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GENERAL INTRODUCTION 

Skin provides an effective barrier between the organism and the environment by 

helping to reduce the risk of physical, chemical, and microbial damage. The skin mainly 

consists of epidermis and dermis. The epidermis is an outmost layer of the skin, 

contains keratinocytes, melanocytes, immune cells. Epidermal keratinocytes are divided 

from the basement membrane and move upward toward the skin surface. Corneocytes 

are terminally differentiated keratinocytes. The stratum corneum (SC), water 

holding-structure in surface layer of the skin, is composed of corneocytes and lamella 

lipids consisting of ceramides, long chain fatty acid and cholesterols. Corneocytes are 

covered by cross-linked and cornified envelope and support the epidermal structure. The 

dermis is a fibrous layer that supports the epidermis and keeps skin elasticity. Dermal 

connective structures form dense network and contain extracellular matrix (ECM), 

elastin and collagen fiber, hyaluronic acid (HA), glycosaminoglycans. 

Skin aging is mainly classified into two categories: photoaging and chronological 

aging. Ultraviolet (UV) irradiation is one of the major environmental factors that affects 

the structure and function of the skin. Long-term exposure to UV radiation, called 

photoaging, damages both the dermal and epidermal skin and leads to epidermal 

dryness, thickening (1) and mottled pigmentation (2), laxity (3), and wrinkling (4). 

Transient strong ultraviolet B (UVB) stimulation initiates an inflammatory response in 

the epidermis, resulting in the induction of rough skin and barrier dysfunction (5), and 

reaches to the dermis, resulting in the degeneration of collagenous and elastic fibers 

which induce a decline in skin elasticity, wrinkle formation, and sagging. 

Chronological aging, or so-called “physiological aging,” indicates natural 

age-induced intrinsic changes. Chronologically aged skin is characterized by dry skin, 
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atrophy, laxity, and wrinkling. As skin ages, the rate of keratinocyte differentiation 

slows down, and the reduced cell number induces epidermal thinning and flattening of 

the epidermal-dermal junction (6, 7) and results in decreased epidermal thickness (8). 

Loss of natural moisture factors and intercellular lipids such as ceramide cause dry skin, 

therefore induce reduction of epidermal barrier function (9, 10). Additionally, fibroblast 

dysfunction and ECM alterations appear in the dermis with aging. Decreases in the 

content of glycosaminoglycan, proteoglycans, and degeneration of collagenous and 

elastic fibers induce a decline in skin elasticity, wrinkle formation, and sagging (11). 

These skin aging are decreases quality of life remarkably. It has been shown that 

dietary supplements can contribute to skin health. Oral supplementation with food 

ingredients, such as vitamins and polyphenols, helps modulate skin function (12-14). 

In this study, I focused on two dietary food components: collagen hydrolysate and 

sphingomyelin (SM). These materials have various physiological activities and 

recognized useful as dietary beauty and health foods for the skin. Collagen hydrolysate 

is hydrolyzed product of gelatin derived from fish scale or skin and porcine skin. SM, 

one of phospholipids, is found in cell membranes as a lipid constituent. Although some 

studies indicated the improvement of skin function by dietary collagen hydrolysate or 

SM, their mechanisms remain unclear. 

Here, the aim to this study is to investigate effects and mechanisms of dietary 

collagen hydrolysate and SM on skin aging in molecular level and to utilize food 

materials for prevention and amelioration of skin aging. 
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Chapter 1: 

Collagen hydrolysate intake improves the loss of 

epidermal barrier function and skin elasticity induced by 

UVB irradiation in hairless mice 

 

1-1   Introduction 

Collagen is well known as a major constituent of connective tissues including 

dermis, bone, cartilage, and tendons. It has a characteristic amino acid composition, 

glycine accounted for 1/3, and contains hydroxyproline (Hyp) as a specific imino acid. 

Gelatin, a denatured form of collagen that is prepared from animals like fishes, pigs and 

birds on an industrial scale (15), is popularly used as an additive to foods. Collagen 

hydrolysate is manufactured from the hydrolysis of gelatin with proteases. Fish 

derived-collagen hydrolysate is prepared by the procedure as follows; firstly, fish scales 

and skin are delipidated and removed calcium, and converted to gelatin by heat 

denaturation. Collagen hydrolysate is prepared by enzymatic hydrolysis of gelatin. 

Recent reports have shown that nine Hyp-containing peptides, Ala-Hyp, Ser-Hyp-Gly, 

Ala-Hyp-Gly, Pro-Hyp, Pro-Hyp-Gly, Gly-Pro-Hyp, Ile-Hyp, Leu-Hyp, Phe-Hyp were 

detected in human plasma, after oral administration of fish scale collagen hydrolysate 

(16, 17). In particular, Pro-Hyp is identified as the major constituent of collagen 

hydrolysate. These peptides stimulate chemotaxis (18), cell proliferation (19), and 

expression of the hyaluronic acid synthase (HAS) gene (20) in human dermal 

fibroblasts. In addition, collagen hydrolysate intake increases skin collagen expression 

and suppresses matrix metalloproteinase 2 in normal rats (21). These findings 
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speculated to whether intake of collagen hydrolysate may have a beneficial effect on 

UVB-induced decrease in epidermal barrier function and skin elasticity. Recent study 

reported that collagen ingestion suppressed the decrease of skin hydration and increase 

of epidermal thickness in hairless mice by UVB irradiation (22). However, there is only 

limited information on whether collagen hydrolysate intake reduces UVB 

irradiation-induced loss of epidermal barrier function and skin elasticity in humans or 

animals. The UVB irradiated animal model has been used for evaluation for protection 

of skin by cosmetics and foods. Therefore, the objective of the present study in this 

chapter was to examine the effect of collagen hydrolysate intake on the skin function 

such as SC water content, transepidermal water loss (TEWL), and skin elasticity after 

either a single dose or repeated doses of UVB irradiation in hairless mice. 

 

1-2   Methods 

Animals 

Nine-weeks-old female Hos:HR-1 hairless mice (Japan SLC Inc., Shizuoka, Japan) 

were housed in plastic cages (4 mice/cage) in a temperature- and humidity-controlled 

room (24 ± 1ºC and 50 ± 10% humidity) under a 12 h light–dark cycle with a standard 

AIN-93G diet (Oriental Yeast Co., Ltd, Tokyo, Japan) and water available ad libitum. 

In this study, all of the animal experiments were approved by Meiji Co., Ltd. 

Institutional Animal Care and Use Committee, and carried out in accordance with the 

Guiding Principles for the Care and Use of Laboratory Animals approved by Meiji Co., 

Ltd. 

Experiment 1 (single dose of UVB radiation) 

The experimental design followed a procedure modified from Hirotsune et al. (23) 
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and Takagi et al. (24). Twenty-four mice were randomly divided into three groups (n = 

8/group) to show similarly arranged body weight, the SC water content and TEWL. All 

three groups were given deionized water at 10 ml/kg body weight, and two groups were 

additionally given protein hydrolysate at 2.0 g/deionized water at 10 ml/kg body; one of 

these was given fish scale collagen hydrolysate (IXOS HDL-50OH, Nitta Gelatin Inc., 

Osaka, Japan), and the other was given casein hydrolysate as the control protein 

hydrolysate. Collagen hydrolysate has an weight average molecular weight of about 

5000 Da and casein hydrolysate was hydrolyzed to approximately uniform molecular 

weight using protease. As shown in Fig 1, mice were given the experimental 

hydrolysate samples orally for 11 days, from 7 days before UVB irradiation (day -7) 

until 4 days after irradiation (day 4). At 7 days after initiation of the experimental 

sample, the dorsal skin was exposed once to 20 mJ/cm2 of UVB (GL20SE, Sankyo 

Denki Co., Ltd, Tokyo, Japan) under isoflurane anesthesia. The SC water content and 

TEWL were measured 7 days before and 0, 1, 2, 3, and 4 days after irradiation. In turn, 

another set of mice were also orally administered water or collagen hydrolysate at 2.0 

g/kg body weight and taken exposure to single UVB irradiation as described above. 

Four days after irradiation, all mice were sacrificed under isoflurane anesthesia, and all 

efforts were made to minimize suffering. The dorsal skin was excised quickly and fixed 

in 10% neutral buffered formalin solution for at least 24 h for histological analysis. 

 

Oral administration

-7    0       1      2 3 4
(days)

Grouping

★: Measurement

★★★★ ★

UVB irradiation 20 mJ/cm 2

 

Fig. 1.   Experimental scheme of a single dose of UVB irradiation study. 
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Experiment 2 (repeated doses of UVB radiation) 

Twenty mice were assigned randomly to two groups (n = 10/group) according to 

their body weight, the SC water content, TEWL, and skin elasticity. The control group 

was fed the control diet (AIN-93G), and the collagen group was fed the collagen diet. It 

is a mixture containing 2 g of fish scale collagen hydrolysate (IXOS HDL-50OH, Nitta 

Gelatin Inc., Osaka, Japan) per 100 g of the control diet. The composition of the 

experimental diets is shown in Table 1. Food intake and body weight were measured 

once weekly for all groups. After mice had received 1 week of their assigned diet, the 

dorsal skin of each was exposed to UVB irradiation three times a week for 6 weeks (Fig 

2). The doses of UVB per irradiation were increased gradually (25, 26). The dose was 

set at 10 mJ/cm2 for the first week (week 1), 15 mJ/cm2 for the second week (week 2), 

20 mJ/cm2 for the third week (week 3), and 30 mJ/cm2 for the remaining weeks (week 

4-6). The SC water content, TEWL and skin elasticity were measured biweekly. At 6 

weeks after initiation of UVB irradiation, all mice were sacrificed under isoflurane 

anesthesia, and all efforts were made to minimize suffering. The dorsal skin was excised 

quickly and stored at -80°C until analysis. 

 

(weeks)

UVB

★： Measurement

UVB irradiation （ 3 times/week）

1       2 3 4         5        6       7 (day)

Oral intake

10 15 30 mJ/cm 220

Grouping

-1            0           1            2 3 4 5 6★ ★★ ★

 

Fig. 2.   Experimental scheme of repeated dose of UVB irradiation study. 
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Table 1.   Composition of the experimental diets (Repeated UVB irradiation and 

intrinsic aging study in chapter 1 and 2) 

1 Reeves et al. (27)

Control group Collagen group

Casein 20.0 20.0

L-Cystine 0.3 0.3

Collagen hydrolysate ― 2.0

Cornstarch 39.75 39.75

Pregelatinized cornstarch 13.2 13.2

Sucrose 10.0 10.0

Cellulose powder 5.0 5.0

Soybean oil 7.0 7.0

Mineral mixture 
1 3.5 3.5

Vitamin mixture 
1 1.0 1.0

Choline bitartrate 0.25 0.25

tert- Butylhydroquinone 0.0014 0.0014

100.0 102.0

%

 

Measurement of SC water content and TEWL 

The SC water content and TEWL were assessed under standardized conditions (24 ± 

1ºC and 50 ± 10% humidity). The SC water content and TEWL were measured with a 

SKICON 200-EX skin surface hygrometer (IBS Co., Shizuoka, Japan), and a 

Tewameter MPA580 (Courage and Khazaka Electronic GmbH, Cologne, Germany), 

respectively. 

Measurement of skin elasticity 

Skin elasticity was recorded with a Cutometer SEM575 (Courage and Khazaka) as 

described previous study (25). Measurements were performed in triplicate. The kinetics 

of skin displacement (2 mm diameter probe) in response to a 2 s of a 300 mbar suction 

followed by a 2 s relaxation period was measured. The key parameter of skin elasticity 
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(R2: Ua/Uf), total recovery from deformation divided by total deformation, was 

calculated from the distension kinetics. 

Histological analysis 

The dorsal skin sections were stained with hematoxylin and eosin (H&E). The 

epidermal thickness (the distance from the bottom of the basal layer to the top of the 

granular layer) was determined with a BX-2 biomicroscope (Olympus, Tokyo, Japan) 

and a DP-72 CCD camera (Olympus). It was digitally assessed by image measurement 

and analysis with WinROOF software (Mitani Corporation, Tokyo, Japan). The average 

of 20 random determinations was considered the representative value for each 

individual mouse. 

Extraction and quantification of dermal hyaluronic acid (HA)  

Hyaluronic acid (HA) in the dermis was extracted based on a modified method (28, 

29). Approximately 30 mg of full-thickness skin discs were treated with a solution of 

Dulbecco’s modified Eagle’s medium containing 0.1% dispase over night at 4ºC and 

separated into the epidermal- and dermal layer. The separated dermis was frozen and 

milled in liquid nitrogen (N2). The powder was recovered in 0.3 ml of a buffer 

containing Tris (0.1 M) and CaCl2 (4 mM) (pH 8.6). The suspension was centrifuged at 

10,000 g for 10 min at 4ºC. The supernatant was decanted, and the pellet was treated 

with 1.2 ml of chloroform/methanol (2 : 1) and shaken gently for 30 min at room 

temperature. The suspension was centrifuged at 10,000 g for 20 min at 4 ºC, and the 

chloroform layer was removed. This procedure was repeated twice. The defatted skin 

was vacuum-dried for 3 h at 30ºC, and 1 ml of protease from Streptomyces griseus 

(Sigma-Aldrich Japan, Tokyo, Japan) was added. This solution was incubated for 24 h 

at 50ºC and then boiled for 10 min at 100ºC. The suspension was centrifuged at 14,000 
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g for 10 min at 4ºC. The supernatant was stored at -80ºC until analysis. Dermal HA 

quantification was performed by enzyme-linked immunosorbent assay with a hyaluronic 

acid measurement kit (Seikagaku Corp., Tokyo, Japan). 

Statistical analysis 

All data in this section are presented as mean standard error (SE). Differences in the 

data between time zero and each time point were analyzed with Student’s paired t-test 

(SPSS 14.0J, SPSS Inc., Chicago, IL, USA). Differences in the data for the three groups 

were analyzed by one-way ANOVA, with post hoc analyses being carried out using 

Tukey’s test, while comparisons between the control and collagen groups were 

performed with Student’s t-test. Differences were considered to be significant at P < 

0.05. 

 

1-3   Results 

Experiment 1 

The SC water content was significantly lower in all groups on day 1, 2, 3, and 4 

after UVB irradiation than on day 0. Collagen hydrolysate administration caused a 

significant suppression in decrease of the SC water content as compared with control 

and casein on day 1, 2, 3, and 4 (Fig. 3a). TEWL was significantly higher in the control 

and collagen groups on day 1, 2, 3, and 4 after irradiation than on day 0. A significant 

increase in TEWL was observed in the casein group on day 2, 3, and 4 compared with 

day 0. TEWL suppressed in the collagen group as compared with the control group on 

day 2, 3, and 4. A significant increase in TEWL was observed in the casein group on 

day 3 and 4 as compared with the collagen group (Fig. 3b). H&E stained dorsal skin 

sections and epidermal thickness 4 days after UVB irradiation are shown in Fig. 4a and 
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b. Remarkable parakeratosis (indicated by the arrow in Fig. 4a), thickening of the 

prickle-cell layer, and an increase of epidermal cells were observed only in the control 

group. Epidermal thickness was significantly lower in the collagen group as compared 

with the control group. 
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Fig. 3.   Effects of collagen hydrolysate administration on and SC water content 

(a) and TEWL (b) after a single dose of UVB irradiation. 

The values are shown as mean ±SE (n=8). *P < 0.05 (vs. the collagen group). #P < 0.05 

(vs. day 0). 
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Fig. 4.   H&E-stained dorsal skin tissue sections (a) and epidermal thickness (b). 

The Epidermal thickness value 4 days after UVB irradiation are shown as mean ± SE (n 

= 8). *P < 0.05 (vs. the collagen group).  
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Experiment 2 

Body weight and food intake were similar between groups during the experiment 

(data not shown). Each mouse in the collagen group was fed 2.56 ± 0.03 g/kg body 

weight/day of collagen hydrolysate. The changes of SC water content and TEWL are 

shown in Fig. 5a and b. The SC water contents of both groups at all time points after 

initiation of UVB irradiation were significantly lower than at week 0 (Fig. 5a). Collagen 

ingestion significantly increased the water content at week 2, 4, and 6 compared to 

control group. TEWL was significantly higher in the control group at week 2, 4, and 6 

than at week 0 (Fig. 5b). A significant increase in TEWL was found in the collagen 

group at week 4 and 6 compared with week 0. TEWL was significantly lower in the 

collagen group than in the control group at week 4 and 6. Skin elasticity is shown in Fig. 

5c. The R2 value was significantly lower in the control group at all time points after 

initiation of irradiation than at week 0, while the value in the collagen group at week 2 

was significantly lower than at week 0. Skin elasticity increased significantly in the 

collagen group compared with the control group at week 6. Dermal HA content 6 weeks 

after initiation of UVB irradiation is shown in Fig. 6. HA content was significantly 

higher in the collagen group than in the control group. 
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Fig. 5.   Effect of collagen hydrolysate on the SC water content (a), TEWL (b), 

and skin elasticity (c) after repeated irradiation with UVB.  

The values are shown as mean ± SE (n = 10). *P < 0.05 (vs. the collagen group). #P < 

0.05 (vs. day 0). 
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Fig. 6.   Hyaluronic acid (HA) content in the dermis 6 weeks after initiation of 

UVB irradiation. 

The values are shown as mean ± SE (n = 10). *P < 0.05 (vs. the collagen group).  

 

1-4   Discussion 

In this chapter, I evaluated the effect of collagen hydrolysate ingestion on skin 

damaged by UVB irradiation, especially on the epidermal barrier and on dermal 

elasticity defects, in hairless mice. I showed for the first time that the ingestion of 

collagen hydrolysate significantly reduced UVB irradiation induced abnormality on 

both epidermal barrier and skin elasticity. A single dose of UVB irradiation 

significantly decreased SC water content and increased TEWL. In addition, in this 

animal model, epidermal hyperplasia was observed 4 days after a single dose of UVB 

irradiation. Haratake et al. (30) also observed a barrier alteration 72 h after UVB 

irradiation in hairless mice. This delay in the barrier abnormality depends on cellular or 

metabolic changes in underlying skin layers. This earlier study also showed that UVB 

exposure increases DNA synthesis and prostaglandin E2 levels as a consequence of 

epidermal hyperplasia. Furthermore, the UVB-induced barrier defect was linked to a 
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hyperproliferative response in epidermal keratinocytes. Tanaka et al. (22) found the 

same effects after repeated irradiation. The present study demonstrated that dietary 

collagen hydrolysate significantly suppressed not only the decrease in the SC water 

content and increase in TEWL after a single dose of UVB irradiation but also the 

resulting epidermal hyperplasia. It is possible, therefore, that intake of collagen 

hydrolysate suppresses UVB irradiation induced proliferative responses in the SC, 

although the mechanism of this action remains unclear. Furthermore, the current study 

also demonstrates that ingestion of the collagen hydrolysate reduces the loss of 

epidermal barrier function and skin elasticity induced by repeated UVB irradiation and 

suppresses the HA content in dermis. It is possible that dermal HA may have an 

important role in both epidermal barrier function and skin elasticity. Chronic UVB 

exposure can result in alterations in dermal structure and elasticity (25, 31). The 

elasticity is closely associated with the dermal components, especially the ECM. The 

ECM is a dense meshwork of collagen and elastin, embedded in a viscoelastic ground 

substance composed of proteoglycans and glycoproteins, such as HA (32). It has been 

shown that skin exposure to chronic UVB irradiation damages the basement membrane 

and decreases the dermal HA content, owing to the suppression of HAS mRNA 

expression (33). Therefore, increasing dermal HA content may reduce the UVB induced 

degradation of dermal matrix components, thereby increasing skin elasticity in mice fed 

collagen hydrolysate. HA also acts as a kind of huge water storage system; it is essential 

for maintaining skin water retention as well as skin elasticity. In the recent study, it has 

been demonstrated that exogenous HA plays a beneficial role by interacting with 

fibroblasts to enhance epidermal morphogenesis, improving basement membrane 

assembly and formation of the epidermal lipid barrier in an organotypic 
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keratinocyte–fibroblast coculture model (34). Okawa et al. (35) also reported that 

collagen hydrolysate intake increased the expression of HAS genes as a consequence of 

a reduction in acetone-induced skin dryness in model mice. Thus, suppression of 

decreasing in dermal HA may have a beneficial role in epidermal homeostasis, resulting 

in an increase in SC water content. It is known that collagen has a high concentration of 

Hyp compared with other dietary protein sources. Previous reports showed that not only 

amino acids but also di- and tripeptides, such as Pro-Hyp, Ala-Hyp, and Pro-Hyp-Gly, 

were detected in human blood after the intake of collagen hydrolysate (16, 17). The 

major dipeptide, Pro-Hyp, induced cell proliferation and HA synthesis in human dermal 

fibroblasts (20). Maximal stimulation of cell proliferation and HAS by Pro-Hyp was 

achieved at doses of 200 nmol/mL, which is similar to physiological concentrations 

because the concentration of collagen-derived Hyp containing peptides in plasma 2 h 

after orally collagen hydrolysate at 25 g/65 kg body weight/man is reported to be 

approximately 140 nmol/mL human plasma. Furthermore, preliminary study also 

showed that the peak concentration of collagen-derived Hyp-containing peptides in 

mouse plasma was the same level as in human plasma (data not shown). In addition, 

orally administered [14C]Pro-Hyp was distributed in skin partly as the intact form in rats 

(36). It is possible, therefore, that the active components in collagen hydrolysate 

stimulated dermal fibroblasts and activated signaling for HA synthesis, resulting in an 

increase in dermal HA content. 

In summary, the results in this chapter demonstrated that repetitive collagen 

hydrolysate administration is not only skin barrier abnormalities but also skin elasticity 

dysfunction induced UVB irradiation. 
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Chapter 2: 

Effect of orally administered collagen hydrolysate on gene 

expression profiles in mouse skin: a DNA microarray analysis 

 

2-1   Introduction 

Although some studies described the effect of collagen hydrolysate administration 

on the skin (37, 38, 39), there is no description or comprehensive analysis of how 

long-term administration of collagen hydrolysate affects gene expression associated 

with skin barrier function and elasticity under conditions of intrinsic aging. DNA 

microarray technology can analyze comprehensively the expression of many genes and 

find several novel markers associated with physiological functions. It is an effective 

approach to understand how food ingredients affect gene expression in target tissues (40, 

41). In this section, I evaluated the SC water content and skin elasticity and applied 

DNA microarray analysis to investigate novel effects of long-term administration of 

collagen hydrolysate on the aged skin. 

 

2-2   Methods 

Animals 

Nine-weeks-old female Hos:HR-1 hairless mice (Japan SLC, Shizuoka, Japan) were 

used in this study. As described in chapter 1-2, all mice were housed in plastic cages in 

a temperature- and humidity-controlled room under a 12 h light-dark cycle with a 

standard AIN-93G diet and water available ad libitum. All of the animal experiments 

were approved by the Animal Committee of Meiji Seika Kaisha, Food & Health R&D 
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Laboratories, with the animals receiving care under the Guiding Principles for the Care 

and Use of Laboratory Animals of the committee. 

Experiment 1 (skin evaluation in an aging mouse model) 

After acclimatization for 3 days, sixteen mice were randomly divided into two 

groups (n = 8/group) according to their body weight, SC water content, and skin 

elasticity. During the experimental period for 12 weeks, the control group was fed a 

control diet (AIN-93G) and the collagen group was fed a collagen diet consisting of a 

mixture of 2.0 g of fish scale collagen hydrolysate (IXOS HDL-50OH, Nitta Gelatin 

Inc., Osaka, Japan) and 100 g of the control diet. This amount of collagen hydrolysate is 

approximately equivalent to oral ingestion of 2.0 g collagen hydrolysate/kg body 

weight/day on UVB irradiation study as discussed in the chapter 1-2. The composition 

of the experimental diets is shown in Table 1. Food intake and body weight were 

measured once a week in all groups. The SC water content and skin elasticity were 

measured once every 2 weeks. The measurement data are presented as means ± SE. The 

skin parameters, SC water content and skin elasticity were assessed under standardized 

conditions as described in previous chapter 1-2. Differences in the data between time 

zero and each time point were analyzed with a Student’s paired t-test (IBM SPSS 

statistics 22.0; SPSS, Chicago, IL), while comparisons between the control and collagen 

groups were performed with a Student’s t-test. Differences were considered to be 

significant when P < 0.05. 

Experiment 2 (Microarray analysis of skin) 

Sixteen mice were divided into two groups (n = 8/group) after acclimatization for 3 

days. The control group was fed a control diet (AIN-93G) and the collagen group was 

fed a collagen diet (fish scale collagen hydrolysate added AIN-93G) as described in 
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experiment 1. After 12 weeks administration of the experimental diet, all mice were 

sacrificed under isoflurane anesthesia, and all efforts were made to minimize suffering. 

The dorsal skin was excised quickly and stored in RNAlater (Applied Biosystems, 

Foster City, CA) at -80ºC. Additionally, for comparison at 1 week after administration, 

sixteen female mice were divided into the control and the collagen group (n = 8/group) 

and gave them the experimental diet as described above. At 1 week after administration, 

the skin of all individuals was collected as above. 

Isolation of total RNA 

Dorsal skin samples of each mouse were frozen in liquid N2 and powdered using a 

mortar and pestle. Total RNA was isolated from the samples with TRIzol reagent (Life 

Technologies, Carlsbad, CA) and chloroform (Wako Pure Chemical Industries, Osaka, 

Japan) and purified with the RNeasy Mini Kit (Qiagen, Hilden, Germany). The quality 

and quantity of total RNA were spectrophotometrically evaluated with an Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA) and an RNA 6000 Nano Series II 

Kit (Agilent Technologies). A RNA integrity number (RIN) was computed with 2100 

Expert Software (Agilent Technologies) to indicate the integrity of total RNA samples 

on a scale of 1–10 (42). The RIN of total RNA isolated from each skin sample was > 

9.0. 

DNA microarray assay 

From each group, four mice, who had a SC water content close to the average level, 

were selected. Total RNA samples from individuals were subjected to DNA microarray 

analysis as described previously (43). In brief, using a GeneChip 3’IVT Express Kit 

(Affymetrix, Santa Clara, CA), complementary DNA (cDNA) was synthesized from 

200 or 300 ng purified total RNA, and biotinylated amplified RNA (aRNA) was 
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transcribed with T7 RNA polymerase. The aRNA was fragmented and hybridized to an 

Affymetrix GeneChip Mouse Genome 430 2.0 Array (Affymetrix), which contained 

probes for > 39,000 mouse genes. After hybridization at 45°C for 16 h, the array was 

washed and stained with phycoerythrin. Fluorescence signals were scanned with the 

Affymetrix GeneChip System (Affymetrix). To reduce array images to the intensity of 

each probe, affymetrix GeneChip Command Console software (Affymetrix) was used. 

All the microarray data are MIAME compliant and have been deposited in a MIAME 

compliant database, the National Center for Biotechnology Information Gene 

Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/, GEO Series accession 

number GSE62650), as detailed on the MGED Society website 

(http://fged.org/projects/miame/). The raw microarray data (CEL files) were quantified 

with the “distribution free weighted” method (DFW) (44), using the statistical language 

R (45) and Bioconductor (46). Hierarchical clustering was then performed using the 

pvclust function (47) in R. To identify differentially expressed genes between groups, 

the rank products method (48) was applied to the DFW quantified data. Probe sets with 

Benjamini and Hochberg false discovery rate (FDR) (49) corrected P value < 0.05 were 

regarded as having different expression levels between groups according to previous 

microarray studies (50). The annotation file for the Mouse Genome 430 2.0 Array was 

downloaded from the Affymetrix Web site (http://www.affymetrix.com/). The selected 

probe sets were functionally classified according to “biological process” in Gene 

Ontology (GO) with the functional annotation tool of the Database for Annotation, 

Visualization, and Integrated Discovery (DAVID) (51). The probe set IDs provided by 

Affymetrix were used as the input data format. For the gene list manager on the DAVID 

web site (http://david.abcc.ncifcrf.gov/), the species option to limit annotations 
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exclusively to Mus musculus were selected. Gene annotation enrichment analysis of 

differentially expressed genes was performed by the DAVID functional annotation tool 

on the basis of GOTERM_BP5 in GO biological process. A P value < 0.05 indicated a 

significantly enriched GO term. To visualize the hierarchical structure of selected GO 

terms, I used QuickGO (52) (https://www.ebi.ac.uk/QuickGO/), an online analysis 

utility. 

cDNA synthesis and quantitative real-time reverse transcription polymerase chain 

reaction analysis 

For cDNA synthesis from extracted total RNA, reverse transcription was performed 

using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, 

Waltham, MA). Quantitative Real-time polymerase chain reaction (PCR) was 

performed using the ABI 7500 Fast Realtime PCR system (Applied Biosystems). The 

respective primers and probes (TaqMan Gene Expression Assays) were designed at 

Applied Biosystems from gene sequences obtained from GenBank (aquaporin 3: 

Mm01208559_m1, involcrin: Mm00515219_s1, desmoglein 1 beta: Mm00839130_mH, 

glyceraldehyde-3-phosphate dehydrogenase [GAPDH]: Mm99999915_g1). The relative 

expression of the gene of interest was normalized relative to GAPDH mRNA levels and 

then calculated by the 2-∆∆Ct method (53). The results are expressed as arbitrary units. 

The measurement data are expressed as fold changes ± SE. The gene expression data 

were analyzed with Student’s t-test at the ∆Ct stage to exclude potential bias due to the 

averaging of data transformed through the equation 2-∆∆Ct (54). Differences among 

groups were considered to be significant at P < 0.05. 
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2-3   Results 

Experiment 1 

Body weight and food intake showed no significant differences between the two 

groups (data not shown). Each mouse in the collagen group was fed 2.51 ± 0.03 g 

collagen hydrolysate/kg body wt/day. The SC water content is shown in Fig. 7a. The SC 

water content in the control group was significantly lower at week 4, 6, 8, 10, and 12 

than week 0. In the collagen group, water content was significantly higher at week 2, 4, 

6, 8 and lower at week 10 than week 0. Twelve weeks of oral administration of collagen 

hydrolysate showed significantly higher values in SC water content compared with the 

control group at week 4, 6, 8, 10, and 12. Skin elasticity data are shown in Fig. 7b. The 

R2 value was significantly lower in the control group at week 12 than week 0, while no 

significance was found in the collagen group. Skin elasticity was significantly higher in 

the collagen group compared with the control group at week 4, 6, 8, 10, and 12. 
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Fig. 7.    Effect of collagen hydrolysate on SC water content and skin elasticity 

over time.  

The values of SC water content (a) and skin elasticity (b) are shown as means ± SE (n = 

8). *P < 0.05 (vs. the control group). #P < 0.05 (vs. day 0). 
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Experiment 2  

Comparison at 12 weeks after administration 

After 12 weeks collagen hydrolysate administration, body weight and food intake 

showed no significant differences between the two groups (data not shown). Each 

mouse in the collagen group was fed 2.67 ± 0.02 g collagen hydrolysate/kg body wt/day. 

The DFW quantified microarray data was subjected to hierarchical clustering analysis to 

evaluate overall gene expression profiles. The cluster dendrogram revealed that each 

experimental group was not clustered (Fig. 8a). This result indicates that there were no 

significant differences in gene expression profiles in the skin following collagen 

hydrolysate administration for 12 weeks. Consequently, extraction of differentially 

expressed genes (DEGs) and GO analysis were not performed. 

 

Comparison at 1 week after administration 

There were no significant changes in body weight or food intake between the groups 

after 1 week oral administration of collagen hydrolysate (data not shown). Each mouse 

in the collagen group was fed 2.91 ± 0.01 g collagen hydrolysate/kg body wt/day. 

Hierarchical clustering analysis revealed that DFW quantified microarray data of each 

group formed a distinct cluster, indicating that the gene expression profiles differed 

between the collagen group and the control group (Fig. 8b). This result suggests that 1 

week of collagen hydrolysate administration changed the gene expression patterns in the 

skin. Applying a significance value for FDR of < 0.05, 155 upregulated probe sets (135 

genes) and 528 downregulated probe sets (448 genes) in the collagen group compared 

with the control group were identified. DEGs were classified into functional categories 

by the GO biological process annotation. The significantly enriched GO terms (P < 
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0.05) for the gene sets that were up- and down-regulated by collagen hydrolysate intake 

are summarized in Tables 2 and 3, respectively. In the upregulated gene set, these 

include GO terms related to “developmental process,” “metabolic process,” “biological 

regulation,” “response to stimulus,” and “single-organism process.” “Immune system 

process,” “response to stimulus,” “developmental process,” “single organism process,” 

“biological regulation,” and “metabolic process” are GO terms enriched in the 

downregulated gene set. Gene annotation enrichment analysis (as above) is able to 

detect only those genes with the same GO annotation that are statistically enriched in a 

given population of DEGs. To complement the GO analysis, DEGs related to skin, 

especially function and structure in the epidermis and dermis, were selected (Tables 4 

and 5). Among fibrous structural proteins, the keratin family was differentially 

expressed in response to collagen hydrolysate intake. Type II cytokeratin, keratin 2 

(Krt2), and keratin 6B (Krt6b) were up-regulated, while other keratin family genes in 

the epidermis were downregulated in the collagen group. Epiregulin (Ereg), epidermal 

growth factor, and aquaporin 3 (Aqp3), a water channel in the epidermis, were 

upregulated in the collagen group. Furthermore, cornified envelope (CE) and 

corneodesmosome-related DEGs that were upregulated in the collagen group include 

repetin (Rptn), involucrin (Ivl), small proline-rich protein 1B (Sprr1b), stefin A2-like 1 

(Stfa2l1), and desmoglein 1B (Dsg1b). Dermal ECM-related genes appear in the 

collagen group. Matrix metallopeptidases-9 (Mmp9), -11 (Mmp11), -13 (Mmp13), -19 

(Mmp19), and heparanase (Hpse), which are enzymes responsible for degradation of the 

ECM and basement membrane, were down-regulated in the collagen group. Conversely, 

certain components of the ECM including chondroitin sulfate proteoglycan-4 (Cspg4), 

fibronectin-1 (Fn1), and proteoglycan-4 (Pg4) were upregulated in the collagen group. 
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To confirm result of the DNA microarray analysis, quantitative real-time reverse 

transcription polymerase chain reaction (qRT-PCR) was applied to three selected genes 

associated with keratinocyte (Aqp3) and CE and corneodesmosome-related DEGs (Ivl 

and Dsg1b). The expression levels of these genes exhibited significant increases in the 

collagen group compared with control group (Fig. 9a, b, c). 
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(a) 

(b) 

 

Fig. 8.   Hierarchical clustering dendrogram of distribution free weighted 

(DFW)-quantified microarray data after 12 weeks and 1 week of administration of 

collagen hydrolysate. 

Cluster dendrograms after 12 week (a) and 1 week (b) of administration of collagen 

hydrolysate are shown. The vertical scale represents the distance between clusters. Each 

name comprises a letter and a number corresponding to the individual mouse as follows: 

12W_CTR 1– 4: Control group at 12 weeks after administration; 12W_COL 1– 4: 

Collagen group at 12 weeks after administration; 1W_CTR 1– 4: Control group at 1 

week after administration; 1W_COL 1– 4: Collagen group at 1 week after 

administration. 
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Fig. 9.   Effect of collagen hydrolysate on Aquaporin 3 (Aqp3), Involucrin (Ivl), 

and desmoglein 1 beta (Dsg1b) mRNA expression. 

Aqp3 (a), Ivl (b), and Dsg1b (c) mRNA levels are shown as fold-changes ± SE (n = 8).  

*P < 0.05 (vs. the control group). 
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Table 2.   Significantly enriched GO terms (P < 0.05) identified among the gene 

set up-regulated by collagen hydrolysate intake. 

 

GO-ID GO Term p-value 

  developmental process   

0009888 tissue development 3.33E-03 

0060429 epithelium development 3.49E-02 

0009913 epidermal cell differentiation 4.55E-02 

0031424 Keratinization 1.49E-02 

0001944 vasculature development 2.59E-02 

0001568 blood vessel development 2.36E-02 

0009887 organ morphogenesis 1.73E-02 

  metabolic process   

0006694 steroid biosynthetic process 1.19E-02 

0016126 sterol biosynthetic process 1.70E-02 

0006695 cholesterol biosynthetic process 1.02E-02 

0009072 aromatic amino acid family metabolic process 8.53E-03 

0019752 carboxylic acid metabolic process 1.29E-03 

0046394 carboxylic acid biosynthetic process 1.46E-02 

0006631 fatty acid metabolic process 7.72E-03 

0006633 fatty acid biosynthetic process 2.09E-03 

0006583 melanin biosynthetic process from tyrosine 1.33E-02 

0006720 isoprenoid metabolic process 4.24E-02 

  biological regulation   

0045934 
negative regulation of nucleobase, nucleoside, nucleotide and 

nucleic acid metabolic process 
4.94E-02 

0016481 negative regulation of transcription 3.80E-02 

  response to stimulus   

0006935 Chemotaxis 7.90E-06 

  single-organism process   

0016477 cell migration 5.34E-03 

0050900 leukocyte migration 3.34E-02 

 1 
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Table 3.   Significantly enriched GO terms (P < 0.05) identified among the gene 

set down-regulated by collagen hydrolysate intake. 

GO-ID GO Term p-value 

  immune system process   

GO:0002449 lymphocyte mediated immunity 1.21E-05 

GO:0019724 B cell mediated immunity 3.25E-06 

GO:0050778 positive regulation of immune response 5.11E-05 

GO:0002253 activation of immune response 1.16E-03 

GO:0006956 complement activation 5.30E-04 

GO:0006958 complement activation, classical pathway 2.28E-03 

  response to stimulus   

GO:0002526 acute inflammatory response 2.04E-05 

GO:0006935 Chemotaxis 1.69E-02 

  developmental process   

GO:0060323 head morphogenesis 2.77E-02 

GO:0009888 tissue development 4.11E-04 

GO:0007398 ectoderm development 1.29E-02 

GO:0060537 muscle tissue development 5.11E-05 

GO:0014706 striated muscle tissue development 2.71E-05 

GO:0048738 cardiac muscle tissue development 4.28E-03 

GO:0008544 epidermis development 9.35E-03 

GO:0043588 skin development 1.84E-02 

GO:0001942 hair follicle development 1.43E-02 

GO:0031069 hair follicle morphogenesis 5.10E-03 

GO:0009887 organ morphogenesis 1.68E-02 

GO:0048730 epidermis morphogenesis 8.83E-03 

GO:0007507 heart development 1.05E-03 

GO:0048534 hemopoietic or lymphoid organ development 4.02E-02 

GO:0030097 hemopoiesis 2.05E-02 

GO:0007517 muscle organ development 1.14E-06 

GO:0060538 skeletal muscle organ development 1.27E-02 

GO:0001944 vasculature development 2.77E-03 

GO:0001568 blood vessel development 6.50E-03 

GO:0010927 cellular component assembly involved in morphogenesis 2.98E-02 

GO:0030239 myofibril assembly 5.10E-03 

GO:0055001 muscle cell development 9.75E-04 

GO:0055002 striated muscle cell development 5.06E-04 

GO:0051146 striated muscle cell differentiation 6.61E-03 

GO:0060348 bone development 2.40E-02 

  single-organism process   

GO:0031032 actomyosin structure organization 1.12E-02 

GO:0045214 sarcomere organization 1.73E-02 

GO:0015671 oxygen transport 1.73E-02 

GO:0006941 striated muscle contraction 9.95E-03 

  biological regulation   

GO:0045597 positive regulation of cell differentiation 4.74E-02 

GO:0043269 regulation of ion transport 2.92E-02 

GO:0010959 regulation of metal ion transport 1.25E-02 

GO:0006937 regulation of muscle contraction 4.16E-02 

  metabolic process   

GO:0019318 hexose metabolic process 1.46E-02 

GO:0006006 glucose metabolic process 4.97E-03 

GO:0051604 protein maturation 4.46E-04 

GO:0016485 protein processing 1.52E-03 

GO:0030574 collagen catabolic process 2.40E-04 

 1 
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Table 4.   Up- and down-regulation of epidermal function and structure-related 

genes in the skin of mice with collagen hydrolysate administration (FDR < 0.05) 

  Probe set ID Gene Title Gene Symbol Up/Down FDR 

Keratinocyte 

1422588_at keratin 6B Krt6b Up 0 

1427154_at keratin 2 Krt2 Up 0 

1419431_at epiregulin Ereg Up 0.029350 

1422008_a_at aquaporin 3 Aqp3 Up 0.010364 

1418173_at keratin 25 Krt25 Down 0.041247 

1418742_at keratin 34 Krt34 Down 0 

1421589_at keratin 31 Krt31 Down 0.020488 

1427179_at keratin 33B Krt33b Down 0.003500 

1427365_at keratin 86 Krt86 Down 0.000526 

1430132_at keratin 28 Krt28 Down 0.016345 

1436160_at keratin 26 Krt26 Down 0.016401 

1436557_at keratin 73 Krt73 Down 0.034000 

1448457_at keratin 71 Krt71 Down 0.008378 

1449378_at keratin 27 Krt27 Down 0.016871 

1449387_at keratin 33A Krt33a Down 0.000185 

1460185_at keratin 83 Krt83 Down 0.024741 

Cornified 

envelope (CE) 

and 

Corneodesmosin 

1420431_at repetin Rptn Up 0 

1422222_at 
involucrin Ivl Up 

0.014714 

1439878_at 0.044615 

1422672_at 
small proline-rich 

protein 1B 
Sprr1b Up 0.002439 

1442339_at stefin A2 like 1 Stfa2l1 Up 0.046522 

1419709_at stefin A3 Stfa3 Down 0.041711 

1455519_at 
desmoglein 1 

beta 
Dsg1b Up 0.043742 

1435191_at corneodesmosin Cdsn Down 0.023019 

 1 
 

 

Table 5.    Up- and down-regulation of dermal function and structure-related 

genes in the skin of mice with collagen hydrolysate administration (FDR < 0.05). 

  Probe set ID Gene Title 
Gene 

Symbol 
Up/Down FDR 

Extracellular 

matrix 

1416298_at matrix metallopeptidase 9 Mmp9 Down 0.041343  

1417234_at matrix metallopeptidase 11 Mmp11 Down 0.017085  

1417256_at matrix metallopeptidase 13 Mmp13 Down 0.007178  

1421977_at matrix metallopeptidase 19 Mmp19 Down 0.006172  

1433930_at heparanase Hpse Down 0.034207  

1423341_at 
chondroitin sulfate 

proteoglycan 4 
Cspg4 Up 0.035077  

1437218_at fibronectin 1 Fn1 Up 0.000968  

1449824_at proteoglycan 4 Prg4 Up 0  

 1 
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2-4   Discussion 

In this chapter, I found that long-term intake of collagen hydrolysate improved skin 

condition. Epidermal barrier and dermal elasticity dysfunctions were chronologically 

induced by aging in the hairless mouse. These damages in the collagen hydrolysate 

administered group were significantly suppressed 2 weeks after starting administration 

and a positive long-lasting effect was observed at week 12. However, there were no 

significant differences of gene expression between groups in week 12. Thus, I 

considered that one possibility that the determinants for physiological changes, namely 

gene expression, are altered at an early stage of this experiment because Marshall et al. 

(55) reported that the gene induction pattern of SC precursors such as Sprr1 precedes 

development of barrier function in terminally differentiating epithelium. In present 

study, the microarray data at 1 week after administration show that the gene expression 

profile of the collagen intake group was significantly different from that of the control 

group. These findings suggest that significant changes of gene expression in the skin 

precede alteration of SC water content and skin elasticity. Additionally, previous in 

vitro study shows that gene changes of dermal fibroblasts treated with collagen-derived 

peptides appeared at intervals of 6 h (20). Therefore, expression of genes related to in 

vivo skin function changes might occur at short time interval similarly, but further 

analyses are required to unravel relation between changes in gene expression and 

function in the skin. 

There is a possibility that oral administration of collagen hydrolysate improves skin 

dysfunction through alteration of gene expression in the skin. Interestingly, in the 

present study, GO analysis reveals that GO terms related to “developmental process,” 

especially epidermal development, were significantly enriched among upregulated 
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genes after collagen hydrolysate administration. Based on these results, I hypothesize 

that oral administration of collagen hydrolysate facilitated proliferation and 

differentiation (i.e., turnover) of skin cells. Since it is known that decreased cell 

turnover is caused by chronological aging (56), there is the possibility that skin aging is 

suppressed by promoting functional and structural changes of the epidermis and dermis. 

Therefore, I focused on up- or downregulated genes related to epidermal and dermal 

function and structure, with particular emphasis on epidermal proliferation and 

differentiation.  

Genes that directly contribute to the promotion of proliferation and differentiation of 

keratinocytes, including Ereg (57), Rptn (58), Ivl (59), Sprr1b (60), and Stfa2l1 (61), 

were significantly upregulated by collagen hydrolysate administration. These results 

suggest that administered collagen hydrolysate enhanced epidermal turnover. It is 

important that corneocytes are arranged with regularity in the SC to hold water content 

in the epidermis (62). The keratinocyte differentiation-associated genes (Rptn, Ivl, 

Sprr1b, Stfa2l1) encode precursor proteins of the CE, which is a hydrophobic structure 

formed beneath the plasma membrane of corneocytes in the SC (58, 63). Similarly, 

expression of the cell adhesion molecule Dsg1b, which is a constituent of junctions 

between corneocytes (64), was upregulated by collagen administration. Upregulation of 

Ivl and Dsg1b at the mRNA level by qRT-PCR also were confirmed. Therefore, I 

consider that collagen hydrolysate enhanced structure of the SC and suppressed 

epidermal water loss. 

In addition, it is also worth noting that Aqp3, a membrane transporter of water and 

glycerol in the basal layer of epidermal keratinocytes (65, 66), was upregulated by 

collagen hydrolysate administration. It was also reproducible at the mRNA level. 
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Recent studies have shown that Aqp3 gene expression in the epidermis is decreased by 

chronological aging (67), and SC hydration and elasticity were reduced in 

Aqp3-deficient mice compared with wild-type mice (68). Taken together, these previous 

works suggest a possibility that upregulation of Aqp3 by collagen hydrolysate is one of 

the major reasons for improvement of skin barrier function. I suggested that 

collagen-derived peptides positively regulate epidermal water content through 

upregulation of genes such as Aqp3. In fact, it has been reported that aquaporins in the 

skin play an important role in the maintenance of homeostasis and enhance wound 

healing (68). However, the changes of Aqp 3 gene expression in this study is found in 

full-thickness skin, thus further consideration will be needed about expression of 

epidermis-localized Aqp 3 genes. 

I found that collagen administration caused facilitation of epidermal proliferation 

and differentiation, maintenance of structure in the SC, and regulation of water channels 

at the gene expression level. It is also suggested that these gene alterations are 

accompanied by changes in phenotype such as SC water content. Therefore, it is 

concluded that activation of these genes in the epidermis is important to maintain 

epidermal barrier function in aged skin. In addition to epidermal skin function, dermal 

function was also affected by collagen hydrolysate administration. In intrinsically aged 

skin, dermal ECM changes are accompanied by loss of skin elasticity. ECM in the 

dermis is a dense meshwork of collagen and elastin, embedded in a viscoelastic ground 

substance composed of proteoglycans and glycoproteins (69). In the collagen 

administered group, Mmp9 and Mmp13 (70) and Hpse (71), which function in ECM 

component degradation and tissue remodeling (72), were downregulated. Conversely, 

some glycoproteins contained in the ECM, such as Cspg4, Fn1, and Prg4 (69), were 
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upregulated. These results suggest that oral administration of collagen hydrolysate 

contributed to the inhibition of MMP-induced ECM breakdown and production of a 

number of ECM components resulting in maintenance of dermal elasticity. 

I consider that the key factor of these effects may be Hyp-containing peptides in the 

collagen hydrolysate. By skin aging, collagen synthesis is decreased (73). Hyp 

facilitates the synthesis of collagen in the skin, and collagen hydrolysate contains a high 

concentration of Hyp and Hyp-containing peptides (16). Previous study also reports that 

not only amino acids, but also collagen-derived peptides such as Pro-Hyp, Ala-Hyp, and 

Gly-Pro-Hyp, were detected in human blood after oral intake of collagen hydrolysate 

(17). Shimizu et al. (74) demonstrated in an in vivo study that administration of a 

collagen-derived Pro-Hyp and Hyp-Gly improved an HR-AD diet intake-induced dry 

skin condition in the hairless mouse. These peptides ameliorated skin barrier 

dysfunction such as degradation of TEWL and epidermal water content and altered 

muscle related-genes expression. 

In particular, cell proliferation and synthesis of HA, a glycosaminoglycan, were 

induced by the major dipeptide Pro-Hyp in human dermal fibroblasts (20). Furthermore, 

in chapter 1, I showed that collagen hydrolysate administration suppressed a decrease in 

dermal HA content induced by UVB in hairless mice. Thus, in the present study, 

bioactive components of collagen hydrolysate, such as Pro-Hyp, probably led to 

suppression of ECM degradation and facilitation of ECM component production in the 

dermis. Previous studies have shown that collagen-derived peptides can modulate the 

condition of dermal fibroblasts (19, 75). Whereas there are positive effects on Pro-Hyp 

induced epidermal cell production and differentiation in a coculture of keratinocytes 

with fibroblasts, however, it was not observed in keratinocytes alone (76). Based on the 
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data in this chapter, I hypothesize that collagen-derived peptides directly or indirectly 

affect all layers of the skin through the basement membrane. Because Pro-Hyp and 

Gly-Pro-Hyp are chemotactic and have the potential ability to aid wound repair (19, 75), 

these peptides may stimulate production of keratinocytes in the basal layer. Further 

studies are needed to clarify the mechanisms underlying the effects of such peptides on 

the epidermis in detail.  

Consequently, this study show that long-term collagen hydrolysate administration 

improved epidermal barrier function and dermal elasticity of intrinsically aged skin as a 

result of a positive regulation of expression of genes related to production and 

maintenance of skin tissues. Continuous intake of dietary collagen hydrolysate is 

probably effective for preventing skin dysfunction by chronological aging such as 

age-induced dryness and sagging and is expected to be favorable for the homeostatic 

regulation of the skin. 
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Chapter 3: 

A novel mechanism for improvement of dry skin by 

dietary milk phospholipids: Effect on epidermal covalently 

bound ceramides and skin inflammation in hairless mice 

 

3-1   Introduction 

It has been demonstrated that milk phospholipid concentrates increased the SC 

hydration and reduced TEWL in normal hairless mice (77). However, the mechanisms 

by which milk derived phospholipids improve skin barrier functions have yet to be 

elucidated. Sphingomyelin (SM) is not only a constituent of cell membranes, but also a 

dietary component. SM is abundant in eggs, meat, milk, and fish (78-80). 

Supplementation with SM has been reported to have beneficial effects on disease 

prevention and health maintenance, such as lowering serum cholesterol (81), preventing 

colon cancer (82, 83), improvement of skin barrier function (84). 

Reduced barrier function appears to be a consequence of inadequate structural 

conditions in the epidermis. The SC has primarily skin barrier properties, which is the 

outermost layer of the epidermis. The SC consists of corneocytes surrounded by an 

intracellular matrix that is enriched in neutral lipids. Ceramides, which comprise 

approximately 50 wt% of intercellular lipids in the SC, have an important role in 

retaining epidermal water and, in combination with cholesterol and free fatty acids, 

influence the epidermal barrier permeability. In bovine milk, phospholipids represent 

approximately 0.5% to 1% of the total lipid content, and mainly consist of SM and 

phosphatidylcholine. Haruta-Ono et al. reported that orally administrated SM 
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incorporated into skin SM and converted to SC ceramide (84) and other study showed 

that sphingoid base, sphingosine, improves transepithelial electric resistance value in 

SDS treated-keratinocytes (85). However, the mechanisms by which milk SM improve 

skin barrier functions remain unclear. 

Recent research in NC/Nga mice demonstrated that dietary sericin (86) or gromwell 

(87) improved epidermal skin dryness due to increased levels of non-protein bound 

glucosylceramides and ceramides and up-regulation of glucosylceramide synthase, 

β-glucocerebrosidase, and acidic sphingomyelinase. The epidermis also contains 

covalently-bound ω-hydroxy ceramides that are most frequently bound to a structural 

protein in the epidermal CE by an ester linkage. Levels of covalently-bound ω-hydroxy 

ceramides were shown to be significantly decreased after UVB irradiation, 

tape-stripping, or treatment with sodium dodecyl sulfate, whereas the levels of 

non-bound ceramides remained unchanged (88). Lipid species of this type are therefore 

thought to play a crucial role in the formation of lamellar structures, and are involved in 

the maintenance of the skin barrier function (89, 90).  

Dry skin conditions, such as atopic dermatitis (AD) and psoriasis vulgaris, cause 

chronic skin inflammation. Although the pathogenesis of dry skin conditions is not 

completely understood, it is thought to involve a Th2 cell-mediated allergic 

inflammatory cascade. Skin injury, caused by environmental allergens, scratching, or 

microbial toxins, activates keratinocytes to release proinflammatory cytokines and 

chemokines that induce the expression of adhesion molecules on the vascular 

endothelium and facilitate the extravasation of inflammatory cells into the skin (91). 

Serum levels of thymus and activation-regulated chemokine (TARC) (92), thymic 

stromal lymphopoietin (93), and soluble P-selectin (sP-selectin) (94) could be 
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significantly higher in patients with AD than in people without this type of skin 

condition. Thus, serum markers of chemokines and platelet activator appear to be useful 

for assessing the severity of dry skin conditions. However, few studies have been able 

to demonstrate that the oral intake of dietary components can modulate both reduction 

of covalently-bound ω-hydroxy ceramides and skin inflammation associated with skin 

dryness. It is well known that feeding hairless mice a magnesium-deficient HR-AD diet 

for an extended period of time causes a skin barrier defect characterized by an increase 

in TEWL and a decrease in skin hydration (95-98). Fujii et al. have previously reported 

that hairless mice fed the HR-AD diet develop skin inflammation accompanied by a 

skin barrier defect and itch-related scratching (96, 98). This study was designed to 

examine the effect of dietary SM on covalently-bound ω-hydroxy ceramides and skin 

inflammation markers in hairless mice fed the HR-AD diet with the aim of elucidating a 

novel mechanism by which SM may improve skin barrier function. 

 

3-2   Methods 

Animals 

Four-weeks-old female Hos:HR-1 hairless mice (Japan SLC Inc., Shizuoka, Japan) 

were used in this experiment. Same as described in chapter 1-2, all mice were housed 

individually in plastic cages in a temperature- and humidity-controlled room and 

maintained on a 12 h light-dark cycle. All of the animal experiments in this study were 

approved by Meiji Co., Ltd. Institutional Animal Care and Use Committee, and 

performed in accordance with the Guiding Principles for the Care and Use of 

Laboratory Animals approved by Meiji Co., Ltd. 
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Skin evaluation in a dry skin mouse model 

After acclimatization for 7 days, forty mice were randomized into one of four 

groups (n=10/group), and fed either a standard (control) diet (F-2; Funabashi Farm, 

Chiba, Japan), the HR-AD diet (Norsan Corp., Kanagawa, Japan), or the HR-AD diet 

supplemented with either 7.0 g/kg (low [L]-SM) or 41.0 g/kg (high [H]-SM) of milk 

phospholipids (MPLs) (Phospholipid concentrate 700, Fonterra Co-operative Group 

Ltd., New Zealand). Mice were allowed free access to food and water ad libitum. The 

MPLs consisted of 16.0% SM, 31.0% phosphatidylcholine, 3.0% phosphatidylserine, 

and 8.7% phosphatidylethanolamine. The remaining components included 25.8% other 

lipids, 2.5% moisture, 6.5% lactose, and 6.0% minerals. The magnesium content in the 

experimental diets was 200 mg/g (control), 17.6 mg/g (HR-AD), 17.5 mg/g (L-SM), and 

17.2 mg/g (H-SM). 

The water content of the SC and TEWL was measured at baseline (time 0) and after 

2, 4, 6, and 8 weeks of feeding. After 8 weeks of feeding, all mice were euthanized 

under isoflurane anesthesia. Blood samples were collected and subsequently centrifuged 

at 1,000 g at 4oC; serum samples were stored at -80oC until analysis. Skin was quickly 

excised and immediately frozen at -80oC until the time of assay. 

The TEWL and water content of the SC were assessed under standardized 

conditions as described in chapter 1-2. Both parameters were measured with and a 

Corneometer® (Courage and Khazaka Electronic GmbH, Cologne, Germany), a 

Tewemeter MPA580 (Courage and Khazaka Electronic GmbH, Cologne, Germany), 

respectively. For histological analysis and measurement of epidermal thickness, dorsal 

skin sections were stained with H&E. The thickness of the epidermis was measured as 

described in chapter 1-2. 
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Analysis of covalently-bound ω-hydroxy ceramides  

Covalently-bound ceramides was extracted using a modification of the method 

reported by Macheleidt et al. (99). Epidermal sheets were obtained from dosal skin 

samples by treating them with Dispase®II (Roche, IND, USA) at 4oC overnight. Tissues 

were homogenized in chloroform/methanol (2 : 1, v/v) using a glass homogenizer. After 

removal of the supernatant by centrifugation, a chloroform/methanol solution was added 

to wash the protein residue twice. After drying, protein pellets were incubated in 1 M 

KOH in 95% methanol at room temperature overnight to release the lipids 

covalently-bound to the SC by ester-like bonds. The methanolic layer was removed after 

centrifugation and neutralized with 1 N HCl. The protein pellets were washed using 

chloroform/methanol (2 : 1, v/v). The organic phases were combined, dried, and 

redissolved in methanol. The protein pellet was immersed into 0.1 M sodium hydroxide 

solution containing 1% sodium dodecyl sulfate and incubated at 60oC for 2 hr to 

solubilize the protein. After incubation, the solution was neutralized with 1 N HCl. The 

protein concentration was assayed using a commercial kit (Micro BCA assay kit, Pierce 

Biotechnology, Inc., IL, USA). Covalently-bound ceramides in the mice epidermis were 

identified using a high performance liquid chromatography system coupled to a tandem 

mass spectrometer (HPLC-MS/MS) (Quattro premier XE, Waters Corporation, Milford, 

MA, USA). All the analyses were performed on a 2 X 100 mm column with a particle 

size of 1.7 µm (ACQUITY UPLC® BEH C18, Waters Corporation). Mobile phase A 

consisted of 5 mM ammonium acetate in 95% methanol, whereas mobile phase B 

consisted of 5 mM ammonium acetate in acetonitrile. The initial eluent composition was 

100% A, followed by an increase to 100% B for 30 min, 100% B for 2 min, and then a 

reduction to 0% A for 3 min. Total running time was 35 min. The eluent flow was 0.4 
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mL/min and the column temperature was set at 40°C. Analytes were detected using 

electrospray ionization in the positive mode. Multiple-reaction-monitoring (MRM) was 

performed using characteristic fragmentation ions (m/z 750.7/264.3 for d18:1-C30:0, 

m/z 778.8/264.3 for d18:1-C32:0, m/z 776.8/264.3 for d18:1-C32:1, m/z 806.8/264.3 for 

d18:1-C34:0, m/z 804.8/264.3 for d18:1-C34:1, m/z 832.8/264.3 for d18:1-C36:1, m/z 

764.8/250.2 for d17:1-C32:0, m/z 762.8/250.2 for d17:1-C32:1, m/z 790.8/250.3 for 

d17:1-C34:1, m/z 818.8/250.2 for d17:1-C36:1). The parameters for HPLC-MS/MS 

analysis were as follows: capillary voltage 3000 V, source temperature 120°C, 

desolvation temperature 400°C, desolvation gas flow 850 L/hr, cone gas flow 50 L/hr, 

cone voltage 40 V, and collision energy 30 eV.  

Skin gene expression and serum inflammation makers analysis 

Total RNA was isolated from dosal skin samples and synthesized cDNA as 

described in chapter 2-2. Real-time PCR was performed using the ABI 7500 Fast 

Realtime PCR systems. Primers and probes (TaqMan® Gene Expression Assays) were 

designed at Applied Biosystems from gene sequences obtained from GenBank (TSLP: 

Mm01157588_m1, TARC: Mm01244826_g1, β-actin [internal control]: 

Mm00607939_s1). Data were analyzed by 7500 software using 2-ΔΔCt methods (100) 

and the results expressed as arbitrary units. 

Serum total immunoglobulin E (IgE) concentrations were analyzed using an 

enzyme-linked immunosorbent assay (ELISA) kit (Shibayagi, Gunma, Japan). Serum 

TRAC, TSLP, sP-selectin were determined using an ELISA kit (R&D systems, MN, 

USA).  

Statistical analysis  

All data are presented as means ± SE. Data were subjected to one-way ANOVA with 
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post hoc analyses being carried out using Tukey’s honestly significant difference test 

(SPSS ver.22.0, SPSS, IL, USA). The correlation between ω-hydroxy ceramide content 

and both TEWL and water content of the SC was calculated. Associations between the 

variables were examined using Pearson’s correlation coefficient. Differences among 

groups were considered to be significant at P < 0.05. 

 

3-3   Results 

The water content of the SC and TEWL  

A significant decrease in the water content of the SC was observed in the HR-AD 

group, as compared with the control group at 2, 4, 6, and 8 weeks. Supplementation 

with MPLs containing SM to the HR-AD diet significantly increased the water content 

of the SC at 4, 6, and 8 weeks. Skin hydration was significantly higher in the H-SM 

group than in the L-SM group at 6 and 8 weeks. The water content of the SC was not 

different between the control group and the H-SM group at 2 and 8 weeks (Fig 10a). 

TEWL was significantly increased in the HR-AD group compared with the control 

group at 4, 6, and 8 weeks. The addition of SM as MPLs to the HR-AD diet 

significantly suppressed an increase in TEWL at 4, 6, and 8 weeks. TEWL were 

significantly lower in the H-SM group than in the L-SM group at 6 and 8 weeks. TEWL 

was not different between the control group and H-SM group at every time point 

assessed (Fig 10b). 

Appearance of mice, histology and epidermal thickness 

On the overall appearance, supplementation with SM improved the skin condition in 

a dose-dependent manner (Fig 11). Mice fed the HR-AD diet, were observed layered 

parakeratosis, hyperplasia, keratinocyte apoptosis, and inflammatory cell infiltration in 
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histological images (Fig 12). Epidermal thickness was lower in mice fed the control and 

the H-SM diet compared with those fed the L-SM and the HR-AD diet in Fig 13. 

Covalently-bound ω-hydroxy ceramides in the epidermis 

A typical chromatogram of covalently-bound ω-hydroxy ceramides in the epidermis 

of hairless mice obtained is shown in Fig 14a using HPLC-MS/MS. Based on recent 

research that identified sphingolipids containing three molecular species of sphingoid 

bases, which were located in the epidermis of hairless mice (specifically d17:1, d18:1, 

and d18:0) (101), a qualitative analysis of covalently-bound ω-hydroxy ceramides 

targeting these molecular species of sphingoid bases using HPLC-MS/MS were 

performed. From the epidermis of hairless mice, eleven molecular species of 

protein-bound ω-hydroxy ceramides which consisted of d18:1-C30:0, d18:1-C32:0, 

d18:1-C32:1, d18:1-C34:0, d18:1-C34:1, d18:1-C36:1, d17:1-C32:0, d17:1-C32:1, 

d17:1-C34:0, d17:1-C34:1, and d17:1-C36:1 were identified. The peak intensity of 

ω-hydroxy tetratriacontenoic-sphingosine (d18:1-C34:1) was highest in the epidermis. 

The data for covalently-bound ω-hydroxy ceramide percentages in the epidermis are 

summarized in Table 6. The HR-AD diet significantly decreased all ω-hydroxy 

ceramide molecular species compared with the control diet. The levels of ω-hydroxy 

ceramides in d18:1-C32:1 and d18:1-C34:1 were significantly increased in both the 

H-SM and the L-SM groups compared with the HR-AD group, while the levels of other 

ω-hydroxy ceramides were significantly increased in the H-SM group only compared 

with the HR-AD group. The ω-hydroxy ceramides levels linked to very long-chain fatty 

acids in d18:1-C36:1 and d17:1-C36:1 were not different between the control and the 

H-SM group. Fig 14b shows the correlation between ω-hydroxy ceramide contents and 

both TEWL and the SC water content. A significant and strong correlation was observed 
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between the covalently-bound ω-hydroxy ceramide d18:1-C34:1 and skin hydration (r = 

0.87, P < 0.001) and the covalently-bound ω-hydroxy ceramide d18:1-C34:1 and TEWL 

(r = -0.91, P < 0.001). 

Skin chemokine mRNA levels  

Significantly higher levels of mRNA for both TSLP and TARC were observed in the 

HR-AD group compared with the control group (Fig 15). The level of TSLP mRNA was 

significantly lower in the H-SM group only, whereas the level of TARC mRNA was 

significantly lower in both the L-SM and the H-SM groups compared with the HR-AD 

group. eFurthermore, the levels of both TSLP and TARC mRNA were low in mice fed 

the control and the H-SM diet compared with those fed the L-SM and HR-AD diet. 

Serum parameters 

Serum concentrations of IgE, TARC, TSLP, and sP-selectin were significantly 

higher in the HR-AD group than the control group (Fig 16). Compared with the HR-AD 

group, mice fed the L-SM or H-SM diet had significantly lower serum concentrations of 

IgE, TSLP, and sP-selectin; in addition, the H-SM-fed mice also had significantly lower 

serum concentrations of TARC. Moreover, the H-SM diet resulted in lower serum IgE, 

TARC, TSLP, and sP-selectin concentrations that were not different from the control 

mice. 
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Fig. 10.   Effect of dietary SM containing MPLs on changes the water content of 

the SC (a) and TEWL (b). 

The values are means ± SE (n = 10). *P < 0.05 (vs. the HR-AD group), † P < 0.05 (vs. 

the L-SM group), §P < 0.05 (vs. the H-SM group). 
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Fig. 11.   Effect of dietary SM containing MPLs on the overall skin appearance of 

mice. 
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Fig. 12.   Effect of dietary SM containing MPLs on skin histological images of 

mice. 

Arrow head shows layered parakeratosis (a), hyperplasia (b), keratinocyte apoptosis (c), 

and inflammatory cell infiltration (d). 



49 

 

(μ
m

)

0

20

40

60

Control HR-AD L-SM H-SM

*
*

*

*

 

Fig. 13.   Effect of dietary SM containing MPLs on epidermal thickness. 

The values are means ± SE (n = 10). *P < 0.05 (between groups) 
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(a) 

(b) 

 

Fig. 14.   Typical chromatogram of covalently-bound ω-hydroxy ceramides in the 

epidermis of hairless mice fed the normal diet using HPLC-MS/MS (a). 

Correlation between covalently-bound ω-hydroxy ceramide levels and both TEWL 

and the water content of the SC (b). 
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Fig. 15.   Effect of dietary SM containing MPLs on chemokines, thymic stromal 

lymphopoietin (TSLP) (a), and thymus and activation-regulated chemokine 

(TARC) (b), and levels of mRNA in the skin. 

The values are means ± SE (n = 10). *P < 0.05 (between groups) 
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Fig. 16.   Effect of dietary SM containing MPLs on serum immunoglobulin E 

(IgE) (a), thymus and activation-regulated chemokine (TARC) (b), thymic stromal 

lymphopoietin (TSLP) (c), and soluble P –selectin (sP-selectin) levels (d). 

The values are means ± SE (n = 10). *P < 0.05 (between groups). 
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Table 6.   Effect of dietary SM containing MPLs on the percentages of 

covalently-bound ω-hydroxy ceramides in the epidermis of mice. 

Diet

Control HR-AD L-SM H-SM

d18:1 – C30:0 100.0 ±14.4 * † § 8.3 ±0.8 14.2 ±1.2 43.4 ±3.6 * †

d18:1 – C32:0 100.0 ±7.9 * † § 11.4 ±1.0 16.6 ±1.1 59.1 ±4.7 * †

d18:1 – C32:1 100.0 ±4.7 * † § 28.3 ±2.0 45.0 ±1.5 * 63.7 ±2.9 * †

d18:1 – C34:0 100.0 ±11.5 * † § 9.1 ±0.9 11.8 ±1.0 66.3 ±6.5 * †

d18:1 – C34:1 100.0 ±4.2 * † § 34.9 ±2.2 49.8 ±1.7 * 84.8 ±3.3 * †

d18:1 – C36:1 100.0 ±6.8 * † 24.6 ±1.8 33.1 ±1.8 97.3 ±5.4 * †

d17:1 – C32:0 100.0 ±7.1 * † § 3.9 ±0.4 5.6 ±0.5 50.0 ±4.4 * †

d17:1 – C32:1 100.0 ±5.2 * † § 14.3 ±1.1 22.0 ±1.7 69.1 ±3.2 * †

d17:1 – C34:0 100.0 ±8.5 * † § 3.5 ±0.4 4.2 ±0.5 59.6 ±5.9 * †

d17:1 – C34:1 100.0 ±4.0 * † § 17.7 ±1.2 24.1 ±1.6 83.7 ±3.9 * †

d17:1 – C36:1 100.0 ±6.2 * † 12.2 ±1.1 15.9 ±1.4 95.7 ±6.6 * †

 

Data expressed as relative peak area per epidermal protein content. 

The values are means ± SEM (n = 10/group). 

*P < 0.05 (vs. the HR-AD group). † P < 0.05 (vs. the L-SM group). §P < 0.05 (vs. the 

H-SM group). 
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3-4   Discussion 

This study showed that oral administration of MPLs improved dry skin conditions in 

hairless mice fed the HR-AD diet. Interestingly, MPLs containing SM attenuated a 

decrease in epidermal covalently-bound ω-hydroxy ceramide levels and an increase in 

inflammation marker levels in both serum and skin. Thus, MPLs attenuated dry skin 

conditions by modulating epidermal covalently-bound ω-hydroxy ceramides that are 

associated with formation of lamellar structures and skin inflammation in hairless mice 

fed the HR-AD diet. 

It is well known that long-term feeding of the HR-AD diet to hairless mice causes a 

skin barrier defect characterized by an increase in TEWL and a decrease in skin 

hydration (95-98). However, it remains unclear whether reduced barrier function causes 

a consequential inadequacy of the structural condition of the epidermis. In this chapter, I 

focused on epidermal covalently-bound ω-hydroxy ceramides, which are thought to 

play a most crucial role in the formation of lamellar structures, resulting in retention of 

epidermal water and in the epidermal barrier (89, 90). A previous report showed that the 

amount of protein-bound ω-hydroxy ceramides in healthy epidermises comprised 46% 

to 53% of the total protein-bound lipids, whereas this amount was 10% to 25% lower in 

human subjects with affected atopic skin areas (99). In this experiment, the 

covalently-bound ω-hydroxy ceramides from murine epidermises were identified using 

HPLC-MS/MS. Eleven species of covalently-bound long-chain (C30-36) ω-hydroxy 

ceramides containing either C18:1 or C17:1 sphingoid base were identified in mice 

epidermises. The result showed the HR-AD diet was significantly associated with a 

lower level of all molecular species of covalently-bound ω-hydroxy ceramides in the 

epidermis of mice. A significant and strong correlation was observed between 
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covalently-bound ω-hydroxy ceramide (d18:1-C34:1) and skin hydration, as well as 

covalently-bound ω-hydroxy ceramide (d18:1-C34:1) and TEWL (Fig 14b). Thus, one 

possible explanation for the observed dysfunction in the skin barrier may be associated 

with the reduction in covalently-bound ceramides in the epidermis. Considering that 

ceramides in the SC comprise more than 350 molecular species, it is important to 

confirm that those specific molecular species of ω-hydroxy ceramides are implicated in 

skin barrier function (102). A recent clinical study showed that the smaller species of 

ceramides (< 40 total carbons) were expressed at significantly higher levels and the 

larger species (> 50 total carbons) were expressed at significantly lower levels in 

patients with AD sites versus healthy subjects (103). In addition, it is well known that 

the ratio of unsaturated and saturated fatty acids in phospholipids influences membrane 

fluidity. Bouwstra et al. (104) demonstrated that the degree of saturation of the fatty 

acid chain of ceramide-1 had marked effects on lamellar and lateral lipid organization in 

vitro. The long periodicity phase was present predominantly in mixtures prepared with 

ceramide-1 linoleate, and absent in mixtures prepared with ceramide-1 stearate. This 

study demonstrated that the HR-AD diet fed mice had notably reduced mean 

percentages of covalently-bound ω-hydroxy ceramides with saturated fatty acids (C30:0, 

C32:0, and C34:0) ranging from 3.5% to 11.4%, whereas ceramides with unsaturated 

fatty acids (C32:1, C34:1, and C36:1) ranged from 14.3% to 34.9% (Table 6). I consider 

that it is likely that the difference in carbon chain length and the ratio of unsaturated 

fatty acids to saturated fatty acids of ω-hydroxy ceramides is also associated with skin 

barrier structure, although the manner by which such effects may be exerted is not fully 

understood. 

This study provides evidence that the oral intake of MPLs improved the skin barrier 



56 

 

function in mice fed the HR-AD diet. MPLs contains 16% of SM, which consists of 

three main components; a phosphocholine head group, a sphingoid base, and a fatty acid. 

Several studies have reported that dietary sphingolipids, such as SM and 

glucosylceramide, improve skin barrier function. Orally-administered milk SM was 

implicated in the water holding capacity of skin in hairless mice (84). SM from porcine 

brain was used to accelerate the recoveries of damaged skin caused by skin barrier 

function impairments in both HR-AD-fed and tape-stripped injured mouse models (95). 

Dietary glucosylceramide was also shown to improve the recovery of SC flexibility and 

reduce TEWL in acutely barrier-perturbed mice (95, 105). Dietary sphingolipids are 

hydrolyzed by intestinal enzymes to their components, sphingoid bases, fatty acids, and 

the polar head group and then taken up into mucosal cells (106-109). Therefore, 

ingestion of sphingolipids which structurally consist of sphingoid bases may contribute 

to skin barrier function. 

SM caused significant increases in the percentage of covalently-bound ω-hydroxy 

ceramides in the epidermis. Results of a recent in vitro study using cultured 

keratinocytes showed that sphingadienine (d18:2) enhanced CE formation via 

expression of transglutaminase-1 (TGase-1), and played a potential role in the covalent 

bonding of ω-hydroxy ceramides to peptide moieties in the outer CE (110). This study 

showed that the HR-AD diet led to significant increases in mRNA level of TGase-1, 

while SM attenuated the increase in this gene expression in a dose-dependent manner 

(data not shown). The decrease in TGase-1 mRNA level despite an increase in 

covalently-bound ω-hydroxy ceramides is presumably due to negative feedback 

regulation. Furthermore, milk SM consists mainly of sphingosine (d18:1), but not 

sphingadienine (d18:2) (111). As a consequence, it is possible that factors other than 
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TGase-1 may regulate the production of covalently-bound ω-hydroxy ceramides in mice 

fed MPLs. However, further studies are needed to clarify this mechanism. 

Dry skin conditions, such as AD and psoriasis vulgaris cause chronic skin 

inflammation. This study provided evidence that levels of TSLP and TARC mRNA, and 

serum concentrations of IgE, TARC, TSLP, and sP-selectin were significantly higher in 

the HR-AD group compared with the control group. The focus of this study was on 

changes in the levels of skin TSLP mRNA and serum concentration changes in TSLP, 

and these were 20-fold and 110-fold higher, respectively, in mice fed the HR-AD diet, 

representing a dramatic difference in comparison with mice fed the standard diet. 

Recent compelling evidence indicates that TSLP may have a determinant role in the 

initiation and maintenance of allergic immune responses (112, 113). TSLP modulates 

polarization of dendritic cells by increasing secretion of Th2 cell-attracting chemokines, 

such as TARC. TSLP was highly expressed by keratinocytes in AD lesions and its 

expression was associated with the migration and activation of Langerhans cells (114). 

Thus, TSLP might be a sensitive marker of dry skin conditions, and play a crucial role 

in the pathogenesis of such in hairless mice. 

This study showed for the first time that SM added to the HR-AD diet fed to mice, 

attenuated inflammation parameters in both skin and serum. In particular, a high dose of 

SM versus a low dose is more effective at attenuating levels of TSLP in the skin and 

serum. Several potential mechanisms can be proposed to explain the beneficial effect 

SM can have on skin inflammation. One explanation may be related to the improvement 

in skin barrier function. Skin barrier dysfunction allows entry of allergens, antigens, and 

chemicals from the environment, which can activate keratinocytes to release 

pro-inflammatory cytokines and chemokines (91). It is therefore suggested that dietary 
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SM help to mitigate skin barrier dysfunction and protect against the entry of 

environmental agents, thereby attenuating skin inflammation in mice. Another 

possibility is that sphingolipids may be a source of anti-inflammatory properties. 

Sphingosine is a potent inhibitor of protein kinase C activity in vitro (115). Treatment 

with sphingosines inhibited phorbol ester-induced skin inflammation via inactivation of 

protein kinase C in mice (116). In addition, the oral administration of sphingolipids 

significantly downregulated the activation of TNF-α at an inflammatory site (117). 

Although it remains unclear whether oral intake of sphingolipids directly inhibits skin 

inflammation, future studies are needed to clarify the potential underlying mechanism. 

In conclusion, dietary SM improved dry skin conditions in hairless mice fed the 

HR-AD diet. Furthermore, adding SM attenuated the decrease in epidermal 

protein-bound ω-hydroxy ceramide levels associated with the intake of the HR-AD diet, 

and was associated with a lower level of skin and serum markers of inflammation. SM, 

might increase the strength of epidermal lamellar structures and suppress skin 

inflammation, to thereby improve skin barrier functions. However, since MPLs, used as 

a source of SM in this experiment, also contain several phospholipids and components 

other than SM, the effect of their contents should be considered and effect of SM on the 

skin also should be demonstrated in other experimental models. Moreover, a limitation 

of this study was that the pathogenic mechanism of dry skin induced by a 

nutritionally-deficient diet (HR-AD) is different from that induced by epicutaneous 

sensitization or genetic modification (118, 119). Further studies are therefore needed to 

elucidate the beneficial effect of SM on dry skin condition using other animal models 

that have similarities to this condition in humans. 
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Chapter 4: 

Dietary milk sphingomyelin prevents disruption of skin 

barrier function in hairless mice after UVB irradiation 

 

4-1   Introduction 

A single UVB irradiation dose has long been known to cause skin barrier 

dysfunction as well as increased TEWL and decreases in the water content of the SC. 

UVB irradiation of mammalian skin disrupts epidermal permeability barrier functions, 

and is accompanied by an increase in TEWL (3, 5, 120) as well as alterations in the SC 

lipid profile (121, 122). Previous studies showed that levels of covalently-bound 

ceramides, but not unbound-ceramides, were significantly reduced in parallel with a 

marked increase in TEWL following irradiation with a single UVB dose in hairless 

rodents (88, 122). Furthermore, the CE is formed during terminal differentiation of the 

epidermis through crosslinking of specific precursor proteins, including involucrin, 

loricrin, small proline-rich proteins, and transglutaminase (TGase), which are essential 

for skin barrier function (90, 123). Therefore, lipid species such as ω-hydroxy 

ceramides, together with CE components are thought to play a crucial role in the 

formation of lamella structures, and are involved in maintaining skin barrier functions. 

However, few studies have been able to demonstrate that the oral intake of dietary 

components can modulate epidermal structures associated with dryness induced by 

UVB irradiation. Therefore, in present study I evaluated the effects of dietary milk 

derived-SM on skin barrier defects induced by a single dose of UVB irradiation in 

hairless mice. 
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4-2   Methods 

Animals 

Sixty-four nine-weeks-old female hairless mice (Hos: HR-1, Nippon SLC Inc., 

Shizuoka, Japan) were used in this experiment. All mice were housed in plastic cages 

(four mice/cage) in a temperature- and humidity-controlled room (24 ± 1 °C and 50 ± 

10% relative humidity [RH]) under a 12 hour light-dark cycle. Mice were allowed free 

access to the standard diet AIN-93G (Oriental Yeast Co., Ltd., Tokyo, Japan) and water. 

The animal experiments in this chapter were approved by Meiji Co., Ltd. Institutional 

Animal Care and Use Committee, and performed in accordance with the Guiding 

Principles for the Care and Use of Laboratory Animals approved by Meiji Co., Ltd 

(Permit Number: 2013_3871_0082). All surgery was performed under isoflurane 

anesthesia, and all efforts were made to minimize suffering. 

Experimental design 

After acclimatization for 4 days, mice were randomized into 8 groups (control groups 

[day 0, 1, 2, 3] and SM groups [day 0, 1, 2, 3]), according to body weight, SC water 

content, and TEWL. The control group was given 5% ethanol solution at 10 mL/kg 

body weight, while the other groups were given SM at 146 mg/5% ethanol solution at 

10 mL/kg body weight. SM from milk (certified ≥ 98% purity, NS220204) was 

purchased from Nagara Science Co., Ltd. (Gifu, Japan). Mice were given the 

experimental SM samples orally for 10 days, from 7 days before UVB irradiation (day 

-7) until 3 days after irradiation (day 3). Seven days after the initiation of the 

experimental sample administration (day 0), the dorsal skin was exposed once to 20 

mJ/cm2 emitted by a UVB lamp under isoflurane anesthesia as another experiment of 

UVB irradiation in chapter 1-2. SC water content and TEWL were measured 7 days 
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before and 0, 1, 2, and 3 days after irradiation. All mice were euthanized under 

isoflurane anesthesia on day 0, 1, 2, or 3. The dorsal skin was excised quickly and 

immediately frozen at -80 °C until analysis. 

Measurement of SC water content and TEWL 

SC water content and TEWL were assessed under standardized conditions as 

described in chapter 1-2.  

Quantitative measurement of gene expression 

   Dorsal skin samples from each mouse were frozen in liquid N2 and powdered. Total 

RNA was isolated from the skin samples in accordance with guanidine thiocyanate 

method (124) using TRIzol reagent (Life Technologies Corporation, Carlsbad, CA, 

USA), and purified with an RNeasy Mini Kit (Qiagen, Hilden, Germany). Extracted 

RNA was dissolved in diethylpyrocarbonate-treated water and quantified 

spectrophotometrically at a wavelength of 260 nm. Reverse transcription was performed 

using a RivertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, 

MA, USA). The cDNA was stored at -80 °C prior to subsequent analysis. Quantitative 

real-time reverse transcription polymerase chain reaction (RT–PCR) analysis was 

performed using the ABI 7500 Fast Realtime PCR system (Applied Biosystems, Foster 

City, CA, USA). The respective primers and probes (TaqMan Gene Expression Assays) 

were designed at Applied Biosystems from gene sequences obtained from GenBank 

(thymic stromal lymphopoietin [TSLP]: Mm01157588_m1, IL-1 beta: 

Mm00434228_m1, IL-6: Mm00498375_m1, loricrin: Mm01962650_s1, TGase-3: 

Mm00436999_m1, glyceraldehyde-3-phosphate dehydrogenase [GAPDH]: 

Mm99999915_g1). The relative expression of the gene of interest was normalized 

relative to GAPDH mRNA levels and then calculated using the 2-ΔΔCt method (125). 
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The results are expressed as arbitrary units. 

Analysis of covalently-bound ceramide content by HPLC/MS/MS  

Extraction and identification of covalently-bound ceramides in mouse epidermal 

tissues were performed as described in chapter 3-2. Molecular species of ceramide, 

ω-hydroxy tetratriacontenoic-sphingosine (d18:1-C34:1), was the main component in 

the epidermis. Data are expressed as the relative peak area per epidermal protein 

content. 

Statistical analysis 

All data are presented as means ± SD. The RT-PCR results were expressed as fold 

change ± SD. Data were analyzed by two-way ANOVA with post hoc analyses being 

carried out using Dunnett’s test (time) and Student’s t-test (group) (SPSS ver. 22.0, 

SPSS, IL, USA). The statistical analyses of gene expression were performed at the ΔCt 

stage in order to exclude potential bias due to the averaging of data transformed through 

the equation 2-ΔΔCt (53). Differences among groups were considered to be significant at 

P < 0.05.  

 

4-3   Results 

A single dose of UVB irradiation significantly decreased the SC water content (Fig. 

17a) and increased TEWL (Fig. 17b) at every time point assessed. The water content of 

SC was significantly higher in the SM group than the control group on days 2 and 3.  

Meanwhile, TEWL was significantly lowered in the SM group relative to the control 

group on days 2 and 3 after irradiation. Levels of ω-hydroxy tetratriacontenoic 

sphingoshine (d18:1-ω-hydroxy C34:1) in the epidermis are shown in Fig. 18. On 3 

days after UVB irradiation, the level of covalently-bound ω-hydroxy ceramide was 
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significantly decreased in both groups. However, covalently-bound ω-hydroxy ceramide 

content was significantly lower in the control group relative to the SM group. 

A significant up-regulation of skin inflammation-related genes, TSLP, IL-1 beta, 

and IL-6 mRNA levels, was observed in the control group on day 1 and 2, while TSLP 

and IL-6 mRNA levels were significantly increased in the SM group at every time point 

assessed (Fig. 19). After UVB irradiation, there was no change in the levels of IL-1 beta 

mRNA in the SM group. The mRNA level of TSLP was significantly higher in the 

control group than the SM group on day 0 and 1, while the mRNA level of IL-1 beta on 

day 1 and 2 was markedly increased for the control group and relatively constant for the 

SM group (Figs. 19a, b). Meanwhile, IL-6 levels increased in the control group on day 1 

after UVB irradiation before tapering on days 2 and 3, while the SM group showed a 

similar expression pattern but with lower levels of mRNA (Fig. 19c). Loricrin and 

TGase-3 are known as enhancement factors of epidermal CE structures in the epidermis. 

The mRNA levels of loricrin exhibited a significant decrease in the control group on 

day 1 and 2 after UVB irradiation, while for the SM group loricrin mRNA levels were 

maintained until day 2 (Fig. 20a). The mRNA level of loricrin was significantly higher 

in the SM group than in the control group on day 1 after UVB irradiation. The mRNA 

level of TGase-3 showed a significant increase in the control group on days 2 and 3, 

while for the SM group increased levels were observed on day 1 and particularly day 2 

(Fig. 20b). The mRNA level of TGase-3 showed a significant higher in the SM group 

than in the control group on days 1 and 2. 
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Fig. 17.   Effect of SM on the SC water content (a) and TEWL (b) after UVB 

irradiation. 

The values are shown as mean ± SD (n = 8/group). * P < 0.05 (vs. the control group), # 

P < 0.05 (vs. day 0). 
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Fig. 18.   Effect of SM on levels of covalently-bound ω-hydroxy ceramide in the 

epidermis induced by UVB irradiation. 

Levels of ω-hydroxy tetratriacontenoic sphingoshine (d18:1-ω-hydroxy C34:1) are 

expressed as relative peak area per epidermal protein content. 

The values are shown as mean ± SD (n = 8/group). * P < 0.05 (vs. the control group), # 

P < 0.05 (vs. day 0). 
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Fig. 19.   Effect of SM on expression levels of TSLP (a), IL-1 beta (b) and IL-6 

(c).  

The mRNA levels are expressed as fold-change ± SD (SD of ΔCt) (n = 8/group). * P < 

0.05 (vs. the control group), # P < 0.05 (vs. day 0). 
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Fig. 20.   Effect of SM on Loricrin (a) and TGase-3 (b) mRNA expression. 

The mRNA levels are expressed as fold-change ± SD (SD of ΔCt) (n = 8/group). * P < 

0.05 (vs. the control group). # P < 0.05 (vs. day 0). 

 

4-4   Discussion 

This study, demonstrated for the first time that SM administration could prevent 

photodamage, the disruption of skin barrier function, in hairless mice after a single dose 

of UVB irradiation. Furthermore, dietary SM suppressed a decrease in both the amount 

of protein-bound ω-hydroxy ceramides and loricrin mRNA levels. Together, these 
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results suggest that changes in epidermal structure markers, such as covalently-bound 

ω-hydroxy ceramide content and CE formations in mice fed milk derived-SM, might be 

associated with an improvement in skin barrier defects that are induced by UVB 

irradiation. One possible reason for this attenuation of skin barrier defects is that orally 

SM administration relieves skin inflammation, thereby promoting a decrease in the 

levels of covalently-bound ω-hydroxy ceramide. UVB irradiation is known to cause a 

decrease in ω-hydroxy ceramide levels in parallel with a significant increase in TEWL, 

however, the content of unbound ceramide increases (88). Therefore, covalently-bound 

ω-hydroxy ceramides in the epidermis are thought to play an important role in the 

formation of lamellar structures that participate in epidermal water retention. In 

previous section, ω-hydroxy tetratriacontenoic-sphingosine (d18:1-ω-hydroxy C34:1), 

the major molecular species of covalently-bound long-chain ω-hydroxy ceramides, were 

characterized from murine epidermises. The levels of this ceramide were significantly 

decreased after UVB exposure. UVB exposure accelerates release of pro-inflammatory 

mediators from various skin cells as well as the activation and subsequent infiltration of 

immune cells into the skin. The UVB-induced immune response usually begin with an 

abnormal release of inflammatory cytokines, including IL-1, IL-6, IL-8, and tumor 

necrosis factor-α (TNF-α) in keratinocytes (126-129). The results of this study are in 

agreement with these previous findings in that mRNA levels of the 

inflammation-associated genes TSLP, IL-1β and IL-6 were acutely up-regulated one 

day after a single dose of UVB irradiation prior to the manifestation of epidermal barrier 

dysfunction. Recent research showed that in human keratinocytes Th-2 cytokines such 

as IL-4 and IL-6 markedly decreased the production of esterified ω-hydroxy ceramides, 

which are precursors of covalently bound ω-hydroxy ceramides (130). Therefore, skin 
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inflammation induced by UVB exposure might suppress the formation of these 

ω-hydroxy ceramides in the epidermis. An interesting finding in this study was that 

dietary SM significantly suppressed an increase in the mRNA levels of 

inflammation-associated genes. One potential explanation of this result is that 

sphingolipids may themselves be a source of anti-inflammatory properties, as would be 

suggested by the potent protein kinase C inhibitory activity of sphingosine in vitro (131). 

Furthermore, treatment with sphingosine inhibited phorbol ester-induced skin 

inflammation via inactivation of protein kinase C in mice (132). Dietary 

glucosylceramide also suppressed the release of IL-1α in the skin of mice bred under 

dry skin conditions (133). Thus, dietary SM might attenuate skin inflammation and the 

decrease in covalently-bound ω-hydroxy ceramides, which together would result in 

improved skin barrier function. Another possible explanation of the changes in 

inflammation-related gene expression is that dietary SM may facilitate the formation of 

the CE. The epidermal CE is a complex protein-lipid composite that replaces the plasma 

membrane of terminally differentiated keratinocytes (134). This lamellar structure is 

crucial for the barrier function of skin and can prevent the loss of water and provide 

protection from environmental hazards. Loricrin is the major component of the CE in 

the epidermis, contributing as much as 70% of the CE mass (135-137), and provides a 

scaffold for the CE. Loricrin-deficient mice, furthermore, showed delayed formation of 

the skin barrier during embryonic development (138). Previous reports showed that a 

single exposure to UVB down-regulated loricrin, keratin 10, and filaggrin expression in 

vitro (139), which is in agreement with these in vivo results that also demonstrated that 

UVB irradiation decreased loricrin mRNA expression levels. Dietary SM suppressed 

these decreases in the mRNA level of loricrin following UVB exposure, while an 
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increase was observed in the mRNA levels of TGase-3. TGases are expressed mainly in 

the skin epidermis and play roles in CE formation during keratinocyte differentiation 

(85, 140). TGase-3 in particular promotes the cross-linking of loricrin and small 

proline-rich proteins to form small interchain oligomers that are then permanently 

cross-linked to the developing CE (141). Previous research reported that sphingosine, 

which is the major metabolite of sphingolipids, enhanced CE production and TGase-3 

expression in vitro (142). Therefore, the sphingoid base might contribute to an increase 

in CE formation due to an activation of TGase-3. Consequently, I showed here that 

dietary SM stimulated mRNA levels of both loricrin and TGase-3, and enhanced the 

production of the CE in UVB damaged-skin, which in turn would improve skin barrier 

function. On the other hand, milk derived-phospholipid contains glycerophospholipids 

besides sphingolipids such as SM. Glycerophospholipids also have a potential to effect 

for the skin. Furthermore, previous reports revealed that oral supplementation with 

glucosylceramide improved skin barrier function (85, 142). Hydrolyzed SM form, such 

as ceramide, may represent potential active agent because SM and glucosylceramide are 

absorbed as the hydrolysate through intestines (143, 144). Further studies are needed to 

clarify contribution to the skin by type of sphingolipids. 

Taken together, dietary SM prevented disruption of skin barrier function of hairless 

mouse induced by UVB irradiation. Furthermore, the administration of SM increased 

the strength of epidermal structures, due to an increase in both covalently-bound 

ceramide and CE formation. Further human studies needed because human has more 

complex SC and SC lipid composition with more comprehensive biosynthesis pathways. 

Dietary SM might thus modulate epidermal structures and prevent skin photodamage 

induced by UVB exposure. 
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CONCLUSION 

Collagen hydrolysate and SM has a beneficial effect for preventing skin dysfunction 

such as the reduction of loss of epidermal barrier function and skin elasticity induced by 

UVB irradiation and chronological aging. The major findings presented in chapters 1 to 

4 can be summarized as follows:  

 Collagen hydrolysate administration suppressed epidermal barrier dysfunction and 

decrease in dermal skin elasticity in UVB irradiated skin.  

 Collagen hydrolysate derived peptides may be associated with maintenance of 

dermal HA, which contributes to water capacity and elastic fiber in the skin, 

resulting anti-photoaging.  

 Long-term oral intake of collagen hydrolysate improves intrinsic aging skin, that 

decreases in epidermal barrier function and skin elasticity.  

 The altered gene expression at the early stages of collagen hydrolysate 

administration period may affect skin barrier function and mechanical properties by 

regulating genes related to production and maintenance of skin tissue.  

 Long-term oral intake of SM containing phospholipids improves dry skin condition 

that decreases in epidermal barrier function.  

 Dietary SM can modulate epidermal covalently-bound ceramides, key factors for 

skin barrier function maintenance, associated with formation of lamellar structures 

and suppress skin inflammation, resulting in improved skin barrier function. 

 SM administration can prevent disruption of skin barrier function after UVB 

irradiation and modulate suppression of inflammation associated-gene expression, 

maintenance of covalently-bound ω-hydroxy ceramide content, and promotion of 

SC lamella structure associated-gene expression.  
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On the result of this study, it is emphasized that collagen hydrolysate facilitates 

generation of epidermis and maintenance of skin tissues, especially dermal HA and SM 

has critical roles in maintenance of these epidermal structure and effects for epidermal 

barrier function. However, since the results of this study are obtained from rats and mice, 

it is necessary to investigate the human dose. 

In conclusion, continuous intake of dietary functional foods containing collagen 

hydrolysate and SM improved UVB induced- or chronological aged- skin damage and 

is favorable for homeostatic regulation of the skin. It is speculated that combination of 

use of ingestion of these components are more effective for attenuating intrinsic- or 

extrinsic aging induced skin damage. The author concluded that this thesis provided to 

create of “internal” -external beauty supplements based on dermatological evidence, and 

contributes to QOL improvement.
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