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Abstract: Krill oil (KO) shows promise as a natural marine-derived ingredient for improving skin health. This
study investigated its antioxidant, anti-inflammatory, anti-wrinkle, and moisturizing effects on skin cells and
UVB-induced skin photoaging in hairless mice. In vitro assays on HDF, HaCaT, and B16/F10 cells, and in vivo
experiments on 66 hairless mice, were conducted. Mice received oral KO administration (100, 200, or 400
mg/kg) once a day for 15 weeks and UVB radiation three times a week. In vitro, KO significantly countered
UVB-induced oxidative stress, reduced wrinkles, and prevented skin water loss by enhancing collagen and
hyaluronic synthesis. In vivo, all KO dosages showed dose-dependent inhibition of oxidative stress-induced
inflammatory photoaging-related skin changes. Skin mRNA expressions for hyaluronan synthesis and collagen
synthesis genes also increased dose-dependently after KO treatment. Histopathological analysis confirmed that
Krill Gil (KO) ameliorated the damage caused by UVB-irradiated skin tissues. These findings suggest that KO
may be a valuable intervention to mitigate UVB-induced skin photoaging and address various skin concerns.

Keywords: krill oil; ultraviolet; skin photoaging; marine-derived ingredients

1. Introduction

The human skin, consisting of three layers (epidermis, dermis, and subcutaneous) [1], serves as
a vital barrier against environmental stressors like ultraviolet (UV) rays, physical trauma, and
microorganisms. Direct exposure to UV radiation from sunlight can lead to acute effects such as DNA
damage, suppression of DNA synthesis, cell death, and erythema. Additionally, it can also result in
chronic effects like photoaging and epidermal cancer [2]. Photoaging, induced by repeated UV
exposure, results in histological alterations, collagen fiber damage, and uneven pigmentation, leading
to wrinkled and coarse skin [3-6]. Unlike the mechanism of UVA-induced pigmentation, Ultraviolet
B (UVB), with a wavelength range of 280 to 315 nanometers, exhibits both beneficial and harmful
effects on the skin. It can cause sunburn, premature aging, and an increased risk of skin cancer, among
other characteristics [7]. UVB penetrates the epidermis, leading to DNA damage and mutations over
time, contributing to skin cancer development [8].

UV rays induce intracellular reactive oxygen species (ROS), causing extracellular matrix (ECM)
components imbalance, inflammation, and immunosuppression, leading to skin photoaging [9].
Nutricosmetic products with vitamins, minerals, fatty acids, and other ingredients aim to inhibit
oxidative stress and inflammation, improving photoaging and skin conditions [10]. Dietary
supplementation with deficient vitamins, minerals, or essential fatty acids is believed to improve skin
conditions, as skin function and attractiveness are nutrition-dependent [11]. Essential fatty acids,
including alpha-linolenic acid (ALA) and gamma-linolenic acid, belong to omega-3 and omega-6
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categories. Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), derived from ALA, play
a crucial role in skin structure and function [10].

Krill oil (KO) is derived from krill (Euphausia superba), which is a small marine crustacean that
feeds on marine algae. Unlike fish oil, which is primarily composed of triglycerides, KO consists of
both phospholipids (30-65%) and triglycerides [12]. The main phospholipid found in KO is
phosphatidylcholine (PC), and approximately 40% of the total fatty acids bound to PC are known to
be EPA and DHA [13]. Therefore, it has been reported that EPA and DHA from KO exhibit higher
bioavailability compared to other forms of n-3 PUFAs (such as ethyl-ester and re-esterified omega-
3). Although KO has a smaller daily dose of n-3 PUFAs compared to fish oil, it demonstrates higher
absorption rates. Hence, KO and fish oil can be considered comparable dietary sources of n-3 PUFAs,
even though the EPA and DHA dose in krill 0il is 62.8% of that in fish oil. [12]. Recently, KO has been
studied not only for its role as a dietary supplement in improving human health but also for its
potential in the prevention and/or treatment of skin-related conditions. It is suggested that KO may
have beneficial effects on skin health and could be explored as a potential intervention for various
skin concerns [14,15].

While KO has been studied for its antioxidant and anti-inflammatory properties, more research
is needed to understand its specific effects on skin under environmental stress and its potential to
mitigate their impact. This study aims to compare the positive effects of KO with vitamin C (L-
ascorbic acid, L-AA) on skin health. L-AA enhances the skin barrier, reduces wrinkles, offers UV
protection, inhibits melanogenesis, and provides moisturizing and antioxidant benefits [10]. This
study supports KO's (Superba™ Boost) positive impact on skin health, including wrinkle
improvement, skin moisturization, inflammation reduction, and antioxidant activities. Using a UVB-
induced skin photoaging mouse model and in vitro experiments, the study investigates skin
photoaging and evaluates KO's potential as a skin protection agent and nutricosmetic ingredient.

2. Results
2.1. In Vitro Evidence Anti-Aging

2.1.1. Cytotoxicity of KO in HDF, HaCaT, and B16/F10 Cells

After treating HDF, HaCaT, and B16/F10 cells with KO at concentrations of 0.25, 0.5, 1, 1.5, 2, 4,
and 8 mg/ml for 48 hours, no cytotoxic effects of KO were observed compared to the control. The
IC50 values for each cell type were observed to be greater than 8 mg/ml (Figure 1).
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Figure 1. Cytotoxicity of KO on HDF (a), HaCaT cell (b), and B16F10 (c) B16/F10 Cells: Data are
presented as the mean + standard deviation (SD). KO, Krill oil (Superba™ Boost); HaCaT, Human
keratinocytes; B16F10, Murine melanoma cells.

2.1.2. Free Radical Scavenging Activity of KO

The evaluation of DPPH radical scavenging activity for L-AA (1 mg/ml) and KO (0.25,0.5, 1, 1.5,
2, 4, and 8 mg/ml) showed that L-AA exhibited a scavenging activity of 82.00£15.28%, and KO
demonstrated significant increases in DPPH radical scavenging activity compared to the control:
27.17+11.14, 49.50+8.14, 59.67+9.20, 63.67+14.80, 75.33+12.23, 81.17+11.65, and 88.33+8.80% (p<0.01)

(Figure 2).
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Figure 2. The antioxidant characteristics of KO: Data are presented as the mean + SD. KO, Krill oil
(Superba™ Boost); L-AA, L-Ascorbic acid; DPPH, 1-Diphenyl-2-picryhydrazyl radical, 2,2-Diphenyl-
1-(2,4,6-trinitrophemyl) hydrazyl. " p<0.01 as compared with control cells.

2.1.3. Anti-Wrinkle Benefits of KO

PP (10 uM) showed a significant increase in elastase inhibitory activity by 38.17+8.68% compared
to the control (p<0.01). Additionally, KO demonstrated a concentration-dependent increase in
elastase inhibitory activity (31.50+9.73, 54.50+11.73, 64.50+13.03, 70.17+8.57, 77.50£9.65, and
85.67+7.45%) compared to the control (p<0.01) (Figure 3a). At TGF-f1 10 ng/ml, there was a significant
increase of 165.33+31.33% in HDF cell procollagen synthesis compared to the control (p<0.01).
Moreover, KO showed a concentration-dependent (KO 0.25 to 8 mg/ml) increase in HDF cell
procollagen synthesis (38.17+18.40, 70.00+30.10, 109.33+26.52, 143.00£19.59, 159.33+24.74,
163.83+25.76, and 172.00+27.82%) compared to the control (p<0.01) (Figure 3b). Under UVB irradiation
(50mJ/cm?), a significant increase in MMP-1 activity by 65.83+10.48% was observed compared to non-
irradiated UVB control cells (p<0.01). However, when treated with RA at 1uM, a significant decrease
in MMP-1 activity (-22.13+12.55%) was observed compared to UVB radiation (p<0.01). Similarly,
treatment with KO from 0.5 mg/ml to the highest concentration of 8 mg/ml resulted in a significant
decrease in MMP-1 activity compared to UVB radiation (-11.30+5.71, -17.92+10.39, -24.63+8.62, -
27.67+11.60, -29.75+11.54, -33.12+7.51, and -33.85+10.42%) (p<0.01) (Figure 3c).
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Figure 3. Anti-winkle of KO: (a) elastase inhibitory activity; (b) collagen synthesis; (c) MMP-1 activity.
Data are presented as the mean + SD. KO, Krill oil (Superba™ Boost); PP, phosphoramidon disodium
salt; TGF, transforming growth factor;, MMP, matrix metalloproteinase; RA, retinoic acid; UVB,
ultraviolet B; HDF, human dermal fibroblasts; “p<0.05 and *p<0.01 as compared with control cells. #
p<0.01 as compared with UVB irradiated control cells.

2.1.4. Moisturizing Benefits of KO

In HaCaT cells, the evaluation of KO's moisturizing activity through hyaluronan synthesis
showed that RA at 1 pM resulted in a significant increase in hyaluronan synthesis (109.17+17.44%)
compared to the control (p<0.01). Similarly, KO demonstrated a concentration-dependent (KO 0.25 to
8 mg/ml) increase in hyaluronan synthesis (13.50+7.34, 31.83+11.32, 53.17+13.36, 62.00+14.68,
66.67+12.09, 76.00+11.31, and 80.17+12.02%) compared to the control (p<0.01) (Figure 4).
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Figure 4. The effects of KO on hyaluronan synthesis: Data are presented as the mean + SD. KO, krill
oil (Superba™ Boost); RA, retinoic acid; HaCaT, Human keratinocytes; - p<0.01 as compared with

control cells.
2.2. In vivo Evidence Anti-Photoaging

2.2.1. Effects of KO on Body Weight Changes

The intact control group's average body weight was 24.93+1.23 g one day before oral
administration, and it decreased to 21.77+1.21 g on the start day of administration (Day 0). During
the treatment period of 105 days, the average body weight of the intact control group gradually
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increased to 32.82+2.21 g on the final day of administration (Day 104) (Figure 5). The increase in the
average body weight of UVB-irradiated hairless mice group during the 105-day treatment period did
not show a significant difference compared to the non-UVB-irradiated intact control group.
Additionally, the administration of KO and L-AA groups did not result in significant changes in
average body weight compared to the intact control or UVB group.

—@— Intact vehicle control mice

—O— UVB vehicle control mice

—W¥— L-AA 100 mg/kg administered UVB exposed mice

—&— KO 400 mg/kg administered UVB exposed mice
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Figure 5. Body weight changes on the days after UVB irradiation and oral administration: KO (100,
200, and 400 mg/kg) or L-AA (100 mg/kg) was orally administrated once a day for 105 days after 1h
of UVB irradiation. The body weights were measured every week. Data are presented as the mean +
SD (n=10, significance compared with intact control mice).

2.2.2. Effects of KO on UVB-Induced Skin Wrinkle Formation and Skin Moisturization

The efficacy of KO in examining wrinkle formation on UVB-irradiated skin was conducted, and
the length and depth of skin wrinkles were evaluated using replicas of the dorsal back skin. Exposure
to UVB radiation clearly induced skin wrinkles, but their severity was alleviated by oral
administration of either KO or L-AA (Figure 6a). After exposure to UVB, the mean skin length (mm)
and depth (um) significantly increased (0.69+0.07mm, 99.16+17.37um) compared to the intact control.
However, both KO and L-AA significantly suppressed the formation of skin wrinkles in terms of
length and depth (Figure 6b, c). Skin water content significantly decreased by 13.16+2.23% after UVB
irradiation compared to the intact control group (37.56+5.47%) (p<0.01). However, both KO and L-
AA treatments significantly increased skin water content (p<0.05) (Figure 6d). Key molecules for skin
wrinkle formation and skin moisture maintenance, skin COL1 contents, and hyaluronic acid contents,
were significantly increased by both L-AA and KO treatments compared to UVB irradiation alone
(p<0.01) (Figure 6e,f). Moreover, the mRNA expression of hyaluronic acid and COL1 related genes
COL1A1, COL1A2, Has1, Has2, and Has3 showed a significant increase compared to UVB irradiation
alone (p<0.01) (Figure 6g,h). The mRNA expression of UVB-induced MMP1, MMP9, and MMP13 was
significantly reduced by both L-AA and KO treatments (p<0.01) (Figure 6i). There was no significant
difference in the treatment effects of UVB-induced skin wrinkle formation and skin moisturization
between KO and L-AA treatments with an equal oral dosage.
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Figure 6. Effects of KO on UVB-induced wrinkle formation in dorsal back skin: (a) Photograph of
dorsal back skin (upper), monochrome image of skin replicas (lower). Scale bars indicate 10 mm.
Wrinkle shadows were generated using an optic light source by a fixed intensity at a 40° angle.; (b)
and (c) Wrinkle length and depth; (d) Skin water contents (6mm-diameter skin); (e) skin COL1
contents (%, relative to intact); (f) skin hyaluronic acid contents; (g) COL1 synthetic (COL1A1 and
COL1A2) in dorsal back skin tissue; (h) hyaluronic acid synthesis (HAS 1, HAS 2, and HAS 3) in dorsal
back skin tissue;(i) MMP (MMP-1, MMP-9, and MMP13) gene expression in dorsal back skin tissue.
Data are presented as the mean + SD (n=10, significance difference vs. intact control; *p<0.05, **p<0.01,
vs. UVB-irradiated control mice; # p<0.05, ## p<0.01).

2.2.3. Effects of KO on UVB-Induced Skin Inflammation

Continuous exposure to UVB irradiation can lead to skin inflammation, causing symptoms such
as erythema, swelling, edema, and itching. The evaluation of KO's effect on skin edema is done by
measuring the weight of 6mm diameter skin samples. The increased weight of skin samples due to
UVB irradiation was significantly reduced by both L-AA and KO treatments (p<0.01) (Figure 7a).
Furthermore, UVB irradiation can significantly increase MPO activity, but it was significantly
decreased by both L-AA and KO treatments (p<0.01) (Figure 7b). IL-1{3 levels were significantly
increased by UVB irradiation but were significantly suppressed by both L-AA and KO (p<0.01). On
the other hand, IL-10 levels were significantly decreased by UVB irradiation but were significantly
increased by L-AA and KO treatments (p<0.05) (Figure 7c). There was no significant difference in the
treatment effects of UVB-induced skin inflammation between KO and L-AA treatments with an equal
oral dosage.
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Figure 7. Effects of KO on UVB-induced skin inflammation: (a) skin edema (weight of 6mm diameter
skin sample); (b) Myeloperoxidase (MPO) activities for skin neutrophil content; (c) IL-1f3 and IL-10
levels in dorsal back skin tissue. Data are presented as the mean + SD (1n=10, significance difference
vs. intact control; *p<0.05, **p<0.01, vs. UVB-irradiated control mice; # p<0.05, ## p<0.01).

2.2.4. Effects of KO on UVB-Induced Oxidative Stress

The evaluation of Krill Oil's antioxidant effects on skin tissue involved investigating alterations
in levels of glutathione (GSH), malondialdehyde (MDA), and superoxide anions.UVB irradiation led
to a significant decrease in GSH contents compared to the intact control, but administration of L-AA
and KO significantly increased GSH levels (p<0.05) (Figure 8a). Additionally, the increased MDA and
superoxide anion levels caused by UVB irradiation were significantly suppressed by the
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administration of L-AA and KO (p<0.01) (Figure 8b, c). GSH reductase mRNA expression, which was
significantly reduced by UVB irradiation compared to the intact control, was significantly increased
by the administration of L-AA and KO (p<0.01) (Figure 8d). On the other hand, UVB irradiation
significantly increased the mRNA expression of NOX2, an enzyme related to NADPH oxidase-
derived ROS generation, but it was significantly decreased by L-AA and KO (p<0.05) (Figure 8e).
There was no significant difference in the treatment effects of UVB-induced skin oxidative stress

between KO and L-AA treatments with an equal oral dosage.
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Figure 8. Effects of KO on UVB-induced oxidative stress: (a) GSH contents in the skin tissue; (b) MDA
level in the skin tissue; (c) superoxide anion production in the skin tissue; (d) GSH reductase mRNA
expression level in the dorsal back skin tissue; (€) NOX2 mRNA expression level in the dorsal back
skin tissue Data are presented as the mean + SD (n=10, significance difference vs. intact control;
*p<0.05, **p<0.01, vs. UVB-irradiated control mice; # p<0.05, ## p<0.01).

2.2.5. Effects of KO on UVB-Induced Histopathological Changes in Skin Tissue

Histopathological analysis and Masson's trichrome staining revealed thickened epithelial tissue
and abnormal collagen deposition in the dorsal back skin tissue due to UVB irradiation. However,
the histopathological changes were significantly mitigated by L-AA and KO treatments (Figure 9a
and Table 1). Additionally, KO treatment improved UVB-induced immunolabeled cells for oxidative
stress markers (NT and 4-HNE), apoptosis markers (cleaved caspase 3 and cleaved PARP) in the
epidermis, and immunoreactive cells for MMP9 in the dermis (Figure 9b and Table 2). However, there
was no significant difference in the treatment effects of UVB-induced histopathological changes in
skin tissue between KO and L-AA treatments with an equal oral dosage.

Table 1. General histomorphometrical analysis of dorsal back skin, taken from unexposed intact or
UVB-exposed hairless mice.

Iten?s Nl.lmber of Mean Epithelial Mean Inflammatory Colla.gen Flb.er
(Unit) Microfolds Occupied Regions
Thickness Cells
(Folds/mm of (um/Epidermis) (Cells/mm? of Dermis) (%/mm? of
Groups Epidermis) HIEP Dermis)
Controls
Intact 3.30+1.06 24.45+4.21 43.40+11.12 31.76+6.58

UVB 17.60+2.37™ 120.25+13.37" 525.20£118.05" 75.73+7.50™
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Reference
L-AA 100 mg/kg 8.90+1.79# 65.94+10.15"# 188.60+74.90# 51.47+8.96™#
Test materials
KO 100 mg/kg 12.104+1.60™# 77.69+£10.98# 242.804+67.05"# 56.78+5.30"#
KO 200 mg/kg 8.10+1.45"# 65.03+11.28™# 186.40+82.58"# 51.43+7.23™#
KO 400 mg/kg 6.10+£1.29# 55.00+10.87# 134.20+38.05# 42.95+8.00"#

Significance difference vs. intact control; *p<0.05, **p<0.01, vs. UVB-irradiated control mice; # p<0.05, ## p<0.01).

Table 2. Immunohistomorphometrical analysis of dorsal back skin, taken from unexposed intact or

UVB-exposed hairless mice.

Controls Reference Test materials
Groups L-AA 100
Items Intact UVB me/kg KO 100mg/kg KO 200 mg/kg KO 400 mg/kg
Epidermis
(cells/100 epithelial
cells)
-+ ** -+ et 24 + it 24 + i 24 -+ #4
Nitrotyrosine 18.20+4.47 80.20+7.80"41.40+10.98# 53.60+10.45 40.80+11.52 30.20+10.69
_ + ** -+ it -+ *H -+ it 21 -+ Nt
4-HNE 14.0042.49 86.20+4.94" 52.00+6.86 63.00+£10.17 51.20+10.92 28.00+7.60
Cleaved 36.6044.22" 18.40+5.407% 24.80+4.12°#  18.004525™%  10.00+4.32¢
caspase-3  4.60£1.90
Cleaved
T - g 3 gt 9 ()
PARP 4.6041.90 41.00+5.68" 22.00+3.77 27.00+3.68 21.00+£3.92 12.204+2.20
Dermis (%/mm?)
MMP-9 20.60+5.1770.14+7.05" 43.50+9.50"# 53.95+8.33"# 41.98+10.777# 32.7549.27#

Data are presented as the mean + SD (#=10, significance difference vs. intact control; *p<0.05, **p<0.01, vs. UVB-
irradiated control mice; # p<0.05, ## p<0.01). 4-HNE, 4-Hydroxynonenal; PARP, Poly(ADP-ribose) polymerase;

MMP, Matrix metalloprotease.
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NT 4-HNE Cleaved caspase-3 Cleaved PARP MMP-9

UVB

Figure 9. (a) Representative images of stained skin with tissue with hematoxylin and eosin or
Masson’s trichrome (MT). Arrows indicate microfolds in skin epithelial surface. Scale bars indicate
200 um. (b) Immuno-stained skin tissue using nitrotyrosine (NT), 4-hydroxynonenal (4-HNE),
cleaved caspase-3, cleaved PARP, and MMP9 antibodies. Scale bars indicate 100 um. EP, epithelium;
DE, dermis; CM, cutaneous muscle; SE, sebaceous gland; AC, adipocyte; Th, thickness.

3. Discussion

Skin aging can be categorized into intrinsic aging, driven by hormonal changes and cellular
aging, and extrinsic aging, caused by external factors like UV exposure, air pollution, and smoking
[16]. As the demand for anti-skin aging solutions increases in the market, research and development
of natural product-derived ingredients have advanced cutaneous science in skin beauty and health-
related industries. Nutricosmetic products, including UV protectors, anti-wrinkle treatments, and
moisturizers, are introduced to address these concerns [10]. However, the long-term consumption of
cost-effective and functional products raises ongoing concerns about potential risks of adverse
events, harmful chemicals, and toxins [17].

Krill oil (KO) is gaining attention for its high bioavailability of n-3 polyunsaturated fatty acids
(PUFAs) like EPA and DHA in phospholipid form. Despite being more expensive than fish oil, its
superior bioavailability of EPA/DHA has sparked interest. Some clinical studies [12,18,19] have
reported minor adverse events, such as rash, headache, taste changes, diarrhea, and decreased
appetite. However, KO is Generally Recognized as Safe (GRAS) by the American Food and Drug
Administration and has received Novel Food status from the European Union, confirming its safety
profile [13].

In our previous studies, KO has been recognized as a marine-derived natural substance with
significant activation of nuclear factor E2-related factor 2 (Nrf2) transferase and potent antioxidant
properties, making it a promising raw material for health functional foods with natural antioxidant
benefits [20,21]. Although previous research on human immortalized keratinocyte lines and NC/Nga
mice has suggested the potential benefits of KO in terms of antioxidants and anti-inflammatory
effects[14,15], there is a lack of direct and detailed research on KO's role in improving skin wrinkle
and moisturization. Hence, this study aims to scientifically evaluate the anti-skin aging effects of KO.
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Skin aging is linked to the activation of matrix metalloproteinases (MMPs) triggered by
inflammatory cytokines in skin tissue. Frequent exposure to UV radiation accelerates skin aging by
causing DNA breakdown, ROS generation, and DNA damage [22]. Nutricosmetic products, known
for their antioxidant and anti-inflammatory functions, are anticipated to prevent or improve skin
aging. Enzymatic antioxidants have been shown to reduce UV-induced oxidative stress in skin tissue,
suppressing inflammation and inhibiting apoptosis of skin cells [11,22]. KO may not be an enzymatic
antioxidant, our data demonstrated its inhibition of apoptosis in UVB-exposed skin tissue of mice,
suggesting KO's potential in suppressing skin inflammation from UV radiation. Moreover, KO's
inhibitory effects may extend to the apoptosis pathway and cell cycle arrest caused by UV-induced
DNA damage [23], specifically cyclobutane pyrimidine dimers (CPD) and pyrimidine 6-4 pyrimidine
photoproducts (6-4PP). Further research on KO's effects on CPD and 6-4PP and its ability to modulate
CPD-photolyases and 6-4PP-photolyases repairing mechanisms would provide a clearer
understanding of KO's protection against UV-induced DNA damage and apoptosis. These
investigations will enhance our understanding of KO's potential as a skin-protective agent.

Previous studies have reported KO's antioxidant and anti-inflammatory effects on human
immortalized keratinocyte lines [14]. KO's potential to regulate ECM proteins and protect the skin
through its antioxidant activity and anti-inflammatory effects was supported by its ability to suppress
skin inflammation in NC/Nga mice using a phospholipid-enriched alkyl phospholipid from krill [15].
As a non-enzymatic antioxidant, KO builds an antioxidant defense network, protecting cells and
tissues from ROS and benefiting skin health. In this study, we observed KO's concentration-
dependent free radical scavenging activity. Furthermore, KO administration improved the UVB-
induced decrease in GSH contents by upregulating GSH reductase mRNA expression. KO also
inhibited UVB-induced lipid peroxidation and superoxide anion production through the
transcriptional regulation of NOX2. The observed results, confirmed through immunohistochemical
analysis using NT and 4-HNE staining, suggest that KO's antioxidant activity plays a significant role.
Additionally, increased ROS due to UV exposure can activate the MAPK (mitogen-activated protein
kinase) signaling pathway, leading to the activation of AP-1 (activated protein-1) and subsequently
promoting the expression of MMPs (matrix metalloproteinases), which can strongly contribute to the
breakdown of ECM proteins like collagen and elastin [24-27]. Indeed, the increased MMPs due to UV
radiation can promote the degradation of ECM proteins and ultimately lead to the formation of skin
wrinkles and photoaging [27]. While our study did not directly investigate the UV-induced MAPK
pathway and AP-1 activation, we observed that KO's antioxidant activity effectively suppressed the
mRNA expression of MMP-1, MMP-9, and MMP-13. This inhibition contributed to the regulation of
ECM proteins and directly prevented the formation of skin wrinkles, as evidenced by mean length
and depth of wrinkles.

Human skin contains 28 different types of MMPs, including collagenases (MMP-1 and MMP-13)
and a gelatinase (MMP-9), which increase with UV exposure [28]. MMP-1 and MMP-13 not only
promote ECM collagen degradation but also reduce collagen density in the dermal layer [26,29]. Our
study demonstrated that KO reduced UVB-induced MMP-1 activity in HDF cells, indicating its
potential to inhibit ECM collagen degradation. Moreover, KO suppressed the upregulation of MMP-
1, MMP-9, and MMP-13 gene expression in skin tissue induced by UVB, leading to improved skin
COL1 levels and COL1A1/2 expression. This suggests that KO may inhibit MMP expression, likely
through its effect on local inflammatory and neutrophil responses to UVB [30]. Such MMP
suppression could help maintain skin collagen levels and prevent excessive collagen degradation
linked to photoaging. Additionally, our findings show that UV radiation induces an inflammatory
response in the skin, with increased secretion of pro-inflammatory cytokine IL-1 and reduced
expression of anti-inflammatory cytokine IL-10. KO administration appears to regulate this
inflammatory state induced by UV, balancing pro- and anti-inflammatory cytokines, and
contributing to its anti-inflammatory effects and potential skin health benefits.

In response to UVB-induced skin injury, polymorphneutrophils (PMNs) and neutrophils are
recruited to the injured tissues through the action of oxygen metabolites [31]. MPO, released from
PMNs, is a cytotoxic enzyme that activates inflammation [32]. The reduction of neutrophils
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infiltrating into the skin tissue can be confirmed by assessing MPO activity [33]. Our study revealed
that KO alleviates the UVB-induced inflammatory state in the skin and directly inhibits MPO activity,
leading to reduced neutrophil recruitment to inflammatory sites [34]. These findings suggest that KO
administration modulates the inflammatory response induced by UVB exposure by decreasing MPO
activity and subsequently limiting neutrophil infiltration into the skin.

Skin aging often leads to a reduction in hyaluronic acid, a vital component responsible for
retaining water in the skin [35]. Fatty acids play a crucial role in maintaining skin hydration and
barrier integrity [10], while PUFA deficiency can increase water loss through the skin barrier [36].
Our study found that UVB exposure and aging downregulated the genes responsible for hyaluronic
acid synthesis (HAS1, HAS2, and HAS3) in the dermis [37]. However, oral administration of KO
reversed this downregulation, resulting in increased hyaluronic acid content in the skin. These results
suggest that KO enhances skin moisturization by promoting hyaluronic acid synthesis through
regulation of HAS genes in response to UVB-induced water loss.

This study was conducted with the objective of investigating the protective effects of KO against
UVB-induced skin photoaging. Existing literature has only offered limited insights into the potential
skin health advantages of KO, with two or fewer studies referencing it. Our investigation
demonstrated that oral administration of KO notably mitigated UVB-induced wrinkles, skin water
loss, collagen degradation, and skin edema, comparable to L-AA (100 mg/kg) at the same dosage.
These findings indicate the potential of KO as a functional product for preventing UVB-induced skin
photoaging and enhancing skin moisturization. However, further clinical studies are necessary to
comprehensively elucidate the diverse range of benefits provided by KO for skin health.

4. Materials and Methods
4.1. In Vitro
4.1.1. Preparation of KO

The commercial product of Antarctic KO (Superba™ Boost) was produced by Arker Biomarine
(Houston, TX, USA) and was supplied by SC Science (Goyang, Korea) for the study. KO extracted
Euphausia superba through steam heating followed by ethanol extraction. The solid particles were
separated through filtration and then refined by adding ion exchange resin and NaOH. The refined
KO was further processed at 60°C and 360 mmHg vapor pressure for 1 hour to remove ethanol. After
centrifugation, a secondary evaporation and filtration were conducted to produce the final product,
KO superbaTM Boost. The KO composition included 51.2% (wt/wt) phospholipids, comprising 44.9%
phosphatidylcholine, 3.6% 1-palmitoyl-2-hydroxy-glycero-3-phosphocholine, 2.1%
phosphatidylethanolamine, and 0.6% N-Acyl-phosphatidylethanolamine [21]. Additionally, EPA
and DHA contents were analyzed in the KO. Methanol-treated KO was subjected to sodium
hydroxide and boron trifluoride esterification, followed by dissolution in isooctane for analysis using
Gas Chromatography (GC). A gas chromatograph (Agilent, USA) equipped with an SP®-2560
capillary GC column (100 m x 0.25 mm, 0.20 um) and a Flame Ionization Detector (GC/FID) was used.
Helium was employed as the carrier gas at a flow rate of 0.75 mL/min with a split ratio of 200:1. The
injector and detector (FID) temperatures were set at 225°C and 285°C, respectively. The column
temperature was maintained at 100°C for 4 minutes, followed by an increase to 240°C at a rate of
3°C/min. Quantification was achieved by calculating the peak areas of each fatty acid obtained from
test and standard solutions, along with the peak area of internal standard substances. The EPA and
DHA contents in KO were determined to be 296 mg/g. The KO was stored at -20°C and utilized
consistently for in vitro and in vivo studies.

L-AA, RA, PP, and arbutin were purchased from Sigma-Aldrich (St. Louis, MO, USA), while
TGF-f1 was obtained from R&D Systems (Minneapolis, MN, USA). The treatment concentrations for
KO in this study were chosen as 0.25, 0.5, 1, 1.5, 2, 4, and 8 mg/ml, based on previously established
conditions in our laboratory [38,39]. Similarly, the treatment concentrations for the standard
references, L-AA (1 mg/ml), PP (10 uM), RA (1 uM), TGF-f1 (10 ng/ml), and arbutin (2 mM), were
selected based on our previous reports[38,39], for use in the current experiment.
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4.1.2. Cell Cultures

HaCaT (PCS-200-011) and B16/F10 melanoma (CRL-6475) cells were procured from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured following the
manufacturer's protocols. The cells were maintained in Dulbecco's modified Eagle's medium
(DMEM,; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS;
Lonza, Walkersville, MD, USA), 100 pug/mL streptomycin, and 100 U/ml penicillin (Sigma-Aldrich,
St. Louis, MO, USA). For B16/F10 murine melanoma cells, 2 mM L-glutamine (Sigma-Aldrich, St.
Louis, MO, USA) was additionally added to the culture medium. HDF cell lines (PCS-201-010) were
also obtained from ATCC (Manassas, VA, USA) and cultured in fibroblast basal medium (FBM; PCS-
201-030, ATCC, Manassas, VA, USA) supplemented with FBM low serum kit (PCS-201-041; ATCC,
Manassas, VA, USA). For treatments, FBM serum-free kit (PCS-201-040; ATCC, Manassas, VA, USA)
was used. All cells were cultured at 37°C in a fully humidified atmosphere with 5% CO2 using a
commercial CO2 incubator (Model 311, Thermo Forma, Marietta, OH, USA) and were passaged
approximately every other day.

4.1.3. Cell Viability Assay

HaCaT, HDF, and B16/F10 cells were seeded at 1 x 105 cells/well in 96-well plates and exposed
to various concentrations of KO (0.25, 0.5, 1, 1.5, 2, 4, and 8 mg/ml) for 48 hours. Cell viability was
assessed using MTT reagent (Sigma-Aldrich, St. Louis, MO, USA) with a concentration of 2 mg/ml.
The plates were then incubated in a CO:z incubator at 37°C for 2 hours. To measure the cell viability,
the absorbance (optical density, OD) of the wells at 450 nm was recorded using a microplate reader
(Sunrise, TECAN, Mannedorf, Switzerland). The relative cell viability (%) was calculated as [(ODs /
ODc) x 100], where ODs represents the absorbance of the sample at 450 nm, and ODc is the
absorbance of the vehicle control at 450 nm. The results were expressed in terms of IC50, which
indicates the concentration at which cell viability reaches 50% of the control.

4.1.4. DPPH Radical Scavenging Activity Test

Samples were diluted with distilled water to achieve final KO concentrations of 0.25 to 8§ mg/ml
or a final L-AA concentration of 1 mg/ml. The DPPH radical scavenging activity was measured at 517
nm using a UV/Vis spectrophotometer after 10 minutes. The results were reported as IC50,
representing the concentration required to reduce 50% of DPPH. L-AA at 1 mg/ml served as the
positive control.

4.1.5. Elastase Inhibition Assay

The elastase inhibition assay measured the release of p-nitroaniline due to proteolysis of N-
succinyl-(Ala)3-p-nitroanilide by human leucocyte elastase (Sigma-Aldrich, St. Louis, MO, USA) [40].
KO was tested at concentrations ranging from 0.25 to 8 mg/ml, while PP at 10 uM served as the
standard. Elastase inhibitory activity was measured at 410 nm using a 96-well microplate reader. The
results were reported as IC50, representing the concentration at which the percentage inhibition of
elastase activity was 50%.

4.1.6. Procollagen Content Test.

HDF cells were cultured in 24-well plates and treated with 50 pug/ml medium containing various
concentrations of KO (0.25 to 8 mg/ml) or TGF-1 at 10 ng/ml. Procollagen contents in the culture
supernatant were measured using a Procollagen type I-c-peptide (PIP) ELISA kit. The results were
reported as EC50, representing the concentration at which the percentage increase in HDF cell
procollagen synthesis was 2-fold higher.
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4.1.7. MMP-1 Inhibition Test

The assay was conducted using a fluorescence microplate reader (RF-5301PC; Shimadzu Corp.,
Tokyo, Japan) following modified methods of Losso et al. [41]. HDF cells were treated with 50 pg/ml
of KO (0.25 to 8 mg/ml) or 1 uM of RA in the absence or presence of UVB (5 mJ/cm?) for 2 minutes.
Total MMP-1 protein levels in the cell culture supernatants were quantified using the Human Total
MMP-1 ELISA kit (DY901; R&D Systems, Minneapolis, MN, USA). The results were reported as IC50,
representing the concentration at which the percentage inhibition of UVB-induced HDF cell MMP-1
expressions was 50%.

4.1.8. Hyaluronan Production Assay

HaCaT cells (4 x 104 cells/well) were treated with KO (0.25-8 mg/ml) or 1 uM of RA for 24 hours.
Hyaluronan synthesis was quantified using the Hyaluronan ELISA kit (DY3614, R&D Systems).
Results were normalized based on total protein content. The relative hyaluronan synthesis (%) was
calculated as [(Hyaluronan contents in experimental sample / Hyaluronan contents in unexposed
control) x 100]. The results were reported as EC50, representing the concentration at which the
percentage increase in hyaluronan synthesis was 2-fold higher.

4.2. In Vivo

A total of 66 SPF/VAF Outbred SKH1-hr hairless female mice (OrientBio, Seungnam, Korea)
were obtained. After a 7-day acclimation period, mice with normal skin and stable body weight
(average 24.91+1.14 g, range: 22.60 ~ 27.00 g) were divided into 6 groups, with 10 mice per group. The
animal experiment was conducted with prior approval from the Institutional Animal Care and Use
Committee of Daegu Haany University. [Approval No. DHU2021-070, August 18, 2021].

4.2.1. Preparation of Experimental Group

The mice were divided into a total of 6 groups, with 10 mice per group: 1) Normal control group
(no UVB exposure; administered sterile distilled water orally); 2) UVB control group (UVB exposure
control; administered sterile distilled water orally); 3) L-AA group (UVB exposure and L-AA 100
mg/kg oral administration); 4) KO100 group (UVB exposure and KO 100 mg/kg oral administration);
5) KO200 group (UVB exposure and KO 200 mg/kg oral administration); and 6) KO400 group (UVB
exposure and KO 400 mg/kg oral administration).

4.2.2. Skin Photoaging

Following the methods used in previous studies [42,43], a UV Crosslinker system (CL-1000M,
Analytik Jena, Upland, CA, USA) emitting wavelengths of 254 nm, 312 nm, and 365 nm (with 312 nm
as the main wavelength) was used to induce skin photoaging in hairless mice. The mice were exposed
to UVB at a dose of 0.18 J/cm?, three times per week, for 15 weeks. For the normal control group, the
same environment stress was applied by leaving the UV Crosslinker system powered off under the
same conditions for the same duration.

4.2.3. Experimental Substances and Administration

The experiment substances were prepared by dissolving KO at concentrations of 40, 20, and 10
mg/ml in sterile distilled water. They were administered orally using a metal gavage needle attached
to a 1 ml syringe at doses of 10 ml/kg (100, 200, and 400 mg/kg) daily for 105 days, 1 hour after UVB
exposure. L-AA was also dissolved in sterile distilled water at a concentration of 10 mg/ml and
administered orally at a dose of 10 ml/kg (10 mg/kg) daily for 105 days, 1 hour after UVB exposure.
In the normal control and UVB control groups, only sterile distilled water was administered orally at
the same volume and duration as the experimental substances to apply the same handling stress. The
experimental substances were prepared at least once a week and stored in a refrigerator at 4°C until
use.
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4.2.4. Antioxidant and Anti-Inflammatory

One week before UVB irradiation, the body weight of hairless mice was measured at one-week
intervals. On the final sacrifice day, replicas of the skin near the dorsal back were collected to measure
the average length and depth of formed wrinkles. The skin weight per unit area (6mm in diameter)
was measured to assess skin edema. Changes in MPO activity, proinflammatory cytokines (IL-1p and
IL-10) levels, along with histopathological changes, were measured to evaluate the anti-inflammatory
effect. Modifications in the levels of glutathione (GSH), the extent of lipid peroxidation, the
generation of superoxide anions, and the mRNA expression of Nox2 (gp91phox) and GSH reductase
were monitored through real-time reverse transcription polymerase chain reaction (RT-PCR) analysis
to assess alterations in the antioxidant defense systems. Moreover, RT-PCR was employed to detect
variations in the mRNA expression of TGF-$31, p38 MAPK, AKT, MMP-1, MMP-9, and MMP-13. The
primer sequences utilized for the RT-PCR are provided in Table S1. Immunoreactivity of MMP-9 in
the dermis, and immunoreactivity of apoptosis markers - caspase-3 and PARP in epidermal
keratinocytes were also observed.

4.2.5. Moisturizing

The moisture content, COL1, and hyaluronan levels near the dorsal back skin (6mm in diameter) of
hairless mice were observed using RT-PCR to assess the moisturizing effect. The mRNA expression of
hyaluronan synthesis-related genes Hasl, Has2, and Has3, as well as collagen synthesis-related genes
COL1A1 and COL1A2, were measured to evaluate the effects on hyaluronan and collagen synthesis.

4.2.6. Anti-Wrinkle

The number of microfold wrinkles formed on the skin tissue surface, average epidermal
thickness, the number of infiltrating inflammatory cells in the dermis, and the percentage of collagen
fibers in the dermis (%/mm?) were measured using histomorphometrical analysis with a tissue
processing camera and an automated video analysis system. The number of immunoreactive cells
(NT, 4-HNE, cleaved caspase-3, and PARP) per 100 epithelial cells, as well as the percentage of MMP-
9 immunoreactive area in the dermis (%/mm?), were also quantified using the same method [42,43].

4.3. Statistical Analyses

All collected data were presented as mean + SD. In vitro and in vivo data were subjected to multiple
comparison tests, including the Levene test to assess variance homogeneity. One-way ANOVA followed
by Tukey's HSD test was applied to data with no significant deviations from variance homogeneity, while
Dunnett's T3 test was used for data with significant deviations. Nonparametric comparisons were
performed using the Kruskal-Wallis H test and Mann-Whitney u test. Statistical significance was
considered for p-values < 0.05. Statistical analysis was conducted using SPSS for Windows (Release 27.0).

5. Conclusions

In this investigation, we assessed KO's potential in mitigating UVB-induced skin photoaging.
Our experimental outcomes demonstrated that oral administration of KO significantly attenuated
UVB-induced wrinkle formation, skin water loss, and collagen degradation. These advantageous
effects were attributed to the anti-inflammatory, anti-apoptotic, and antioxidant properties inherent
in KO, which exhibited similarity to L-AA (100 mg/kg) at an equivalent oral dose level. Given these
compelling results, KO emerges as a promising therapeutic candidate or natural resource for the
development of functional products targeted at preventing skin photoaging.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: GC analysis of KO for EPA+DHA contents; Table S1. Primer sequences
for real-time RT-PCR.
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