (DHE), which emits
light when it interacts with O2 to form oxyethidium. Dihydroethidium is a cell-permeable agent and interacts
with nucleic acids to emit a light red color qualitatively detectable by fluorescence microscopy (BX51;
Olympus, Tokyo, Japan) with a rhodamine filter (excitation, 490 nm; emission, 590 nm). This staining method
has been previously used to determine ROS activity (Whitehead et al. 2008; Bouitbir et al., 2011; Cozzoli et al.,
2011; Kanazashi et al., 2013). Briefly, the sections (30 pum thick) were incubated with 5 x 10 mol L' DHE
(Wako Pure Chemicals, Osaka, Japan) for 30 min at 37 °C in a dark box, rinsed with 37 °C PBS, and viewed
using a fluorescence microscope (filter with excitation at 545 nm). Densitometric analysis of DHE fluorescence
was performed using Image] software (NIH, Bethesda, MD, USA) using five images per skin, and results
were reported as a percentage of the control group. The individuals performing the densitometric analyses of
fluorescence were blinded to the experimental groups. There may be some limitations with this technique
(Laurindo et al., 2008; Kalyanaraman et al., 2014). For example, freezing and cutting muscle sections that are
warmed in the presence of DHE could artificially release reactive oxygen species. However, this potential
problem was minimized because all the tissues were prepared in a similar manner.

2.8. AP Staining

The sections were stained with alkaline phosphatase (AP) as previously described to observe the
capillarity of the soleus muscles [Roudier E, ] Physiol 588: 4579-4591, 2010]. Briefly, the sections were
incubated in 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium for 45 min at 37 °C and fixed with
4% paraformaldehyde. The number of capillaries was determined by counting capillaries on each cryosection
using the microscopic images.

2.9. Statistical Analysis
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Data are presented as the mean + SD. Statistical analyses were carried out by one-way ANOVA followed
by the Scheffe test. Differences were considered significant when p < 0.05.

3. Results
3.1. The Effects of AST on Wrinkle Formation in UV-Induced Hairless Mice

Skin conditions revealed by photography showed that the dorsal skin of UV-induced mice was lumpy and
flaky compared with that of the control mice (Figure 1B). However, decreased flakiness and roughness were
found in UV-induced mice treated with AST compared to that in mice exposed to UV irradiation alone. An
analysis of wrinkle formation in silicon replicas revealed that the wrinkles of the control mice were thin and
shallow (Figure 1A). Nevertheless, those of UV-induced mice were thick. Moreover, UV-induced mice showed
an increase in the percentage area of wrinkles compared with that observed for the control mice. These changes
were reduced by AST treatment (Figure 1C). An analysis showed that AST may reduce UV-induced wrinkle
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Figure 1. (A) The effects of astaxanthin on the dorsal skin of UV-induced mice. (B) Photographs of the
mouse dorsal skin. Scale bar = 200 um. (C) Histograms of the replica analysis. Treatment with
astaxanthin improved visible skin condition and reduced the percentage of wrinkles per unit area and
the mean area of wrinkles in UV-induced mice. * p < 0.01 and # p < 0.01 vs. control mice; # p < 0.01 vs.
UV-induced mice.

3.2. The Effect of Astaxanthin on Epidermal Thickness in the Dorsal Skin of UV-Induced Mice

In this study, we showed the dorsal skin sections stained with H&E (Figure 2A). The thickness of the
epidermis is generally used as a parameter to reveal photoaging in skin. In this study, we investigated
UV-induced skin photoaging in a HR-1 mouse model. none of the treatment revealed any evient signs of
toxicty as determined by the loss of body weight (Figure 2B). In order to investigate the effects of AST on the
photoaging of skin in vivo, the HR-1 mice were irradiated with UV. H&E staining revealed the effects of AST
on histological changes of the dorsal skin (Figure 2A).
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As expected, the UV-induced mice had thicker epidermal layers than the mice (control group) that were
not induced by UV. However, the control mice and the AST-treated mice had thinner epidermal layers than
the mice that were only irradiated by UV (Figure 2C).
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Figure 2. The effect of astaxanthin on epidermal thickness in the dorsal skin of UV-induced mice. (A) Hematoxylin
and eosin staining. Scale bar = 50 um. (B) Measurement of body weight in hairless mice, taken once per week. (C)
Histogram of hematoxylin and eosin staining. Treatment with astaxanthin significantly suppressed the UV
irradiation-induced increase in epidermal thickness. * p < 0.01 vs. control mice; # p <0.01 vs. UV-induced.

3.3. The Effect of Astaxanthin on the Density of Collagen Fibers in the Dorsal Skin of UV-Irradiated Hairless Mice

The changes of collagen in the dermis of hairless mice were investigated in UV-irradiated mice treated
with astaxanthin. Masson’s trichrome staining showed the effects of astaxanthin on histological
changes of the dorsal skin (Figure 3A). We found a significant reduction in the density of collagen
fibers in the dermis of UVB-irradiated hairless mice compared to that in control hairless mice.
Nevertheless, treatment with astaxanthin restrained the UV irradiation-induced loss of collagen fibers
(Figure 3B). These results show that astaxanthin can reduce UV irradiation-induced skin collagen fiber
loss, indicating the protective effect of astaxanthin against UV-induced skin damage.
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Figure 3. The effect of astaxanthin on density of collagen fibers in the dorsal skin of UV-induced mice. (A) Masson’s
trichrome staining. Scale bar = 50 um. (B)Treatment with astaxanthin significantly suppressed the UV
irradiation-induced reduce in prevented UV-induced loss of collagen fibers. * p < 0.01 vs. control mice; # p <0.01 vs.
UV-induced mice.

3.4. The Effect of Astaxanthin on Changes in Capillary Vessel Number in the Dorsal Skin of UV-Induced Mice

In order to investigate the changes of the capillaries in the dorsal skin of UV-induced mice, AP staining
was used to evaluate the presence and distribution of capillaries. As shown in (Figure 4A), there were fewer
capillaries in UV-induced mice compared to non-induced mice. We also found that the AST group showed an
increased number of capillaries compared with the UV group (Figure 4B). In this study, the results show that
the number of capillary vessels was reduced in the dorsal skin of UV-induced mice; however, the changes can
be reversed by oral astaxanthin.
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Figure 4. The effect of astaxanthin on capillary vessels of the number changes in the dorsal skin of UV-induced
mice. (A) AP staining. Scale bar = 200 pm. (B) Treatment with astaxanthin significantly suppressed the UV
irradiation-induced loss of capillary vessel (Arrow pointing) . * p < 0.01 vs. control mice; # p < 0.01 vs.
UV-induced mice.

3.5. The Effect of Astaxanthin on Dermis and Capillary Vessels of ROS Activity in the Dorsal Skin of UV-Induced Mice

A marked enhancement in total ROS activity as measured using DHE was observed in UV-induced
hairless mice compared to that of control hairless mice (Figure 5A). Nevertheless, astaxanthin significantly
reduced UV-induced ROS formation (Figure 5B). We determined the distribution of ROS in the skin and noted
that UV-induced hairless mice had significantly increased ROS generation, not only in the epidermis but also
in the dermis. However, treatment with astaxanthin led to a significant reduction in UV-induced ROS
generation (Figure 5B). The significant reduction in ROS in the skin, especially in the epidermis, blood vessel,
cellular components of the dermis, and the extracellular matrix, shows that astaxanthin reduces UV-induced
generation of ROS.
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Figure 5. The effect of astaxanthin on the epidermis and capillary vessels of ROS generation in the dorsal skin of
UV-induced mice. (A) Fluorescent staining. Scale bar = 200 um. (B) Treatment with astaxanthin significantly
suppressed the UV irradiation-induced increase of ROS in the dorsal skin of UV-induced mice. * p < 0.01 vs. control
mice; # p <0.01 vs. UV-induced mice.

3.6. The Correlation between the Number of Capillaries and Epidermal Thickness, Collagen Density, and ROS Generation
in the Dorsal Skin of UV-Induced Mice

We also investigated the relationship between capillaries and epidermal thickness, collagen, and ROS. We
found that the number of capillaries is negatively correlated with number of wrinkles, the thickness of the
epidermis and ROS (Figure 6A,C,D); The number of capillaries is positively correlated with collagen (Figure
6B). This shows that capillaries changes play an important effect in the dorsal photoaging skin of UBA-induced
mice.
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Figure 6. (A) The correlation between the number of capillaries and epidermal thickness, collagen density and ROS
generation in the dorsal skin of UV-induced mice. (B) The number of capillaries is negatively correlated with the
thickness of the epidermis. (C) The number of capillaries is positively correlated with collagen. (D) The number of
capillaries is negatively correlated with the ROS.

4. Discussion

The novel findings of this study are as follows: (i) capillary regression was observed in the
ultraviolet-induced photoaging skin of hairless mice, and this was accompanied by an increase in ROS
generation; (ii) astaxanthin supplementation attenuated skin photoaging, which is characterized by thickness
and wrinkling, and maintained ROS levels and capillary number at control levels; (iii) the changes of capillares
were observed in the skin of hairless mice, which have closely correlation with wrinkls, collagen, epidermal
thickness and ROS level. Thus, astaxanthin treatment was demonstrated as a protective therapy for skin
photoaging.

Changes in the skin are the most prominent signs of aging. Skin aging can be divided into intrinsic or
chronologic aging, which is the process of senescence that affects all body organs and extrinsic aging, e.g.,
photoaging, which occurs because of exposure to environmental factors.

One of the most important factors influencing intrinsic aging is a gradual loss of function or degeneration
that occurs at the cellular level [16]. The exposure of the skin to UV irradiation induces the generation of
reactive oxygen/nitrogen species or oxidative stress, which is capable of oxidizing lipids, proteins, or DNA.

The formed oxidized products, including lipid hydroperoxides, protein carbonyls, and
8-hydroxydeoxyguanosine, have been implicated in the onset of skin aging [17-18]. Thus, UV induces ROS,
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primarily arising from oxidative cell metabolism, and plays a major role in both chronological aging and
photoaging of skin [19]. In addition, UV leads to an increase in epidermal thickness, termed hyperkeratosis,
and induces damage response pathways in keratinocytes. After several hours of UV exposure, however, robust
proliferation of epidermal keratinocytes occurs, mediated by a variety of epidermal growth factors [20]. The
increase in keratinocyte cells after UV exposure leads to an accumulation in epidermal keratinocytes, which
increases epidermal thickness. In the present study, UV irradiation also resulted in an increase in epidermal
thickness in the exposed dorsal skin of mice (Figure 2). Thus, UV-induced oxidative cutaneous damage may
play a major role in photoaging. UV may inactivate carotenoids in the skin and promote degradation of dermal
collagen and elastin [21-22]. In addition, UV radiation has been reported to promote the activation of enzymes
that destroy elastic fibers and collagen, making the skin more prone to wrinkling [23].

In the present study, we also confirmed the wrinkle formation (Figure 1) epidermal thickening (Figure 2),
and a reduction in collagen (Figure 3) caused by UV irradiation in hairless mice. Furthermore, Shin et al. noted
an inverse correlation between wrinkling and important antioxidant enzymes that reduce the cellular levels of
ROS [24]. In a recent study, it was reported that the increase in ROS generation and oxidative stress led to
vascular lesions, identified at the early stage of diabetic retinopathy, which including the obliteration of
capillaries and small arterioles, gradual thickening of vascular basement membrane, increased permeability of
vessel due to leakage, and hemorrhage [25].

It has also been reported that the reductions in capillary diameter and volume are associated with
vascular endothelial cell apoptosis via increased oxidative stress [26]. Furthermore, in UV-induced skin, the
dermal thickness increased while the capillary density decreased, as recently reported by Deng et al. [27]. We
also found an inverse correlation between wrinkling and the levels of ROS, and an inverse correlation between
wrinkling and the capillary number in the skin of mice (Figure 6). Thus, photoaging may be associated with
capillary regression in skin.

Meanwhile, astaxanthin inhibits ROS formation and modulates the expression of oxidative
stress-responsive enzymes, such as heme oxygenase-1 (HO-1), which is a marker of oxidative stress and a
regulatory mechanism involved in cell adaptation against oxidative damage [28]. It has also been reported that
astaxanthin decreases the level of oxidative stress as indicated by reduced plasma malondialdehyde levels, and
reverses age-related changes in the residual skin surface components of middle-aged subjects [29].

In the present study, astaxanthin supplementation suppressed the levels of ROS generation in the
UV-induced photoaging skin of hairless mice (Figure 5). It has been reported that astaxanthin can increase the
expression of collagen by inhibiting the expression of MMP-1 and MMP-9 protein in an animal model [30].
Hyun-SunYoon et al. have reported dietary astaxanthin supplementation for 12 weeks increased collagen
levels in human skin [31].

Astaxanthin can effectively suppress in vitro cell damage caused by free radicals and the induction of
MMP-1 protein in skin after UV irradiation [32]. In addition, astaxanthin increased collagen content through
inhibition of MMP-1 and MMP-3 protein expression in human dermal fibroblasts [33]. In this study, we also
found that dietary supplementation with astaxanthin for 8 weeks effectively prevented photoaging, such as
increases in wrinkle formation (Figure 1) and a decrease of collagen in the dorsal skin of mice exposed to
UV-irradiation (Figure 3), which was relating to the suppression of ROS in the skin.

Skin capillaries play an important role as a nutrient supply route to skin. Reduced density of peritubular
capillaries was observed in unilateral ureteral obstruction-treated mice, which was significantly increased by
astaxanthin treatment [34]. In addition, a previous study revealed that astaxanthin could prevent capillary
regression in atrophied soleus muscles by upregulating VEGF protein and downregulating TSP-1 protein [35].
The data of the present study also indicate that the number of capillaries was markedly reduced after expose to
UV, whereas oral administration with astaxanthin prevented the decrease in capillaries in the skin of mice
(Figure 5). In addition, we found that the number of capillaries is negatively correlated with ROS and
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epidermal thickness and positively correlated with collagen. Astaxanthin supplementation prevented the
generation of ROS and capillary regression in the skin of HR-1 hairless mice.

Overall, our study indicates the protective effects of dietary astaxanthin against features of photoaging
induced by UV radiation, such as through affecting wrinkling, collagen, and capillaries in the skin.

We found that dietary astaxanthin accumulates in the skin and may prevent the effects of UV irradiation
on capillaries in the dermis as well as epidermis thickness. Our results demonstrate the potential for
astaxanthin to be further developed as a nutraceutical against photoaging.

5. Conclusions

Antioxidants are important nutrients that help combat oxidative stress by removing ROS and promoting a
healthy oxidative balance. Through the antioxidant defense system, ROS-triggered oxidative damage to
biomolecules is controlled, allowing restrained ROS to do their useful work in physiological cellular responses.

Astaxanthin stands apart from other antioxidants because of its unique chemical properties. Astaxanthin
is a valuable functional ingredient that supports skin health and expands our healthy aging options. Avoiding
an excess of ROS, adopting a healthy lifestyle, and introducing astaxanthin into the diet and cosmetics can help
prevent oxidative stress. Dietary supplements and functional foods are good sources for increasing the daily
intake of astaxanthin. This is a promising strategy for maintaining good health and wellbeing and offers
exciting opportunities for the nutraceutical industry.
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