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Abstract This study aims to explore the impact of Krill Oil
(KO, Superba™ Boost) on skin moisturization regulation. The
research involved five groups: an intact control, a reference group
(L-AA 100 mg/kg), and KO groups (400, 200, and 100 mg/kg),
each comprising ten mice. Oral administration was conducted for
8 weeks (56 days), during which changes in body weight, hyaluronan,
collagen type 1 (COL1), transforming growth factor-p1 (TGF-f1),
ceramide, and water contents were analyzed in dorsal back skin
tissue. Real-time PCR was employed to assess gene expression
related to hyaluronic acid synthesis (HAS1, HAS2, HAS3), COL1
synthesis (COLI1A1 and COLIA2), and TGF-51. Results demonstrated
that KO administration significantly increased hyaluronan content,
hyaluronic acid synthesis (HASI, HAS2, HAS3), COL1 content,
COLI1 synthesis (COL1AI and COL1A2), TGF-B1 content, TGF-
B1 mRNA expression, ceramide content, and water content in a
concentration-dependent manner compared to the intact control.
Importantly, no discernible disparities were noted between the KO
and L-AA groups, even though they received equivalent oral
dosages. This study accentuates the potential utility of exogenous
KO in the regulation of skin moisture, thus positioning it as a
promising avenue for the development of nutricosmetics. Future
research endeavors should delve into the role of KO in
safeguarding against both intrinsic and extrinsic aging-related skin
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manifestations, as well as its potential to ameliorate skin wrinkles,
in conjunction with its moisturizing attributes.
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Introduction

The skin is composed of three layers: epidermis, dermis, and
subcutaneous tissue. The outermost layer of the epidermis, known
as the stratum corneum, is recognized to play a crucial role in
regulating skin water barrier homeostasis and water-holding
capacity [1]. The stratum corneum is comprised of three major
lipids: ceramides, cholesterol, and free fatty acids [2], which
notably differ from the lipids found in the cell membranes of
living cells [3]. Ceramides, constituting 35-40% of the key
structural components of these lipids, particularly contribute to
moisture maintenance. As a result, a deficiency or loss of
ceramides in the skin can lead to a nonfunctional hydrolipidic
barrier [4] and it has been suggested that the ceramides produced
can influence the improvement of hydration in dry skin [5, 6].
While ceramides are naturally produced within the body, it is
anticipated that they can also be effectively obtained from
nutricosmetic products.

Recently, along with ceramides, a component of the epidermal
intercellular cement, unsaturated fatty acids have been proposed to
contribute to the prevention of trans-epidermal water loss [7].
Kendall and colleagues speculated that docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) could influence the
ceramide profile in the epidermis and dermis, thereby potentially
contributing to a robust lipid barrier and ceramide-mediated
regulation of skin function [8]. Essential fatty acids like DHA and
EPA, which are not synthesized within the human body, must be
supplied through the diet as their source.

Omega-3 fatty acids (O3FA) consist of alpha-linolenic acid
(ALA) and two active metabolites, namely DHA and EPA. While
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ALA is found in vegetable oils, walnuts, flaxseeds, and soy
products as an essential nutrient, marine-derived products such as
fish oil (FO) and krill oil (KO) rich in DHA and EPA have gained
attention in the market due to the limited ability of the human
body to convert ALA into DHA and EPA after consumption [9].
Particularly, KO has been reported to have higher bioavailability
of O3FA compared to FO [10,11], suggesting its potential superiority
in enhancing a robust lipid barrier and ceramide-mediated
regulation of skin function when compared to FO. Watanabe and
colleagues analyzed the correlation between skin hydroxyceramide
and plasma total plasmalogen, plasma total alkyl phospholipid,
and plasma total phospholipid through the administration of KO
and FO using the NC/Nga mice model. Their findings revealed
significant correlations of »=0.615 (p =0.002) for plasma total
plasmalogen and »=0.655 (p<0.001) for plasma total alkyl
phospholipid, indicating that KO could potentially fortify the
stratum corneum lipid barrier more effectively than FO [12].
Furthermore, our preliminary research has shown that KO
administration, when compared to 100 mg/kg of Vitamin C (L-
ascorbic acid, L-AA), leads to improvements in skin COLI
contents, hyaluronic acid contents, and skin water contents
following UV irradiation (unpublished) [13]. This suggests that
KO could not only enhance diminished skin moisturization caused
by intrinsic and extrinsic skin aging but also provide protective
effects in skin moisturization.

The purpose of this study is to investigate the skin moisturizing
effects induced by KO (Superba™ Boost) in normal ICR mice,
without artificially inducing intrinsic and extrinsic aging. Additionally,
the study evaluates the potential of KO as a nutricosmetic product
through comparison with well-established L-AA, known for its
functions in enhancing keratinocyte differentiation, reducing
differentiation-dependent oxidative stress, and maintaining skin
barrier integrity, ultimately aiding in the prevention of skin water
loss [14,15].

acclimqlizalion

Materials and Methods

Krill oil (KO) preparation

The Antarctic KO commercial product (Superba™ Boost) was
manufactured by Arker BioMarine (Houston, TX, USA) and
obtained from SC Science (Goyang, Korea) for this investigation.
The extraction process of KO from Euphausia superba involved
steam heating followed by ethanol extraction. Filtration separated
solid particles, subsequently refined through the addition of ion
exchange resin and NaOH. Further processing of the refined KO
occurred at 60 °C and 360 mmHg vapor pressure for 1 hour to
eliminate ethanol after centrifugation. A secondary evaporation
and filtration were performed, resulting in the final product, KO
(Superba™ Boost). The composition of KO included 51.2% (wt/
wt) phospholipids, consisting of 44.9% phosphatidylcholine, 3.6%
1-palmitoyl-2-hydroxy-glycero-3-phosphocholine, 2.1% phospha-
tidylethanolamine, and 0.6% N-Acyl-phosphatidylethanolamine.
EPA and DHA contents were quantified in KO. The outcomes of
the KO test material were juxtaposed against those of L-AA
administered at 100 mg/kg (Fig. 1). This comparison was
conducted, considering the well-documented skin moisturizing
effects demonstrated by L-AA in an in vivo context, a notion
corroborated by the current experiment.

Gas Chromatography (GC) analysis

Methanol-treated KO underwent sodium hydroxide and boron
trifluoride esterification, followed by dissolution in isooctane for
Gas Chromatography (GC) analysis. An Agilent gas chromatograph
with an SP®-2560 capillary GC column (100 mx0.25 mm, 0.20
um) and a Flame Ionization Detector (GC/FID) was employed.
Helium served as the carrier gas with a flow rate of 0.75 mL/min
and a split ratio of 200:1. Injector and detector (FID) temperatures
were set at 225 and 285 °C, respectively. The column temperature
commenced at 100 °C for 4 min, then increased to 240 °C at 3 °C/
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Fig. 2 Gas chromatography analysis of KO (Superba™ Boost) for EPA and DHA contents

min. Quantification involved calculating peak areas of fatty acids
from test and standard solutions, alongside internal standard
substance peak areas. KO’s EPA and DHA contents were
determined as 296 mg/g (Fig. 2). It was dissolved in distilled
water and stored at —20 °C. Substances such as L-AA, RA, PP,
and arbutin were procured from Sigma-Aldrich (St. Louis, MO,
USA), while TGF-B1 was sourced from R&D Systems (Minneapolis,
MN, USA).

Experimental animals

A total of 80 healthy male SPF/VAF Outbred CrljOri:CD1[ICR]
mice (OrientBio, Seongnam, Korea) were employed for the study.
Following a 7-day acclimatization period, the mice were categorized
into 5 groups, each comprising 10 mice, based on their body
weight (average 31.7541.42 g, range 29.50 to 34.20 g). The
animal experiment adhered to the ethical guidelines of Daegu
Haany University (Approval No. DHU2021-107, December 09,
2021). The mice were grouped as follows: Normal Medium
Control Group (Control group with medium, oral administration
of sterilized distilled water 10 mL/kg), L-AA Group (Group
receiving oral administration of L-AA 100 mg/kg), KO 400 Group
(High-dose experimental group receiving oral administration of KO
400 mg/kg), KO 200 Group (Intermediate-dose experimental
group receiving oral administration of KO 200 mg/kg), and KO
100 Group (Low-dose experimental group receiving oral administration
of KO 400 mg/kg).

Experimental Substance and Administration

KO was dissolved in sterilized distilled water to generate
concentrations of 40, 20, and 10 mg/mL. Employing a metal
cannula affixed to a 1 mL syringe, doses of 10 mL/kg (400, 200,
and 100 mg/kg) were administered orally once daily over an 8-
week span, encompassing 56 days. Similarly, L-AA was dissolved
in sterilized distilled water to establish a concentration of 10 mg/
mL, and doses of 10 mL/kg (100 mg/kg) were orally administered
once daily for the same 56-day duration. The selection of dosage
levels for KO (400, 200, and 100 mg/kg) was guided by preceding
efficacy evaluation experiments employing a hairless mouse
model for UVB-induced skin photoaging, akin to previous studies
conducted by the authors (unpublished) [13]. The determination
of the L-AA dosage (100 mg/kg) was predicated on prior in vivo
experimental findings reported by other researchers [16-18]. To
ensure consistent stress conditions within the normal medium
control group, sterilized distilled water (medium) was orally
administered at an equivalent volume of 10 mL/kg for the same
duration, rather than the experimental substances. The experimental
agents were prepared at least once weekly and stored in a
refrigerator at 4 °C until usage.

Observation parameters

Alterations in body weight and weight gain, levels of skin moisture
within a 6 mm diameter region post-shaving on the dorsal side,
fluctuations in TGF-B1, ceramide, COL1, and hyaluronan contents
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Table 1 Primer sequences for real-time RT-PCR

Target 5-3' Sequence NCBI accession No.
Has | Antsene AGGAGGGCGTCTCCGAGTA NM_008215
Has 2 Antsene ACGCTGCTGAGGAAGGAGATC. NMLO0S216
Has 3 Antsene TAATGGCCAGATACAGCATGAG NM_008217
COLIAI Antsene CITCACCCTIAGEACCAAC | NML007742
coLiA2 Antsene CTaaTCCTGOTAGT NML007743
TGr-pi Antiense GACGTCAAAAGACAGCCACTCA. NC_000073
practn Antnese AAGCCATGLCAATGTTGICT NM_007393

within skin tissue, as well as modifications in gene expression
patterns revealed via real-time RT-PCR for TGF-f1, genes related
to hyaluronan synthesis (Has 1, Has 2, and Has 3), and genes
associated with collagen synthesis (COLIAI and COLIA2) are
documented in Table 1.

Measurement equipment and Kkits

For the determination of moisture content, an automated moisture
analyzers balance (MB23, Ohaus, Pine Brook, NJ, USA) was
employed. To quantify TGF-f1 levels, the Mouse TGF-1 ELISA
Kit (MBS175818, MyBioSource, San Diego, CA, USA) was
utilized. The evaluation of ceramide levels was accomplished by
combining the Quick Start™ Bradford Protein Assay Kit (Cat No.
5000201 Bio-Rad, Hercules, CA, USA) with the anti-ceramide
antibody (Cat. No. C8104, Sigma-Aldrich). The assessment of
COLI1 levels involved the use of the Pro-COL1 C Peptide Assay
Kit (Cat No. MK101, Takara Bio, Tokyo, Japan). To measure
hyaluronan levels, the Mouse Hyaluronic Acid ELISA Kit (Cat
No. MBS161603, MyBioSource) was employed. Real-time RT-
PCR analysis was conducted using the DNA-free DNA Removal
kit (Cat No. AM1906, Thermo Fisher Scientific Inc., Rockford,
IL, USA), the High-Capacity cDNA Reverse Transcription Kit
(Cat. No. 4368813, Thermo Fisher Scientific Inc.), and the
CFX96TM Real-Time System (Bio-Rad). Additionally, primers
were utilized for the amplification of TGF-B1, Has 1, Has 2, and
Has 3, COL1A1, COL1A2, and B-actin genes (Table 1).

Statistical analysis

All measurements were presented as the mean =+ standard
deviation (SD) for a sample size of 10 mice per group. Multiple
comparison tests were performed on the samples treated with
different concentrations. The homogeneity of variances was
assessed using the Levene test. If the Levene test showed no

significant deviations from homogeneity of variances, the collected
data were subjected to one-way analysis of variance, followed by
Tukey’s honest significant difference test. This was done to
identify pairs of group comparisons that exhibited significant
differences. In cases where significant deviations from variance
homogeneity were observed in the Levene test, the Dunnett’s T3
test was applied to identify significantly different pairs of group
comparisons. Statistical significance was considered when p
<0.05. The statistical analyses were conducted using SPSS for
Windows (Release 18.0, SPSS Inc., Chicago, IL, USA).

—@— Intact vehicle control mice

—O— L-AA 100 mg/kg administered mice

—¥— KO 400 mg/kg administered mice

—A— KO 200 mg/kg administered mice
40 7 —— KO 100 mg/kg administered mice

38 1
36 1
34 1

32 1

Body weights (g)

30 1 T

28 1

26 -

-1 0 1 7 14 21 28 35 42 49 55 56

Days after test article administration

Fig. 3 Bodyweight changes on the days after intact vehicle and oral
administration. The mice oral administration or not for 56 days. L-AA
(100 mg/kg) or KO (400, 200, and 100 mg/kg) was orally administrated
once a day for 56 days. All mice were overnight fasted prior to both first
administration and sacrifice (f). The body weights were measured every
week. Data are presented as mean + SD (n=10, significance compared
with intact control)
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Results and Discussion

Effects of KO on body weight change
Before the initial administration of the test substance and at the
time of termination, all animals were subjected to an overnight
fasting period lasting approximately 18 hours, during which they
had access to water. This fasting strategy was implemented to
reduce potential variations arising from individual feeding patterns
followed by our previous study [19]. The body weight gains
during the 56-day experimental period were calculated using the
following equation.

Body weight gains (g)=(body weight at sacrifice) — (body
weights at the day of initial test material administration) [19]

The average weight of the intact control group was 31.74+
1.42 g one day prior to oral administration, and it decreased to
28.7241.47 g on the fasting day at the onset of administration
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(Day 0). The average weight of the intact control group gradually
increased, reaching an average of 32.58+1.51 g on the final day of
administration (Day 56) (Fig. 3). There were no significant
differences detected in body weight when comparing the
administration of L-AA with the intact control group. The
administration of L-AA or KO did not result in significant
differences in body weight changes compared to the intact control

group.

Effects of KO on skin hyaluronic acid and COL1 change

Hyaluronic acid and COL1 are recognized as key molecules in
maintaining skin moisture and play a significant physiological role
in regulating skin's moisture homeostasis as extracellular matrix
components. Both KO and L-AA demonstrated a significant
increase in hyaluronan contents and skin COL1 compared to the
intact control group (Fig. 4A, B). Furthermore, the mRNA
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Fig. 4 Effects of KO on hyaluronan (A) and COL1 (B) contents in dorsal back skin tissues. Results are presented as mean + SD (n =10, significant
difference vs. intact control; **p <0.01). L-AA, L-Ascorbic acid (reference). KO, Krill oil (Superba™ Boost). COL1, Collagen type I
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Fig. 5 Effects of KO on hyaluronic acid synthesis (HAS1, HAS2, and HAS3) (A) and COL1 synthesis (COL1A1 and COL1A2) (B) gene expression in
dorsal back skin tissues. mRNA expression levels were quantified through real-time PCR analysis. The data are normalized to intact/B-actin and
presented as mean + SD (n=10, significant difference vs. intact control; **p <0.01). L-AA, L-Ascorbic acid (reference). KO, Krill oil (Superba™

Boost). COL1, Collagen type |

expression of genes associated with hyaluronic acid synthesis
(HAS) and COL1 (COL1A) significantly increased with both KO
and L-AA, compared to the intact control group (Fig. 5A, B).
The most prominent characteristic observed in skin aging and
environmental stress is the decrease in hyaluronic acid levels,
leading to impaired skin moisture retention due to the degradation
of the ability to maintain water molecules within the skin [20].
Therefore, replenishing hyaluronic acid intake is suggested to aid
in the recovery of moisture loss in the stratum corneum of the face
[21] Consequently, the increased synthesis of hyaluronic acid
(HAS1, HAS2, and HAS3) by KO is deemed to make a substantial
contribution to assisting in moisture recovery. This assessment is
grounded in the fact that intrinsic and extrinsic skin aging results
in the downregulation of HAS2 gene expression in skin fibroblasts,

leading to decreased hyaluronic acid synthesis [22]. As a result,
the contribution of mediators such as hyaluronic acid and KO in
nutricosmetics designed for hyaluronic acid synthesis is of
significant consideration in the market. Although we did not
observe improvements in reduced hyaluronic acid due to skin
aging and environmental stress through oral administration of KO,
our verification of increased hyaluronic acid synthesis and hyaluronan
contents in normal skin tissue following KO administration
unmistakably confirms the potential for enhancing skin moisture
maintenance attributed to hyaluronic acid synthesis, which
regulates the behavior of epithelial cells and fibroblasts [23].
Furthermore, the degradation of hyaluronic acid in the human
body is reported to be a result of oxidative damage caused by
reactive oxygen species [24,25]. Therefore, it is speculated that
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KO administration might effectively regulate the inhibition of
oxidative stress, potentially leading to the improvement of hyaluronic
acid synthesis and function. This prediction is grounded in the fact
that metabolites of O3FA (such as epidermal 15-lipoxygenase
transforming EPA into 15-hydroxyeicosapentaenoic acid; 15-
HEPE and DHA into 17-hydroxydocosahexaenoic acid; 17-
HDoHE) can accumulate in the normal epidermis following KO
consumption [26].

The hydration brought about by hyaluronic acid is known to
transduce the structure of collagen fibrils. Particularly, type I
collagen, being a major component responsible for forming a
physical barrier between the skin's environment and body fluids,
equips the skin with the capacity to resist water loss [27]. It is
commonly recommended by experts to supply marine-derived
fish collagen for the provision of type I collagen due to its

relevance. This is because the primary collagen type in fish
collagen is type I collagen. The primary fatty acids in type |
collagen are reported to be palmitic acid (C16:0), oleic acid
(C18:1), and DHA (C22:6) [28]. Hence, the intake of fatty acids
is believed to contribute to the increase in skin COL1 contents and
COL1 synthesis. Consistently, our current study’s outcomes reveal
that the administration of KO in normal mice results in the
increase of skin COLI1 contents and COL1 synthesis, indicating
that KO’s higher bioavailability of O3FA [10,11] likely contributes
to the alteration of the structure of collagen fibrils due to hydration.
Cho and colleagues [29] reported that administration of collagen
peptide reduced hyaluronic acid degradation, HAS2 mRNA expression,
improved skin hydration, and inhibited water loss in the skin of
UVB-irradiated SKH-1 mice. This suggests that hydration, driven
by the crosstalk between collagen and hyaluronic acid, likely
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Fig. 7 Effects of KO on ceramide contents (A) and water contents (B) in dorsal back skin tissues

inhibits water loss through alterations in the structure of collagen
fibrils. The crosstalk between collagen and hyaluronic acid might
be attributed to increased hyaluronic acid synthesis and skin
hyaluronan contents resulting from the fatty acids that constitute
collagen. Consequently, this interplay is believed to bring about
changes in the structure of collagen fibrils, contributing to the
inhibition of water loss.

Effects of KO on skin TGF-1 contents and 7GF-pI mRNA
expression in skin tissue
TGF-B promotes collagen formation through various cellular
functions [30], and TGF-B1 is known to stimulate the synthesis of
hyaluronan via HAS I and HAS 2 mRNA expression [31,32]. KO
and L-AA exhibited a significant increase in skin TGF-B1
contents and TGF-1 mRNA expression compared to the intact
control group (Fig. 6A, B).

Previous studies have documented that healthy epidermis

generally exhibits a certain level of TGF-f1 expression and a
predominant presence of TGF-S3 at the basal cellular layer.
Notably, during wound healing, TGF-S1 expression plays a
pivotal role in fibroblasts through TGF-f signaling [33,34].
Interestingly, in the present study, exogenous KO and L-AA led to
an increase in TGF-f1 gene expression in skin tissue, supported
by the elevation in skin TGF-B1 contents. This suggests that KO
contributed to epithelial homeostasis maintenance. Dysregulation
of the TGF-B signaling pathway could lead to unrestrained
proliferation of epithelial cells and promote malignant transformation
[35]. However, in line with our findings, up-regulation of TGF-3
can potentially mitigate malignant transformation [36]. Particularly,
the up-regulated 7GF-f1 induced by exogenous KO in our study
is inferred to have influenced not only the increase in HAS mRNA
expression and skin hyaluronan contents in normal skin but also
the promotion of collagen formation. Although the precise
relationship between KO’s essential fatty acids and TGF-f
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remains unclear, the potential modulation of TGF-f1 by O3FA
has been reported selectively in various cell types [37], suggesting
the need for further research on exogenous O3FA and epithelial
homeostasis.

Effects of KO on skin ceramide contents and skin water
contents

Ceramides constitute a significant component of the stratum
corneum [2], and contribute to moisture maintenance [5,6]. Given
that ceramides are produced endogenously, the potential impact of
exogenous nutricosmetics on changes in skin ceramide and skin
water contents has not been conclusively established. However,
through this study, it has been observed that the administration of
KO significantly increases skin ceramide and skin water contents
compared to the intact control group (Fig. 7A, B). Furthermore,
there were no notable differences between the KO-administered
group and the L-AA-administered group when considering an
equal oral dosage.

The increase in skin ceramide contents due to exogenous KO is
believed to have contributed to the enhancement of ceramide-
mediated regulation of skin function, resulting in the increased
skin water contents. This prediction is grounded in the potential
for changes in ceramide profile between the epidermis and dermis
caused by O3FA, leading to trans-epidermal water replenishment
[8] and hydration of dry skin through the generated ceramides
[5,6]. Moreover, through this study, we have confirmed the
increased contributions of KO to hyaluronic acid synthesis,
COLI1, and TGF-B1, all of which can influence changes in skin
water contents. This suggests that exogenous KO can effectively
regulate skin moisture.

Acknowledgment We express our heartfelt gratitude for the administrative
and technical assistance provided by the College of Korean Medicine at Daegu
Haany University and the College of Veterinary Medicine at Kyungpook
National University.

The authors declare no conflict of

Declaration of Conflict of interest
interest.

References

1. Bouwstra JA, Honeywell-Nguyen PL, Gooris GS, Ponec M (2003)
Structure of the skin barrier and its modulation by vesicular formulations.
Prog Lipid Res 42: 1-36. doi: 10.1016/s0163-7827(02)00028-0

2. Choi MJ, Maibach HI (2005) Role of ceramides in barrier function of
healthy and diseased skin. Am J Clin Dermatol 6: 215-223. doi:
10.2165/00128071-200506040-00002

3. Hammond SA, Tsonis C, Sellins K, Rushlow K, Scharton-Kersten T,
Colditz I, Glenn GM (2000) Transcutaneous immunization of domestic
animals: opportunities and challenges. Adv Drug Deliv Rev 43: 45-55.
doi: 10.1016/50169-409x(00)00076-4

4. Rawlings A (2003) Trends in stratum corneum research and the
management of dry skin conditions. Int J Cosmet Sci 25: 63-95. doi:
10.1046/j.1467-2494.2003.00174.x

5. Yilmaz E, Borchert H-H (2006) Effect of lipid-containing, positively

20.

21.

charged nanoemulsions on skin hydration, elasticity and erythema-An in
vivo study. Int J Pharm 307: 232-238. doi: 10.1016/j.ijpharm.2005.10.
002

. Imokawa G, Akasaki S, Minematsu Y, Kawai M (1989) Importance of

intercellular lipids in water-retention properties of the stratum corneum:
induction and recovery study of surfactant dry skin. Arch Dermatol Res
281: 45-51. doi: 10.1007/BF00424272

. Michalak M, Pierzak M, Krecisz B, Suliga E (2021) Bioactive

compounds for skin health: A review. Nutrients 13: 203. doi: 10.3390/
nul3010203

. Kendall AC, Kiezel-Tsugunova M, Brownbridge LC, Harwood JL,

Nicolaou A (2017) Lipid functions in skin: Differential effects of n-3
polyunsaturated fatty acids on cutaneous ceramides, in a human skin
organ culture model. Biochim Biophys Acta Biomember 1859: 1679—
1689. doi: 10.1016/j.bbamem.2017.03.016

. Thomsen BJ, Chow EY, Sapijaszko MJ (2020) The potential uses of

omega-3 fatty acids in dermatology: a review. J Cutan Med Surg 24:
481-494. doi: 10.1177/1203475420929925

Ulven SM, Kirkhus B, Lamglait A, Basu S, Elind E, Haider T, Berge K,
Vik H, Pedersen JI (2011) Metabolic effects of krill oil are essentially
similar to those of fish oil but at lower dose of EPA and DHA, in healthy
volunteers. Lipids 46: 37-46. doi: 10.1007/s11745-010-3490-4

Skorve J, Hilvo M, Vihervaara T, Burri L, Bohov P, Tillander V,
Bjerndal B, Suoniemi M, Laaksonen R, Ekroos K (2015) Fish oil and
krill oil differentially modify the liver and brain lipidome when fed to
mice. Lipids Health Dis 14: 1-12. doi: 10.1186/s12944-015-0086-2
Watanabe N, Suzuki T, Yamazaki Y, Sugiyama K, Koike S, Nishimukai
M (2019) Supplemental feeding of phospholipid-enriched alkyl
phospholipid from krill relieves spontaneous atopic dermatitis and
strengthens skin intercellular lipid barriers in NC/Nga mice. Biosci
Biotechnol Biochem 83: 717-727. doi: 10.1080/09168451.2018.1559024

. Kim J, Chun Y-S, Lee S-H, Lee N, Ku S-K (2023) Krill Oil’s protective

benefits against ultraviolet B-Induced skin photoaging in hairless mice
and in vitro experiments. Mar Drugs preprints: Unpublished. doi:
10.20944/preprints202308.0591.v1

Ponec M, Weerheim A, Kempenaar J, Mulder A, Gooris GS, Bouwstra
J, Mommaas AM (1997) The formation of competent barrier lipids in
reconstructed human epidermis requires the presence of vitamin C. J
Invest Dermatol 109: 348-355. doi: 10.1111/1523-1747.ep12336024

. Savini I, Rossi A, Duranti G, Avigliano L, Catani MV, Melino G (2002)

Characterization of keratinocyte differentiation induced by ascorbic acid:
protein kinase C involvement and vitamin C homeostasis. J Invest
Dermatol 118: 372-379. doi: 10.1046/j.0022-202x.2001.01624.x

Kim YG Sumiyoshi M, Sakanaka M, Kimura Y (2009) Effects of
ginseng saponins isolated from red ginseng on ultraviolet B-induced skin
aging in hairless mice. Eur J Pharmacol 602: 148-156. doi: 10.1016/
j-ejphar.2008.11.021

Viyoch J, Mahingsa K, Ingkaninan K (2012) Effects of Thai Musa
species on prevention of UVB-induced skin damage in mice. Food
Chem Toxicol 50: 4292—4301. doi: 10.1016/j.fct.2012.08.060

Gegotek A, Jarocka-Karpowicz I, Skrzydlewska E (2020) Cytoprotective
effect of ascorbic acid and rutin against oxidative changes in the
proteome of skin fibroblasts cultured in a three-dimensional system.
Nutrients 12: 1074. doi: 10.3390/nul12041074

Lee D-Y, Chun Y-S, Kim J-K, Lee J-O, Ku S-K, Shim S-M (2021)
Curcumin attenuates sarcopenia in chronic forced exercise executed aged
mice by regulating muscle degradation and protein synthesis with
antioxidant and anti-inflammatory effects. J Agric Food Chem 69: 6214—
6228. doi:10.1021/acs.jafc.1c00699

Papakonstantinou E, Roth M, Karakiulakis G (2012) Hyaluronic acid: A
key molecule in skin aging. Dermatoendocrinol 4: 253-258. doi:
10.4161/derm.21923

Sun Q, Wu J, Qian G Cheng H (2022) Effectiveness of dietary
supplement for skin moisturizing in healthy adults: a systematic review
and meta-analysis of randomized controlled trials. Front Nutr 9: 895192.



368

J Appl Biol Chem (2023) 66:49, 359-368

22.

23.

24.

25.

26.

27.

28.

29.

30.

doi: 10.3389/fnut.2022.895192

Wang Y, Lauer ME, Anand S, Mack JA, Maytin EV (2014) Hyaluronan
synthase 2 protects skin fibroblasts against apoptosis induced by
environmental stress. J Biol Chem 289: 32253-32265. doi: 10.1074/
jbc.M114.578377

Liang J, Jiang D, Noble PW (2016) Hyaluronan as a therapeutic target in
human diseases. Adv Drug Deliv Rev 97: 186-203. doi: 10.1016/
j.addr.2015.10.017

Fallacara A, Baldini E, Manfredini S, Vertuani S (2018) Hyaluronic acid
in the third millennium. Polymers (Basel) 10: 701. doi: 10.3390/
polym10070701

Bastow E, Byers S, Golub S, Clarkin C, Pitsillides A, Fosang A (2008)
Hyaluronan synthesis and degradation in cartilage and bone. Cell Mol
Life Sci 65: 395-413. doi: 10.1007/s00018-007-7360-z

Ziboh VA (1996) The significance of polyunsaturated fatty acids in
cutaneous biology. Lipids 31: S249-S253. doi:10.1007/BF02637085
Haverkamp RG, Sizeland KH, Wells HC, Kamma-Lorger C (2022)
Collagen dehydration. Int J Biol Macromol 216: 140-147. doi: 10.1016/
j-ijbiomac.2022.06.180

Son S-A, Shin ES, Park YM, Ma A, Yang H, Kim S, Shin T-S (2022)
Composition of Collagen Extracted from the Skin of Three Different
Varieties of Fish. J Korean Soc Food Sci Nutr 51: 71-81. doi: 10.3746/
jkfn.2022.51.1.71

Cho CH, Lim W, Sim W-J, Lim T-G (2023) Oral administration of
collagen peptide in SKH-1 mice suppress UVB-induced wrinkle and
dehydration through MAPK and MAPKK signaling pathways, in vitro
and in vivo evidence. Food Sci Biotechnol: 1-13. doi: 10.1007/s10068-
023-01362-6

Hu J-R, Choi B-R, Park H-R, Sung M-S, Yi H-Y, Kang S-J, Ku S-K,
Lee Y-J, Hu J-R, Choi B-R (2016) Skin tissue homogenate analysis for
ceramide and TGF-1 contents with TGF-1 mRNA expressions after
treatment of pomegranate concentrated solution and dried pomegranate

31.

32.

33.

34.

35.

36.

37.

concentrate powder in mice. J Korean Med 37: 1-9. doi: 10.13048/
jkm.16042

Sugiyama Y, Shimada A, Sayo T, Sakai S, Inoue S (1998) Putative
hyaluronan synthase mRNA are expressed in mouse skin and TGF-f
upregulates their expression in cultured human skin cells. J Invest
Dermatol 110: 116-121. doi: 10.1046/j.1523-1747.1998.00093 .x

Suzuki M, Asplund T, Yamashita H, Heldin C, Heldin P (1995)
Stimulation of hyaluronan biosynthesis by platelet-derived growth factor-
BB and transforming growth factor-f 1 involves activation of protein
kinase C. Biochem J 307: 817-821. doi: 10.1042/bj3070817

Kane CJ, Hebda PA, Mansbridge JN, Hanawalt PC (1991) Direct
evidence for spatial and temporal regulation of transforming growth
factor B1 expression during cutaneous wound healing. J Cell physiol
148: 157-173. doi: 10.1002/jcp.1041480119

Schmid P, Cox D, Bilbe G, McMaster G, Morrison C, Stihelin H,
Liischer N, Seiler W (1993) TGF-Bs and TGF-§ type II receptor in
human epidermis: differential expression in acute and chronic skin
wounds. J pathol 171: 191-197. doi: 10.1002/path.1711710307

Kim S-J, Im Y-H, Markowitz S, Bang Y-J (2000) Molecular mechanisms
of inactivation of TGF-B receptors during carcinogenesis. Cytokine
Growth Factor Rev 11: 159-168. doi: 10.1016/s1359-6101(99)00039-8
Rendi MH, Suh N, Lamph WW, Krajewski S, Reed JC, Heyman RA,
Berchuck A, Liby K, Risingsong R, Royce DB (2004) The selective
estrogen receptor modulator arzoxifene and the rexinoid LG100268
cooperate to promote transforming growth factor B-dependent apoptosis
in breast cancer. Cancer Res 64: 3566-3571. doi: 10.1158/0008-
5472.CAN-04-0234

Sharma A, Belna J, Espat J, Rodriguez G, Cannon VT, Hurteau JA
(2009) Effects of omega-3 fatty acids on components of the transforming
growth factor beta-1 pathway: implication for dietary modification and
prevention in ovarian cancer. Am J Obstet Gynecol 200: 516. el-6. doi:
10.1016/j.ajog.2008.12.023



