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General Introduction 

Collagen is a major proteinaceous component of the extracellular matrix and making 

up approximately 25–35% of the total protein of animals. Collagen forms molecular 

family consisting of different gene products. At least 28 types of collagen have been 

identified in mammals, which are designated by Roman numerous such as type I –type 

XXVIII.1 Type I collagen is the most abundantly distributed in tissues except for cartridge. 

Collagen molecule consists of three subunits, referred to α chains. The three subunits with 

characteristic repeating motives of glycine (Gly)-X-Y, where X and Y are often occupied 

by proline (Pro) and hydroxyproline (Hyp), form triple helical structure. The triple helical 

structure resists most of the protease except for collagenases such as matrix 

metalloproteinases (MMP)-1 and 8.2 The triple helical structure of collagen collapses into 

random coiled structure by heat-treatment with water.3 The denatured form of collagen is 

referred to as gelatin.3 Gelatin is degraded into low molecular peptides (~0.3–8 kDa) by 

protease, which is referred to collagen hydrolysate, gelatin hydrolysate, or collagen 

peptide.4 The collagen hydrolysate is highly soluble compared to gelatin and loses gel-

forming ability.5 The collagen hydrolysate is prepared on an industrial scale and used as 

a functional food ingredient.5 As start material of collagen hydrolysate, fish skin and scale 

and animal skin, bone, and tendon are used.5 Recently, market of collagen hydrolysate is 

expanding around the world, the annual sales of final products in the world is 

approximately 5 billion US dollar.6 

Some human trials using placebo controls have demonstrated that ingestion of 

collagen hydrolysate (2.5–10 g per day) show beneficial effects as follows. Ingestion of 

10 g collagen hydrolysate per day for 4–6 months enhances healing of pressure ulcers7,8 

and attenuates the symptoms of osteoarthritis.9,10 Ingestion of 2.5 g collagen hydrolysate 

for 2 months improves various skin conditions, such as reduction of wrinkle volume, 

increase of elasticity and skin moisture in women subjects with specific ages.11,12 
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However, it was assumed before 2005 that orally administered collagen peptides did not 

exert special effects, as collagen peptides were believed to be degraded into amino acids 

during digestion and absorption processes. This situation was dramatically changed by 

findings of food-derived collagen peptides in human blood at 2005.13 Ingestion of 

collagen hydrolysate (2–20 g) increases peptide forms of Hyp, (i.e. collagen peptide) in 

human peripheral blood plasma to 20–200 μM.13–17 To date, the presence of more than 10 

food-derived collagen peptides in human blood has been reported as follows; prolyl-

hydroxyproline (Pro-Hyp), hydroxyprolyl-glycine (Hyp-Gly), alanyl-hydroxyproline 

(Ala-Hyp), isoleucyl-hydroxyproline (Ile-Hyp), leucyl-hydroxyproline (Leu-Hyp), 

phenylalanyl-hydroxyproline (Phe-Hyp), glutamyl-hydroxyproline (Glu-Hyp), prolyl-

hydroxyprolyl-glycine (Pro-Hyp-Gly), glycyl-prolyl-hydroxyproline (Gly-Pro-Hyp), 

alanyl-hydroxyprolyl-glycine (Ala-Hyp-Gly), and serinyl-hydroxyprolyl-glycine (Ser-

Hyp-Gly). Pro-Hyp and Hyp-Gly are the main food-derived collagen peptides found in 

human blood after ingestion of collagen hydrolysate.13–17 These peptides have been 

reported to resist to peptidase digestion in human plasma.18 In vitro studies have shown 

that these food-derived collagen peptides enhance the growth of mouse skin fibroblast 

attached on collagen gel18,19 and the production of glycosaminoglycan by fibroblasts 15 

and chondrocytes,20 which have been associated with the beneficial effects of ingestion 

of collagen hydrolysate. Pro-Hyp is also generated by degradation of endogenous 

collagen in tissues with inflammation21 and wound healing site of skin,22 whereas the 

generation of Pro-Hyp is suppressed in db/db mice,22 type 2 diabetes model, which shows 

delayed wound healing. Therefore, Pro-Hyp might play important role in the wound 

healing process.  

Recently, collagen hydrolysates with different molecular size are prepared from many 

start materials.23–25 Contents of collagen peptides in human blood after ingestion of these 

collagen hydrolysates have been examined. 24–26 Animal and fish meats in daily meal are 

also containing collagen or gelatin. However, there is no data about the levels of collagen 
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peptide in blood after ingestion of these meats in daily meal. In chapter 1, amount of 

ingested collagen by consuming animal and fish meats in Japanese daily dishes were 

examined. In addition, contents and structure of food-derived collagen peptides after 

ingestion of cooked fish meat rich in gelatin were compared to those after ingestion of 

collagen hydrolysate. 

As mentioned above, Pro-Hyp triggers growth of fibroblasts attached on collagen 

gel.18,19 However, inconsistent results were obtained, when different preparation of fetal 

bovine serum (FBS) was used. To solve this problem, presence and contents of low 

molecular weight collagen peptides in FBS and its effects on growth of fibroblasts were 

examined in chapter 2.  

It has been demonstrated that response of fibroblasts to Pro-Hyp differs between 

primary cultured cells and sub-cultured ones.19 In addition, ingestion of collagen 

hydrolysate can enhance wound healing without induction of excess fibrosis in normal 

tissues.8 These facts suggest that presence of the Pro-Hyp responding and non-responding 

fibroblasts. In chapter 3, the Pro-Hyp responding fibroblasts were identified on the basis 

of incorporation of fluorescein isothiocyanate (FITC)-labeled Pro-Hyp and expressing 

mesenchymal stem cell marker, p75 neurotrophin receptor (p75NTR).  

This study demonstrates that ingestion of gelatin rich cooked meat increases food-

derived collagen peptides in blood and that Pro-Hyp specifically enhances growth of 

fibroblasts with only specific condition, which could explain why ingestion of collagen 

hydrolysate enhances wound healing without inducing adverse effects on normal tissue. 

  



4 

 

Chapter 1 

 

Amount of collagen in the meat contained in Japanese daily dishes and the collagen 

peptide content in human blood after ingestion of cooked fish meat 

 

1.1 Introduction 

Collagen is a major component of the extracellular matrix in animals and has a triple 

helix structure. Triple helical structure resist to most proteases except for collagenase. 

Heat treatment causes the triple helix structure of collagen to collapse into a random 

coiled structure, referred to as gelatin.3 Gelatin is prepared from the bones, skin, and 

tendons of animals and the scales, skin, and bones of fish.3 Soluble gelatin can be easily 

degraded by most endoproteinases. Enzymatic hydrolysate of gelatin is more soluble than 

gelatin and is referred to as collagen hydrolysate or collagen peptide.5 Some human trials 

have demonstrated that ingestion of collagen hydrolysate has beneficial effects, which 

have been reported as both subjective and objective effects, such as enhanced healing of 

pressure ulcers,7,8 attenuation of the symptoms of osteoarthritis,9,10 and improvement of 

skin condition.11,12 A lot of human trials have demonstrated that the levels of some 

collagen derived di- and tri- peptides, such as Pro-Hyp, Hyp-Gly, Pro-Hyp-Gly, and 

others are increased in human blood after ingestion of collagen hydrolysate. In vitro 

studies have shown that these food-derived collagen peptides enhance the growth of 

fibroblast,18,19 and the production of glycosaminoglycan by fibroblasts27 and 

chondrocytes,28 which is associated with the beneficial effects of collagen hydrolysate 

ingestion. 
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Animal and fish meat contain collagen, and at least part of the collagen in such meat 

can be converted to gelatin during cooking. The gelatin in cooked meat can be degraded 

by digestive proteases. Therefore, the levels of some collagen peptides may be also 

increased in human blood after ingestion of cooked meats.  

The collagen contents in the muscles of animals, birds, and fish free from large 

connective tissues has been determined.29–31 However, the meat in food dishes frequently 

includes skin as well as large intra- and inter-muscular connective tissues. Therefore, it is 

difficult to estimate the amount of collagen ingested in a meal based on the available data. 

Furthermore, there are no data on the structure and content of the collagen peptides 

present after ingestion of meat. To address these issues, the collagen contents of the fish, 

chicken, pork, and beef meat contained in one serving of a Japanese daily dish were 

determined in the present study. In addition, the structure and content of the collagen 

peptides present in human blood after ingestion of a collagen-rich meat were evaluated 

and compared to those after ingestion of a collagen hydrolysate.  

 

1.2 Materials and Methods 

 

Meat Preparation  

Fish meat was selected based on the frequency of inclusion in Japanese daily meals 

according to the Japan National Health and Nutrition Survey Report.32 Blue shark 

(Prionace glauca) meat was also included in this study, since shark and ray meats are rich 

in collagen and are traditionally consumed in a specific area of Japan.33 Generally, small-

sized fish are gutted or headed and used in a round form. Larger fish are usually filleted 

and cut into single servings. Whole fillets and fillet cuts are usually grilled, steamed, or 

simmered with the skin on. Sliced raw meat (sashimi) is generally prepared from skinned 

fillets.34 Eel is usually butterflied, and the whole fillet with the skin is steamed and then 

grilled with seasonings. Relatively large butterflied or cut fillet of eel is typically used for 
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a single serving.34 Shark is generally skinned, as the skin has a hard layer. Then, the 

skinned shark meat is usually cut into fillets and chunks for one serving. Squid is cut into 

the mantle and arm meat portions. The arm meat is usually fried, grilled, or simmered, 

and the mantle meat with the skin is also fried, grilled, or simmered. Skinned mantle meat 

is also prepared as sashimi.34 

Japanese horse mackerel (Trachurus japonicas), chub mackerel (Scomber 

japonicas), red sea bream (Pagrus major), chum salmon (Oncorhynchus keta), Japanese 

eel (Anguilla japonica), and Japanese common squid (Todarodes pacificus) were 

collected as whole fish from local markets and cut into single servings by an expert chef 

from Kyoto Culinary Art College (Kyoto, Japan) as shown in Figure 1-1. Blue shark 

(Prionace glauca) was collected and cut into a single serving by an expert chef in Chuka 

Takahashi (Miyagi, Japan) using the parts shown in Figure 1-1. Beef meat (rib, flank, 

chuck, tender loin, and tendon), pork meat (loin, belly, and ham), and chicken meat (thigh 

and breast) were obtained from a local wholesaler. The beef, pork, and chicken meats 

were cut into single servings for Japanese daily dishes by the aforementioned expert chef. 

Typically, approximately 100 g of meat is used for a single serving in Japan.  

The whole cuts of meat were freeze-dried with an FDU-1200 (Eyela, Tokyo, Japan) 

and crushed in a blender (WB-1; Osaka Chemical, Osaka, Japan).  
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Figure 1-1. The fish parts used by the chefs to prepare the meats. 1, Japanese horse mackerel (A, 

whole trunk); 2, chub mackerel (A, anterior part of the trunk; B, posterior part of the trunk); 3, red 

sea bream (A, anterior portion of the dorsal part of the trunk; B, posterior portion of the dorsal part 

of the trunk; C, ventral part of the trunk; D, tail), 4, chum salmon (A, anterior part of the trunk; B, 

middle part of the trunk; C, posterior part of the trunk); 5, Japanese eel (A, whole trunk); 6, blue 

shark (A, anterior portion of the dorsal part of the trunk; B, posterior portion of the dorsal part of 

the trunk; C, ventral part of the trunk; D, tail); 7, Japanese common squid (A, arm; B, mantle). 
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Chemicals 

A standard mixture of amino acids (Type H), acetonitrile (HPLC-grade), 

trimethylamine, phenyl isothiocyanate (PITC), piperidine, 4-methylmorpholine, N, N-

dimethylformamide, t-butyl methyl ether, and trifluoroacetic acid were purchased from 

Wako Pure Chemical Industries (Osaka, Japan). 9-Fluorenylmethoxycarbonyl (Fmoc) 

amino acid derivatives, Fmoc glycine-bond p-alkoxybenzyl alcohol (Alko) resin, proline 

and hydroxyproline-bond 2-chlorotrityl chloride (Barlos) resin, 1H-benzotriazol-1-yloxy-

tri(pyrrolidino)phosphonium hexafluorophosphate (PyBOP), and 1-

hydroxybenzotriazole (HOBt) were purchased from Watanabe Chemical Industries 

(Hiroshima, Japan). 6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate (AccQ) was 

obtained from Toronto Research Chemicals (Toronto, ON, Canada). Pro-Hyp and Hyp-

Gly were obtained from Bachem (Budendorf, Switzerland). L-Hydroxyproline (Hyp), 

porcine pepsin, and pancreatin were purchased from Nacalai Tesque (Kyoto, Japan). 

Leucine aminopeptidase and carboxypeptidase A were purchased from Sigma-Aldrich (St. 

Louis, MO). All other reagents were of analytical grade or better. 

 

Human Study 

The human study was performed according to the Declaration of Helsinki under the 

supervision of medical doctors and was approved by the experimental ethical committee 

(201510-23-CTS001) of CX Medical Japan (Tokyo, Japan). Collagen hydrolysate from 

fish scales (Ixos gel HDL-50SP; Average molecular weight, 4769 Da) was a kind gift 

from Nitta Gelatin (Osaka, Japan).  

Skinned and deboned tail shark meat (part D) was simmered with seasonings. Hyp 

was not detected in the seasoning. The volunteers (average age 31, average body weight 

68.1 kg) were informed of the study objective and the potential risks of ingesting the 

samples and blood collection. After fasting for 12 h, six healthy male volunteers ingested 

200 g of cooked shark tail meat, which contained 13.5 ± 1.0 g of collagen. Approximately 
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10 mL of venous blood was collected from the cubital vein before ingestion and 30, 60, 

120, 240, and 360 min after ingestion. Plasma was prepared and mixed with three volumes 

of ethanol. Then, the supernatant was collected by centrifugation at 1,000 × g for 10 min 

and stored at -80 °C until use. After a 2-week washout period, the same volunteers 

ingested 13.5 g of collagen hydrolysate dissolved in 100 mL of water. Then, blood was 

collected and processed as described above. 

 

Hot Water Extraction of the Collagen in Shark Meat 

Freeze-dried powdered raw and cooked shark tail meat (1 g) were suspended in 10 

mL of water and heated at 100 °C for 10 min. Then, the suspension was centrifuged at 

10,000 × g for 5 min. The residue was treated as described, twice, and the supernatant 

was collected and used as the hot water-soluble fraction. 

 

In Vitro Protease Digestion 

Freeze-dried powdered cooked shark tail meat and collagen hydrolysate (1 g) were 

suspended in 150 mL of 0.1 M HCl. Then, 10 mg of pepsin was added and incubated at 

37 °C for 3 h. Next, the reactant was mixed with 10 mL of 1 M Tris-HCl buffer (pH 8.0), 

and the pH was adjusted to 8.0 by the addition of 1 M NaOH. Then, 40 mg of pancreatin 

was added and incubated for 24 h. The pepsin-pancreatin digest was brought up to 200 

mL by the addition of water and clarified by centrifugation at 3,000 × g for 10 min. 

Leucine aminopeptidase (2.5 units) and carboxypeptidase A (3 units) were added to 

aliquots of the digests (500 μL) and incubated at 37 °C for 24 h. The same amount of 

freeze-dried powdered cooked shark tail meat was treated in the same manner without 

enzymes. 
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Size Exclusion Chromatography 

Collagen hydrolysate was dissolved in water to yield a 5 mg/mL solution. The in 

vitro protease digests (500 μL) were freeze-dried and dissolved in 250 μL of 10% 

acetonitrile. These solutions were clarified by passage through a Cosmonice filter (0.45 

μm, Nacalai Tesque). The filtrate (approximately 200 µL) was subjected to size exclusion 

chromatography (SEC) using a Superdex Peptide 10/300 GL size exclusion column (GE 

Healthcare, Buckinghamshire, UK). Peptides were eluted with 0.1% formic acid 

containing 10% acetonitrile at 0.5 mL/min, and fractions were collected every 1 min. 

Aliquots of the SEC fractions were directly injected into an electron spray ionization 

mass spectrometer (LCMS-8040; Shimadzu, Kyoto, Japan). The molecular weights of the 

peptides in the SEC fractions were estimated based on the mass to charge ratio (m/z). 

 

Amino Acid Analysis 

Freeze-dried powder (10–1000 mg) was hydrolyzed in vacuo with 1 mL of 6 M HCl 

in a vial with a valve (Pierce vial, 40 mL; Thermo Fisher Scientific, Waltham, MA) at 

150 °C for 1 h. The hydrolysate was brought up to 50 mL with water. The amino acids in 

the hydrolysate were analyzed according to the method of Bidlingmeyer et al. 35 

The Hyp contents were converted to collagen contents by multiplying by the 

coefficient (collagen weight/Hyp weight), which was obtained from the amino acid 

composition of collagen for each species.3,36–41 

 

Determination of the Food-derived Collagen Peptides in Human Blood Plasma 

The Hyp-containing peptide contents were evaluated by amino acid analysis as 

described previously.13 To evaluate the content of each collagen peptide in plasma, liquid 

chromatography tandem mass spectrometry (LC-MS/MS) in multiple reaction 

monitoring (MRM) mode was performed using an LCMS-8040 (Shimadzu) and a high 

pressure binary gradient HPLC (LC20 system; Shimadzu). Eleven Hyp-containing 
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peptides (Pro-Hyp, Hyp-Gly, Ala-Hyp, Ile-Hyp, Leu-Hyp, Phe-Hyp, Glu-Hyp, Pro-Hyp-

Gly, Gly-Pro-Hyp, Ala-Hyp-Gly, and Ser-Hyp-Gly), which have been observed in human 

plasma after ingestion of collagen peptides,13,16,42 were purchased or synthesized by the 

Fmoc strategy using an automatic peptide synthesizer (PSSM-8; Shimadzu) according to 

the supplier’s protocols. The peptides were derivatized with AccQ as described below and 

used to optimize the MRM conditions by using LabSolutions Version 5.65 (Shimadzu). 

For the analysis, 100 µL of the 75% ethanol-soluble fraction of human plasma was 

dried in a 1.5 mL tube. Then, 20 µL of 20 mM HCl, 20 µL of a 0.3% AccQ acetonitrile 

solution, and 60 µL of 50 mM sodium borate buffer (pH 8.8) were added to the residue 

and reacted at 50 °C for 20 min. The reaction mixture was diluted with 100 μL of 5 mM 

sodium phosphate buffer (pH 7.4) containing 10% acetonitrile. Aliquots (10 or 20 μL) 

were injected into the LC-MS/MS, and AccQ peptides were resolved on an Inertsil ODS-

3 column (2.5 µm, 2.1 mm × 250 mm; GL Science, Tokyo, Japan) equilibrated with 0.1% 

formic acid (solvent A). Binary gradient elution was applied with solvent A and solvent 

B (0.1% formic acid containing 80% acetonitrile) at a flow rate of 0.2 mL/min. The 

gradient profile was as follows: 0–15 min, 0–50% B; 15–20 min, 50–100% B; 20–25 min, 

100% B; and 25–35 min, 0% B. Detection was performed by MRM in positive ion mode. 

The sample was spiked with standard peptides (5 pmol). The recoveries of the spiked 

standards were calculated. To correct for a matrix effect on the ionization of sample 

peptides, the value of each peptide was divided by the recovery of each standard. 

 

Statistical Analyses 

The differences between the means were evaluated by one-way analysis of variance 

(ANOVA) and followed by Tukey’s multiple comparison test for post-hoc analysis using 

GraphPad Prism Version 6.04. (GraphPad Software, San Diego, CA). The differences 

between two groups were compared using Student’s t-test. 
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1.3 Results and Discussion 

 

Amount of Collagen in the Meat Contained in One Serving of a Japanese Dish 

Skin and intramuscular connective tissues, such as myocommata and epimysium, 

which cover the muscles of fish and animals, respectively, are rich in collagen. The skin 

and intramuscular connective tissue remained as relatively large particles on the freeze-

dried meats even after milling, resulting in the generation of non-homogenous powders. 

To minimize deviations in collagen content due to sampling, relatively large amounts of 

powder should be used. My preliminary experiments showed that the coefficient of 

variation in Hyp content in the same sample was less than 5% (n = 4) when 1 g of freeze-

dried powder was used for the amino acid analysis. Thus, 1 g of freeze-dried sample was 

used to determine Hyp contents. 

There are a few reports on the collagen contents in fish and animal meat.29,43 

However, in these studies, the collagen contents in meat that was free of skin and from 

specific parts of body were evaluated, and the amount of meat contained in one serving 

of a daily meal was not considered. To evaluate the actual collagen intake from a daily 

Japanese meal, the amounts of collagen in the meat included in one serving of a Japanese 

daily dish prepared by expert chefs were determined in the present study. The weights of 

the meats in one serving of Japanese dishes prepared by expert chefs are shown in Table 

1-1. The weights of the fish meats were ~50–200 g depending on the fish species and 

cooking method, and the weights of the animal meats were ~80–130 g. 

The contents and amounts of collagen in the meat contained in a single serving of a 

Japanese dish varied from 0.3 to 8.5 g/100 g wet tissue and 0.2 g to 13.3 g, respectively 

(Table 1). A one serving fillet with skin of Japanese horse mackerel, chub mackerel, red 

sea bream, or chum salmon contained 0.7–1.2 g of collagen. For skinned red sea bream, 

the collagen content decreased by half when compared to the fish meat with skin. One 

serving of Japanese eel contained high amounts of collagen (~13 g) due to the thick skin 
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and intramuscular connective tissue and the large size of the serving (approximately 200 

g). For blue shark, the cuts of skinned fillets (A, B, and C) contained 0.7 g of collagen. 

Chucked tail meat (D) contained 13.3 g of collagen, which was the highest value observed 

among the examined preparations of skinned meat. One serving of animal, chicken, and 

squid meat contained ~1–2 g of collagen, except for tender loin (0.41 g) and tendon (7.56 

g). Chicken meat with skin contained ~1.8 times higher amounts of collagen than skinned 

meat. These results suggest that 0.2–5 g of collagen can be ingested by consuming two 

servings of meat a day. This value is close to the average intake of collagen reported by 

Noguchi et al.43 (1.9 g). However, more than 10 g of collagen can be ingested in a single 

serving of a collagen-rich meat such as stewed beef tendon, grilled eel, or simmered shark 

tail. 
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Table 1-1. Weights of the Meats Prepared for One Serving of a Japanese Daily Dish by the 

Expert Chef and the Amounts of Collagen in the Meats. 

Values are mean ± S.D. of three determinations. Asterisks (*) indicate meat with skin.  

species  parts weight of the 
meat (g) 

collagen 
amount in the 

meat (g) 

collagen 
content in the 

meat 
(g/100 g) 

Japanese horse mackerel 
(Trachurus japonicas) A* 98.8 ± 12.6 1.64 ± 0.25 1.67 ± 0.24 

chub mackerel 
 (Scomber japonicas) 

A* 65.5 ± 2.4 0.75 ± 0.04 1.14 ± 0.07 
B* 66.9 ± 2.10 0.70 ± 0.07 1.07 ± 0.13 

red sea bream 
 (Pagrus major) 

A 54.7 ± 1.7 0.29 ± 0.07 0.53 ± 0.12 
B 51.3 ± 2.0 0.21 ± 0.02 0.40 ± 0.05 
C 52.2 ± 1.7 0.25 ± 0.06 0.49 ± 0.14 
D 39.7 ± 2.9 0.34 ± 0.03 0.85 ± 0.05 
A* 58.3 ± 2.2 0.79 ± 0.07 1.36 ± 0.23 
B* 52.2 ± 2.1 0.67 ± 0.02 1.28 ± 0.29 
C* 57.9 ± 3.5 0.84 ± 0.06 1.45 ± 0.24 
D* 44.9 ± 2.8 0.86 ± 0.03 1.90 ± 0.59 

chum salmon 
(Oncorhynchus keta) 

A* 70.3 ± 11.9 1.16 ± 0.27 1.74 ± 0.45 
B* 75.3 ± 3.1 1.17 ± 0.29 1.63 ± 0.41 
C* 74.4 ± 2.8 1.41 ± 0.27 1.89 ± 0.33 

Japanese eel   
 (Anguilla japonica) A* 193.8 ± 10.1 13.09 ± 2.56 6.74 ± 1.15 

blue shark    
(Prionace glauca)  

A 55.9 ± 1.3 0.71 ± 0.17 1.27 ± 0.29 
B 57.0 ± 1.0 0.65 ± 0.06 1.14 ± 0.09 
C 57.2 ± 1.0 0.63 ± 0.05 1.11 ± 0.09 
D 166.9 ± 25.9 13.3 ± 2.96 8.48 ± 0.71 

cattle 
 (Bos taurus) 

Rib 120.3 ± 10.5 1.64 ± 0.37 1.35 ± 0.20 
Flank 105.6 ± 2.8 0.97 ± 0.12 0.91 ± 0.09 
Chuck 120.5 ± 3.9 1.32 ± 0.10 1.09 ± 0.11 
Tender 

loin 130.0 ± 8.6 0.41 ± 0.06 0.32 ± 0.04 

Tendon 101.2 ± 2.3 7.56 ± 3.61 7.49 ± 3.62 

pig 
 (Sus scrofa domesticus) 

Loin 100.6 ± 2.3 1.90 ± 0.32 1.89 ± 0.36 
Belly 80.2 ± 4.9 1.64 ± 0.50 2.08 ± 0.73 
Ham 78.8 ± 1.2 1.23 ± 0.34 1.56 ± 0.34 

chicken 
 (Gallus gallus 

domesticus) 

Thigh 112.3 ± 2.5 1.39 ± 0.04 1.24 ± 0.05 
Thigh* 123.4 ± 4.2 2.52 ± 0.12 2.05 ± 0.13 
Breast 118.3 ± 8.1 0.80 ± 0.34 0.67 ± 0.23 

Japanese common squid 
(Todarodes pacificus) 

A 101.4 ± 7.8 1.17 ± 0.17 1.16 ± 0.18 
B 50.2 ± 5.5 0.72 ± 0.12 1.43 ± 0.16 
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Content and Structure of the Collagen Peptides in Human Blood Plasma 

After ingestion of the collagen hydrolysate, the hydroxyproline (Hyp)-containing 

di- and tri-peptides in human blood were increased. However, there are no data on the 

structure and content of the Hyp-containing peptides in human blood after ingestion of 

collagen-containing meats. Cooked skinned chuck tail meat from blue shark (part D) was 

used in the human study, since it contained the highest amount of collagen. Collagen 

hydrolysate was used as a positive control. One serving (200.1 ± 7.0 g) of cooked shark 

meat contained 13.5 ± 0.7 g of collagen. The concentration of the free Hyp and Hyp-

containing peptide in human plasma before and after ingestion of collagen hydrolysate 

(13.5 g) and cooked shark meat are shown in Figure 1-2. After ingestion of the cooked 

shark meat, both the free Hyp and Hyp-containing peptide reached maximum levels of 

~45 and 14 µM in plasma, respectively, at 60 min. These values were approximately one-

half and one-fifth of the levels observed after ingestion of 13.5 g of collagen hydrolysate 

(~90 and 70 µM, respectively). The area under the curve (AUC) of the free Hyp and Hyp-

containing peptide after ingestion of cooked shark meat were 61% and 28% of those 

detected after ingestion of collagen hydrolysate (Table 1-2). 

Nine collagen-derived peptides: Pro-Hyp, Hyp-Gly, Ala-Hyp, Ala-Hyp-Gly, Pro-

Hyp-Gly, Ser-Hyp-Gly, Ile-Hyp, Leu-Hyp, and Phe-Hyp were significantly increased in 

plasma after ingestion of cooked shark meat, while no significant increases in Glu-Hyp 

and Gly-Pro-Hyp were observed (Figure 1-3). The peptides with the first and second 

highest levels in plasma after ingestion of cooked shark meat and collagen hydrolysate 

were Pro-Hyp and Hyp-Gly. The maximum levels of most peptides after ingestion of 

cooked shark meat were significantly lower than those after ingestion of collagen 

hydrolysate except for Hyp-Gly, Pro-Hyp-Gly, and Ile-Hyp (p < 0.05; Figure 1-3). The 

AUC of the nine peptides after ingestion of collagen hydrolysate and cooked shark meat 

are summarized in Table 1-2. The AUC of the peptides after ingestion of cooked shark 

meat were 17–38% of those after ingestion of collagen hydrolysate, and most were 
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significantly lower (p < 0.05) except for Hyp-Gly, Pro-Hyp-Gly, and Ile-Hyp. The sum 

of the peptide contents in plasma as evaluated by LC-MS/MS accounted for 

approximately 70% of the total Hyp-containing peptides as evaluated by amino acid 

analysis. The ratio of Hyp-Gly to Pro-Hyp in plasma after ingestion of cooked shark meat 

was significantly higher than that after ingestion of collagen hydrolysate. It has been 

reported that Hyp-Gly and Pro-Hyp are resistant to the exopeptidases in blood.18,19 

Therefore, endoproteinase might cleave the peptide bonds between Hyp and Gly or Pro 

and the Hyp residues in larger peptides. The present data suggest that human digestive 

endoproteinase preferentially cleave the peptide bond between the Pro and Hyp residues 

compared to the bacterial endoproteinase used to generate the collagen hydrolysate. It has 

been demonstrated that Hyp-Gly enhances the growth of fibroblasts on collagen gel to a 

greater extent than Pro-Hyp.18 Therefore, ingestion of cooked meat containing 

collagen/gelatin might have the beneficial effects similar to those observed after ingestion 

of collagen hydrolysate, despite the lower collagen peptide contents observed in plasma 

after ingestion.  
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Figure 1-2. Free Hyp and Hyp-containing peptide contents in human blood plasma after 

ingestion of collagen hydrolysate (●) and cooked shark tail meat (part D; ■). Data are mean 

± S.E. (n = 6). Different letters on data points indicate significant differences (p < 0.05) 

between the contents at different time points after ingestion. Daggers (†) indicate significant 

differences between the two groups (tail meat and collagen hydrolysate). 
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Figure 1-3. Collagen peptide contents in plasma after ingestion of collagen hydrolysate (●) 

and cooked shark tail meat (part D; ■). Data are mean ± S.E. (n = 6). Different letters on data 

points indicate significant differences (p < 0.05) between different time points after 

ingestion. Daggers (†) indicate significant differences between the two groups. 
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Table 1-2. Area Under the Curve (AUC) of the Collagen Peptides in Human Blood Plasma after 

Ingestion of Collagen Hydrolysate and Cooked Shark Tail Meat. 

 
Values are mean ± S.E. (n = 6).   

 samples AUC (µmol/h/L) rate p-value 

Pro-Hyp 
shark 1415.4 ± 203.2 

0.34 0.001 
hydrolysate 4743.0 ± 701.8 

Hyp-Gly 
shark 482.9 ± 142.7 

0.73 0.725 
hydrolysate 554.1 ± 135.6 

Ala-Hyp 
shark 77.6 ± 11.4 

0.26 0.001 
hydrolysate 297.6 ± 47.2 

Ala-Hyp-Gly 
shark 82.1 ± 21.7 

0.29 0.028 
hydrolysate 281.5 ± 75.1 

Pro-Hyp-Gly 
shark 92.5 ± 35.9 

0.51 0.294 
hydrolysate 183.0 ± 73.6 

Leu-Hyp 
shark 65.9 ± 5.5 

0.38 0.013 
hydrolysate 171.4 ± 23.4 

Phe-Hyp 
shark 40.7 ± 7.0 

0.28 0.003 
hydrolysate 145.2 ± 25.4 

Ser-Hyp-Gly 
shark 22.6 ± 4.5 

0.17 0.001 
hydrolysate 134.2 ± 16.4 

Ile-Hyp 
shark 24.5 ± 6.2 

0.69 0.245 
hydrolysate 35.6 ± 6.5 

Free Hyp 
shark 11390 ± 1720 

0.61 0.0004 
hydrolysate 18774 ± 1927 

Hyp-containing 

peptide 

shark 3571 ± 2298 
0.28 0.0002 

hydrolysate 13012 ± 3599 
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In Vitro Extraction and Enzyme Digestion of the Collagen in Shark Meat 

To address the reason for the lower collagen peptide contents in plasma after 

ingestion of cooked shark meat compared to the contents after ingestion of collagen 

hydrolysate, the collagen in raw and cooked shark meat was extracted with hot water and 

digested with pepsin and pancreatin. The collagen hydrolysate is water soluble. In 

contrast, only ~10% of the total Hyp-containing protein/peptide was extracted from the 

raw and cooked shark meat by hot water at 100 °C (Figure 1-4). An additional 20% of the 

total Hyp-containing peptides were liberated by in vitro digestion with pepsin and 

pancreatin (Figure 1-4). The triple-helical collagen molecules are generally covalently 

cross-linked in tissue, which makes then water insoluble. Heat treatment with water 

cleaves the heat-labile crosslinks and converts the triple helical structure to a water-

soluble globular structure.3 Thus, heat treatment solubilizes a portion of the collagen and 

converts it to gelatin, which can be degraded by endoproteinases. However, collagen 

molecules stabilized with many heat-stable crosslinks are resistant to protease digestion, 

even after heat treatment.44 The degree and types of crosslinks in collagen depend on the 

species and tissue.3,45 These facts indicate that the collagen in the shark meat is stabilized 

Figure 1-4. Extraction of collagen from raw and cooked shark tail meat (part D) by hot-water 

treatment and pepsin-pancreatin digestion. Data are mean ± S.D. (n = 3). 
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with crosslinks. Therefore, approximately 70% of the collagen content remained 

insoluble after cooking and pepsin-pancreatin digestion, which is consistent with the 

lower collagen peptide contents in plasma observed after ingestion of cooked shark meat 

compared to the contents after ingestion of collagen hydrolysate (Figure 1-4). Leucine 

aminopeptidase and carboxyl peptidase A degraded the peptides in the collagen 

hydrolysate with a molecular weight larger than 3000 Da into oligo peptides, which eluted 

in SEC after 25 min (Figure 1-5A and B). The exopeptidase digest of the peptides 

liberated from the cooked shark meat by pepsin-pancreatin digestion showed the SEC 

elution profile (Figure 1-5C) similar to that of the collagen hydrolysate (Figure 1-5B), 

which indicates that soluble collagen peptides from the cooked shark meat are further 

degraded by exopeptidases. Therefore, it is critical to increase the susceptibility of the 

collagen in meat to the gastrointestinal endoproteinases to generate soluble peptides. 

Collagen peptides might be also generated by autolysis in meat after long-term aging 

process and in marinade meat by acidic proteases such as cathepsins D and L,46 while 

type I collagen, major collagen in fish meats, is stable during short-term chilled storage.47 

In addition, hot water extraction at a higher temperature (120 °C) in an autoclave 

solubilizes all the collagen in fish meat.29 Thus, there is a possibility that cooking meat at 

a higher temperature in can and retort pouch for a longer time might increase the collagen 

peptide contents after ingestion of the cooked meat. 

Consequently, approximately 0.2–13 g of collagen is ingested from the meat 

contained in one serving of a Japanese meal. Ingestion of this cooked meat can increase 

the di- and tri-collagen peptide contents in plasma, although the content is lower than that 

after ingestion of an equivalent amount of collagen hydrolysate, which suggests that 

collagen in daily dishes might affect on skin and joint conditions through increasing Pro-

Hyp and Hyp-Gly in human blood. The collagen peptide contents in human blood after 

ingestion of meat not only depend on the collagen content in meat but also the degree of 

crosslinking and its susceptibility to endoproteinase digestion. The present study 
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encourages further human studies on the effects of ingesting soluble collagen in cooked 

meat on skin and joint conditions.  

  

Figure 1-5. Elution profiles of collagen peptides from size exclusion chromatography. A, 

collagen hydrolysate; B, exopeptidase digest of collagen hydrolysate; and C, exopeptidase digest 

of collagen peptides in a pepsin-pancreatin digest of cooked shark meat. Elution of collagen 

peptides was monitored by measuring the Hyp contents in the HCl hydrolysate. The values at 

the arrows indicate the molecular weights of the collagen peptides as estimated by LC-MS. 
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Chapter 2  

 

Food-derived collagen peptides, prolyl-hydroxyproline (Pro-Hyp) and 

hydroxyprolyl-glycine (Hyp-Gly), enhance growth of primary cultured mouse 

skin fibroblast using fetal bovine serum free from hydroxyprolyl peptide 

 

2.1 Introduction 

 

Collagen is the main protein in extracellular matrix and forms a triple-helical 

structure. Collagen has two specific post-translationally modified amino acids: 

hydroxyproline (Hyp) and hydroxylysine (Hyl). Heat treatment converts the triple-helical 

structure of collagen to a globular structure, which is referred to as gelatin. The protease 

digest of gelatin is referred to as collagen hydrolysate or collagen peptide. In human trials 

with placebo controls, ingestion of collagen hydrolysate moderates the symptoms of 

osteoarthritis9,10 and enhances healing of pressure ulcers.7,8,48 Furthermore, ingestion of 

collagen hydrolysate (2–20 g) or cooked meat increases the appearance of the peptide 

forms of Hyp (i. e. hydroxyprolyl peptide) in human peripheral blood plasma to 20–200 

μM.13–17 The presence of more than ten food-derived hydroxyprolyl peptides in human 

blood has been reported.13–17 Pro-Hyp and Hyp-Gly are the main hydroxyprolyl peptides 

found in human blood after ingestion of collagen hydrolysate. Pro-Hyp is also generated 

by the degradation of endogenous collagen in tissue undergoing inflammation21 and at 

wound healing sites in the skin.22 

Mouse skin fibroblasts attached to collagen gel stopped growing without addition of 

Pro-Hyp even in the presence of fetal bovine serum (FBS), whereas fibroblasts grew on 
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plastic plates in the presence of FBS.18,19,49 It has been reported that Pro-Hyp and Hyp-

Gly triggered the growth of fibroblasts attached to collagen gel,18,19 which has been 

associated with biological responses upon ingestion of collagen hydrolysate. However, 

some researchers have obtained results inconsistent with these findings (personal 

communication). In this chapter, it was found out that fibroblasts attached to collagen gel 

grew without adding Pro-Hyp, when using different lots of FBS than those used in 

previous studies. The objectives of chapter 2 were to solve this problem and confirm the 

effects of food-derived hydroxyprolyl peptides on the growth of fibroblasts. 

 

 

2.2 Materials and Methods  

 

Bovine Serums 

Three different brands of FBS (FBS-1–3) were commercially obtained. One brand 

of adult bovine serum (ABS) was commercially obtained.  

 

Chemicals 

The amino acid standard mixture (Type H), acetonitrile (HPLC-grade), 

trimethylamine, and phenyl isothiocyanate were all purchased from Wako Chemicals 

(Osaka, Japan). Hydroxyproline and 0.25% trypsin-ethylenediaminetetraacetic acid 

(EDTA) solution were purchased from Nacalai Tesque (Kyoto, Japan). Pro-Hyp and Hyp-

Gly were obtained from Bachem (Bubendorf, Switzerland). Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with L-glutamine (584 mg/L) was purchased from 

Sigma-Aldrich (St. Louis, MO). Dulbecco’s phosphate-buffered saline (D-PBS) and 

gentamicin were purchased from Invitrogen (Carlsbad, CA). Calf acid-soluble type I 

collagen solution (0.5%) was purchased from Koken (Tokyo, Japan). Cell Counting Kit-
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8 was purchased from Dojin Glocal (Kumamoto, Japan). 6-Aminoquinolyl-N-hydroxy 

succinimidyl carbamate (AccQ) was obtained from Waters Corporation (Milford, MA). 

All other reagents were of analytical grade or better. 

 

Removal of Hydroxyprolyl Peptides from FBS-1 

An Econo-Pac 10DG column (Bio-Rad Laboratories, Hercules, CA) was pre-

equilibrated with the DMEM. Three mL of FBS-1 was loaded onto the column. After 

elution of the first 3 mL, 13 mL DMEM were loaded onto the column. Every 1 mL of 

effluent was collected. Elution of protein was monitored by the Bradford method using a 

Protein Assay Kit (Bio-Rad Laboratories). Hydroxyproline and hydroxyprolyl peptides 

were detected by amino acid analysis as described previously in chapter 1. 

 

Animals 

All experiments were performed according to the ethical guidelines of the Kyoto 

University Animal Research Committee. The protocol was approved by the Kyoto 

University Animal Research Committee (permission number: 2014–45, 2015–38). All 

efforts were made to minimize the number of animals used and limit experimentation to 

only what was necessary. Five-week-old male Balb/c mice were purchased from Japan 

SLC (Shizuoka, Japan). Mice were sacrificed by cervical dislocation under deep 

isoflurane anesthesia. Abdominal skin was sterilized with 70% ethanol, shaved using a 

razor, and then stripped for use in these experiments. 

 

Estimation of the Number of Cells Migrated from Mouse Skin 

The skin was rinsed with D-PBS and DMEM to remove ethanol and placed on 

sterilized rubber plates. Disks measuring 4 mm in diameter were punched out using a 

Dermal Punch (Nipro, Tokyo, Japan). The skin disks were then placed on 12-well plastic 

plates (Falcon BD, Lakes, NJ). DMEM was supplemented with gentamicin (0.01 mg/mL), 
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FBS-1 (0%, 2%, and 10%) free from LMW hydroxyprolyl peptides, and Pro-Hyp (0 and 

200 µM), respectively. One mL of each mixture was added to the wells. The 12-well 

plastic plates were placed in a humidified incubator at 37 °C under 5% CO2. After 

incubation at suitable intervals, cells were fixed with 4% paraformaldehyde and observed 

using a phase-contrast microscope. The number of cells attached to the plate was directly 

counted. 

 

Cell Proliferation Assay 

Mouse abdominal skin was cut into square pieces (approximately 6–7 mm in width). 

Five pieces were placed on a culture dish (90 mm i.d.). Cultivation was carried out in 5 

mL DMEM supplemented with gentamicin (0.01 mg/mL) and 10% FBS-1 or FBS-1 free 

from LMW hydroxyprolyl peptides in a humidified incubator at 37 °C under 5% CO2. 

During cultivation, the medium was changed every 2–3 days. After incubation for 2 

weeks, the skin disks were removed; the fibroblasts migrated from skin were washed with 

PBS and treated with 1 mL of a 0.25% trypsin-EDTA solution at 37 °C for 10 min. Nine 

mL of medium with 10% FBS-1 was poured into the plate to inactivate trypsin. 

Fibroblasts were collected by centrifugation at 3,000 × g for 10 min. The pellets were 

suspended in each medium; DMEM only, medium containing FBS-1, FBS-1 free from 

LMW hydroxyprolyl peptides, or LMW fraction of FBS-1 (5 × 104 cells/mL), with or 

without the addition of Pro-Hyp (final concentration 100 µM) and Hyp-Gly (100 µM). 

Fibroblasts (5 × 103 cells/100 µL) were cultured on 96-well plastic plates or collagen gel-

coated plates in each medium; DMEM only, medium containing FBS-1, FBS-1 free from 

LMW hydroxyprolyl peptides, or LMW fraction of FBS-1, with and without the addition 

of Pro-Hyp and Hyp-Gly. The collagen solution (0.5%) was mixed with the same volume 

of double concentrated DMEM medium. The mixture (100 µL) was poured into each well 

of the 96-well plastic plate, and the plate was then placed in a humidified incubator for 1 
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h at 37 °C under 5% CO2 to allow gelation. Cell proliferation was monitored using a Cell 

Counting Kit-8. 

 

Amino Acid Analysis 

FBS, ABS, and size-exclusion chromatography (SEC) fractions of FBS-1 were 

mixed with three volumes of ethanol and centrifuged at 1,000 × g for 10 min. The 

supernatant was used as the 75% ethanol-soluble fraction. Next, 100 µL of the 75% 

ethanol-soluble fraction was dried in a glass tube (5 × 60 mm) and hydrolyzed by 6 M 

HCl vapor at 150 °C for 1 h, as described previously in chapter 1. The Hyp contents in 

the non-hydrolysate and HCl hydrolysate were determined according to the method of 

Bidlingmeyer et al.35 with slight modifications.13 

 

Determination of Pro-Hyp and Hyp-Gly 

Liquid chromatography tandem mass spectrometry (LC-MS/MS) was performed in 

the multiple reaction monitoring (MRM) mode, using an LCMS-8040 (Shimadzu, Kyoto, 

Japan) and high pressure binary gradient HPLC (LC20 system, Shimadzu).  

The 75% ethanol-soluble fraction (100 µL) was dried in a 1.5 mL tube and combined 

with 20 µL of 20 mM HCl, 20 µL of a 0.3% AccQ acetonitrile solution, and 60 µL of 50 

mM sodium borate buffer (pH 8.8). The reaction mixture was kept at 50°C for 20 min and 

then diluted with 100 μL of 5 mM sodium phosphate buffer (pH 7.4) containing 10% 

acetonitrile. Authentic Pro-Hyp and Hyp-Gly were used for optimization of MRM 

conditions using LabSolutions Version 5.65 (Shimadzu). Aliquots (10 μL) were injected 

into the LC-MS/MS system. AccQ peptides were resolved on an Inertsil ODS-3 column 

(2.5 µm, 2.1 × 250 mm; GL Science, Tokyo, Japan) equilibrated with 0.1% formic acid 

(solvent A). Binary gradient elution was applied with solvent A and solvent B (0.1% 

formic acid containing 80% acetonitrile) at a flow rate of 0.2 mL/min. The gradient 

profiles were as follows: 0–15 min, 0%–50% B; 15–20 min, 50%–100% B; 20–25 min, 
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100% B; and 25–35 min, 0% B. The sample was spiked with standard peptides (5 

pmol/injection) and recoveries of the spiked standards were calculated. To correct the 

matrix effect on ionization of sample peptides, the value of each peptide was divided by 

the recovery of each standard added to the sample. 

 

Statistical analysis 

Differences between means were evaluated using one-way analysis of variance, 

followed by Tukey’s multiple comparison test for post hoc analysis using GraphPad Prism 

Version 6.04 (GraphPad Software, San Diego, CA). Differences between the two groups 

were compared using Student’s t-tests. 

 

2.3 Results and Discussion 

 

Growth of Fibroblasts on Collagen Gel in Medium Containing FBS-1 

Mouse skin fibroblasts were cultivated on collagen gel in a medium containing a 

commercially available lot of FBS (FBS-1). As shown in Figure 2-1, fibroblasts grew on 

the collagen gel even without addition of Pro-Hyp and Hyp-Gly. Addition of Pro-Hyp 

(100 μM) and Hyp-Gly (100 μM) did not significantly enhance growth of fibroblasts. 

These results are inconsistent with previous studies using different lots of the same brand 

of FBS, in which fibroblasts grew on collagen gel only after adding Pro-Hyp and Hyp-

Gly.18,19,49 It has been demonstrated that some FBS lots contain significant amounts of 

free Hyp, while the presence of hydroxyprolyl peptide has not been examined.50 It was 

assumed that FBS might contain different levels of hydroxyprolyl peptides depending on 

lot number and brand, which might explain the inconsistent results.  
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Presence of Hydroxyprolyl Peptides in FBS 

Amino acid analysis revealed presence of hydroxyprolyl peptides in the type of FBS 

used in the present study. As shown in Figure 2-2A, FBS contained unexpectedly higher 

levels of hydroxyprolyl peptide (approximately 70–100 µM) than adult bovine serum 

(ABS) and human plasma before ingestion of collagen hydrolysate.13–17 As shown in 

Figure 2-2B, Pro-Hyp accounted for 37–70% of total hydroxyprolyl peptides in FBS. 

These values are similar to those in human plasma after ingestion of collagen 

hydrolysate.13–17 On the other hand, only negligible amounts of Hyp-Gly were present in 

the FBS. Constituents in FBS differ between lots, even in the same brand.50 Thus, 

different lots of FBS might contain different levels of Pro-Hyp and other hydroxyprolyl 

peptides. 

 

Figure 2-1. Effect of a mixture of Pro-Hyp and Hyp-Gly on the growth of fibroblasts 

on collagen gel in the presence of 10% FBS-1. (□), control; (■), medium containing 

Pro-Hyp and Hyp-Gly at 100 µM, respectively. Data are shown as mean ± S.D. (n = 5). 

Asterisks indicate significant differences (p < 0.05; Tukey’s test). N.S. indicates results 

that are not significantly different. 
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Removal of Hydroxyprolyl Peptides from FBS-1 

As shown in Figure 2-3, the protein in FBS-1 was eluted in fractions 4–7 by SEC. 

Hydroxyprolyl peptides were eluted in fractions 6–10. According to the instructions from 

the supplier, peptides larger than 6000 Da are eluted in fractions 4–7. Thus, hydroxyprolyl 

peptides in fractions 6 and 7 were larger than 6000 Da. Based on these facts, fractions 4–

7 were collected and used as FBS-1 free from low molecular weight (LMW) compounds. 

Fraction 8–13 was used as LMW fraction.  

The different fractions (FBS-1, FBS-1 free from LMW fraction, and LMW fraction) 

were each added to the medium of fibroblasts attached to plastic plates. FBS-1 free from 

LMW fraction caused fibroblast proliferation equivalent to proliferation with non-

purified FBS-1 (Figure 2-4), while LMW fraction caused little fibroblast proliferation. 

These facts indicate that protein growth factors play a significant role in proliferating 

fibroblasts on plastic plates, as compared to LMW compounds in FBS. 

 

Figure 2-2. Contents of hydroxyprolyl peptide in commercially available fetal bovine 

serum (FBS) and adult bovine serum (ABS). A, Hyp-containing peptide; B, content of 

Pro-Hyp (■) and Hyp-Gly (■). apeptide form of Hyp. 
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Figure 2-3. Elution of protein and hydroxyprolyl peptide in FBS-1 from the Econo-Pac 

10DG column. (■), protein; (■), Hyp-containing peptide. apeptide form of Hyp. 

Figure 2-4. Effect of FBS-1 and its fractions on fibroblast growth on plastic plates. FBS-1 

free from LMW, SEC Fr. 4–7; LMW of FBS-1, SEC Fr.8–13. Data are shown as the mean ± 

S.D. (n = 5). Different letters indicate significant differences (p < 0.05, Tukey’s test). 
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Effect of Hydroxyprolyl Peptides on Growth of Fibroblasts on Collagen Gel 

As shown Figure 2-5, fibroblasts attached to collagen gel stopped growing in the 

presence of FBS-1 free from LMW compounds. Addition of Pro-Hyp (100 μM) and Hyp-

Gly (100 μM) triggered growth of the fibroblasts. These results are consistent to our 

previous studies.1918 However, when the present FBS-1 was used without purification, 

entirely different results were obtained (Figure 2-1), due to presence of hydroxyprolyl 

peptides in the FBS-1.  

 

 

 

Figure 2-5.  Effect of mixture of Pro-Hyp and Hyp-Gly on the growth of fibroblasts 

on collagen gel in the presence of 10% FBS-1 free from LMW hydroxyprolyl peptides. 

(□), control; (■), medium containing Pro-Hyp and Hyp-Gly at 100 µM, respectively. 

Data are shown as mean ± S.D. (n = 5). Asterisks indicate significant differences (p < 

0.05, Tukey’s test). N.S. indicates results that are not significantly different. 
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Effect of Pro-Hyp on Number of Fibroblasts Migrated from Mouse Skin 

In previous research, it has been demonstrated that Pro-Hyp (200 μM) increased the 

number of fibroblasts that migrated from skin in the absence of FBS.19 However, the 

addition of FBS removed this effect.19 The FBS-1 free from LMW compounds was added 

to the skin culture system to give 2% and 10%. As shown in Figure 2-6, the number of 

fibroblasts that migrated from skin was significantly increased by the addition of Pro-Hyp 

(200 μM) in absence of FBS after 72 h, which is consistent with previous results.19 Even 

in the presence of FBS-1 free from LMW compounds at 2% and 10%, Pro-Hyp also 

increased the number of fibroblasts migrating from skin after 48 and 24 h, respectively. 

Figure 2-6.  Effect of Pro-Hyp on the number of fibroblasts migrated from mouse 

skin in the absence or presence of FBS-1 free from LMW hydroxyprolyl peptides. 

Open column, control; closed column, medium containing Pro-Hyp at 200 µM. Data 

are shown as the mean ± S.D. (n = 6). Asterisks indicate significant differences (p < 

0.05, Student’s t-test). 
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In the previous study,19 hydroxyprolyl peptides in FBS might have partially masked the 

effect of Pro-Hyp on the number of fibroblasts migrating from mouse skin.  

 

 

2.4 Conclusions 

 

The present study demonstrates that some commercially available FBS sera contain 

high levels of LMW hydroxyprolyl peptides (70-100 μM) including Pro-Hyp. These 

values are higher than those in ABS and human plasma without ingestion of collagen 

hydrolysate. By using FBS that is free from LMW hydroxyprolyl peptides, the present 

study clearly confirms that Pro-Hyp and Hyp-Gly play crucial roles in proliferation of 

fibroblasts attached to collagen gel. 
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Chapter 3  

 

Mouse skin fibroblasts with mesenchymal stem cell marker p75 

neurotrophin receptor proliferate in response to prolyl-hydroxyproline 

 

3.1 Introduction 

 

Collagen is a primary protein component of the extracellular matrix and has specific 

amino acids such as hydroxyproline (Hyp) and hydroxylysine. Heat-denatured collagen 

is known to gelatin and the enzymatic hydrolysate of gelatin is used as a food ingredient 

and is referred to as collagen hydrolysate. Human trials have demonstrated that ingestion 

of collagen hydrolysate has beneficial effects on human health and increase blood levels 

of some collagen-derived di- and tri-peptides such as prolyl-hydroxyproline (Pro-Hyp), 

hydroxyprolyl-glycine (Hyp-Gly), and Pro-Hyp-Gly in humans.13–17 The chapter 1 has 

demonstrated that ingestion of gelatin also increase the levels of collagen peptides in 

human blood. Pro-Hyp is also generated in mouse ears affected with dermatitis and at 

sites of skin wound healing.21,22 Pro-Hyp and Hyp-Gly have been demonstrated to trigger 

the growth of primary cultured mouse skin fibroblasts attached on collagen gel.18,19 This 

suggests that Pro-Hyp plays an important role in wound healing by enhancing the growth 

of fibroblasts, which are vital to this process.  

On the other hand, these findings also suggest that food-derived Pro-Hyp might 

enhance growth of resident fibroblasts in normal tissues and induce lesions. However, it 

has not been reported that ingestion of collagen hydrolysate induces abnormal 

proliferation of fibroblasts or other pathological changes in the body, even following long-

term administration.7–9 In addition, it has been reported that some established fibroblast 
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cell lines do not respond to Pro-Hyp.19 This indicates the presence of both Pro-Hyp 

responding and non-responding fibroblasts in the body.  

Nerve growth factor (neurotrophin) low-affinity receptor—known as p75 

neurotrophin receptor (p75NTR), p75 nerve growth factor receptor (NGFR), low-affinity 

NGFR, or CD271 was initially discovered in neuronal cells.51 It is now known that 

p75NTR is also a mesenchymal stem cell marker.52–54 In addition, recent studies have 

shown that p75NTR is expressed in various non-neuronal cell types, such as fibroblasts 

and macrophages under inflammatory conditions.55–58 These studies indicate that 

p75NTR-positive cells play an important role in wound healing.  

The aim of the present study was to examine the relationship between expression of 

p75NTR and response to Pro-Hyp using primary cultured mouse skin fibroblasts. The 

results showed that Pro-Hyp specifically enhances growth of p75NTR-postive fibroblasts.  

 

 

3.2 Materials and Methods 

 

Chemicals 

Dulbecco’s phosphate-buffered saline (D-PBS), Dulbecco’s Modified Eagle’s 

Medium (DMEM) (1.0 g/L glucose), penicillin–streptomycin solution, 0.25% trypsin-

ethylenediaminetetraacetic acid (EDTA) solution, L-hydroxyproline (Hyp), isoflurane, 

and fluorescein isothiocyanate (FITC) isomer were purchased from Nacalai Tesque 

(Kyoto, Japan). Pro-Hyp was obtained from Bachem (Budendorf, Switzerland). DMEM-

low glucose powder, gelatin from cold water fish skin, bovine serum albumin (BSA), goat 

serum, 4’,6-diamidino-2-phenylindole (DAPI) dihydrochloride, and paraformaldehyde 

(PFA) were obtained from Sigma-Aldrich (St. Louis, MO). Calf acid-soluble type I 

collagen solution (0.5%) was purchased from Koken (Tokyo, Japan). Gentamicin was 

purchased from Gibco (Carlsbad, CA). Cell Counting Kit-8 was purchased from Dojin 



37 

 

Glocal (Kumamoto, Japan). 6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate 

(AccQ) was purchased from Toronto Research Chemicals (Ontario, Canada). Fetal bovine 

serum (FBS) was obtained from Biowest (Nuaille, France). We used an Econo-Pac 10DG 

column (Bio-Rad Laboratories, Hercules, CA) to remove any hydroxyprolyl peptides, 

such as Pro-Hyp, from the FBS. FBS (3 mL) was loaded onto a column pre-equilibrated 

with DMEM. After elution of the first 3 mL, DMEM (4 mL) was loaded onto the column. 

The effluent was collected and used as FBS free from hydroxyprolyl peptides (FBS-FHP). 

All other reagents were of analytical grade or better.  

 

Preparation of FITC-labeled Pro-Hyp 

Pro-Hyp (14 µmol) was dissolved in 1 mL of 0.1 M Na2CO3 buffer (pH 7.5). One 

hundred µL of 0.02% (w/v) FITC solution in water was added to 900 µL of the Pro-Hyp 

solution. The mixture was shielded with aluminum foil and kept at 4°C overnight. FITC-

labeled Pro-Hyp was purified via reversed phase high performance liquid 

chromatography (HPLC) using a Cosmosil 5C18-MS-II column (10 mm i.d. × 250 mm, 

Nacalai Tesque). A binary linear gradient was used with 0.1% formic acid (solvent A) and 

0.1% formic acid containing 80% acetonitrile (solvent B) at a flow rate of 2 mL/min. The 

gradient profile was as follows: 0–20 min, 0%–50% B; 20–30 min, 50%–100% B; 30–35 

min, 100% B; and 35–35.1 min, 100–0% B; 35.1–45 min, 0% B. The column was 

maintained at 40°C. Elution of peptide was monitored at 214 and 254 nm. Main peaks 

were collected. FITC-labeled Pro-Hyp was detected by electron spray ionization mass 

spectrometry using an LCMS-8040 (Shimadzu, Kyoto, Japan) in flow injection mode. 

 

Cell Culture 

Fibroblasts were collected from mouse skin. Five-week-old male Balb/c mice were 

purchased from Japan SLC (Shizuoka, Japan). Mice were sacrificed by cervical 

dislocation under deep isoflurane anesthesia and skin was sterilized with 70% ethanol. 
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The abdominal skin was shaved with a razor and immediately dissected away using 

scissors. The skin was rinsed with D-PBS to remove residual ethanol and was cut into 

square pieces (~6–7 mm in width). Five pieces were placed directly on polystyrene 

culture dish (90 mm i.d.) and covered with 5 mL DMEM containing 10 µg/mL gentamicin, 

50 U/mL penicillin, 50 µg/mL streptomycin, and 10% FBS-FHP, and kept in a humidified 

incubator at 37°C under 5% CO2. The medium was changed every 2–3 days without 

moving the skin.  

To observe morphological changes of cells migrating from the skin, time-lapse 

photography of living cells was obtained using an All-in-One Fluorescence Microscope 

BZ-X710 (Keyence, Osaka, Japan). After 3 days of incubation, cells that had migrated 

from the skin were photographed every 1 min for 15 h. 

For immunostaining of cells that had migrated from the skin, skin pieces and media 

were removed at suitable intervals. The cells were rinsed three times with D-PBS and 

fixed with 4% PFA in D-PBS for 15 min. The fixed cells were then rinsed three times 

with D-PBS and stained with antibodies as described below.  

For observation of FITC-labeled Pro-Hyp incorporated into fibroblasts, skin pieces 

were removed at suitable intervals. Cells were then incubated in media containing FITC-

labeled Pro-Hyp (10 μM) for 1 day, rinsed three times with D-PBS, and fixed with 4% 

paraformaldehyde, as described above.  

Incorporation of Pro-Hyp into fibroblasts was directly examined by liquid 

chromatography tandem mass spectrometry (LC-MS/MS). After incubation of the mouse 

skin for 2 weeks, the skin pieces were removed. The fibroblasts outside of the skin were 

then incubated in media containing 200 µM Pro-Hyp for 3 days. Fibroblasts were washed 

three times with D-PBS and detached using 1 mL of a 0.25% trypsin-EDTA at 37°C for 

a few minutes. To inactivate the trypsin, 9 mL DMEM containing 10% FBS (without 

Econopac 10DG treatment) was added to the culture dish. Cell numbers were determined 

using a cell counting chamber (Hirschmann, Eberstadt, Germany) before centrifugation 



39 

 

at 3,000 × g for 10 min. The pellet was homogenized with 70% ethanol using a BioMasher 

II (Nippi, Tokyo, Japan). The suspension was then centrifuged at 10,000 × g for 5 min. 

Some of the fibroblasts outside of the mouse skin after 2 weeks of incubation were 

collected, as described above, and inoculated on the same dish (25 × 104 cells/5 mL 

media) and incubated for another week in media without Pro-Hyp. Thereafter, the 

fibroblasts were incubated in the medium containing Pro-Hyp for 3 days and the 

fibroblasts were collected and treated with 70% ethanol, as described above. Pro-Hyp 

content in the 70% ethanol supernatants was determined by LC-MS/MS.  

To examine the effects of Pro-Hyp on growth of fibroblasts, fibroblasts outside of 

the skin pieces were collected after 2 and 4 weeks of incubation, as described above. Cells 

were resuspended at 5 × 104 cells/mL in DMEM containing 10% FBS-FHP in the 

presence or absence of 200 μM Pro-Hyp. The fibroblasts were cultured on a 48-well 

polystyrene plates (BD Bioscience, Bedford, MA), with or without collagen gel. The 

collagen solution (0.5%) was mixed with the same volume of double-concentrated 

DMEM. The mixture (100 µL) was poured into each well of the 48-well plate. The plate 

was placed in the humidified incubator for 30 min at 37°C under 5% CO2 to allow gelation. 

The collagen gel was sterilized by ultraviolet lamp on a clean bench for 15 min. The 

fibroblast suspension (100 µL, 5 × 103 cells) was inoculated in the wells without and with 

collagen gel. The plates were then placed in a humidified incubator at 37°C under 5% 

CO2 for 96 h.  

 

Cell Proliferation Assay 

To estimate cell growth, 20 µL of tetrazolium solution (Cell Counting Kit-8) was 

added to each well. The absorbance of the medium (70 µL) at 450 nm was measured using 

a Microplate Reader (Model 680, Bio-Rad Laboratories) 2 h after addition of the 

tetrazolium. 
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Immunocytochemical Staining 

The fixed cells on polystyrene dishes were treated with blocking solution (5% BSA, 

2% fish gelatin, and 5% goat serum) for 1 h and subsequently treated with rabbit 

polyclonal antibody against p75NTR (AB1554, Merck Millipore, Darmstadt, Germany), 

rabbit polyclonal antibody against wide-spectrum cytokeratin (ab9377, Abcam, 

Cambridge, UK), or goat polyclonal antibody against perilipin-1 (ab60269, Abcam) at 

room temperature for 1 h. All primary antibody solutions were diluted in the blocking 

solution at 1:500. After removal of primary antibodies, the cells were rinsed three times 

with D-PBS and treated with the following secondary antibodies: goat anti-rabbit IgG 

H&L with Alexa Fluor 488 (ab150077, Abcam) or Alexa Fluor 568 (ab175471, Abcam), 

and rabbit anti-goat IgG H&L with Alexa Fluor 568 (ab175707, Abcam), at room 

temperature for 1 h. All secondary antibodies were diluted in the blocking solution at 

1:2,000. After immunostaining, cells were also stained with DAPI diluted in distilled 

water at 1:10,000 at room temperature for 10 min.  

The fibroblasts on collagen were also fixed with 4% PFA, and stained with rabbit 

polyclonal antibody against p75NTR and DAPI as described above. After staining, the 

collagen gel with cells was picked up from the well with forceps and placed upside down 

in the polystyrene dish for observation by fluorescence microscopy. Fluorescence was 

observed with an inverted microscope (IX73; Olympus, Tokyo, Japan) fitted with a 

fluorescence unit (U-HGLGPS, Olympus). 

 

LC-MS/MS Analysis 

Pro-Hyp was identified by LC-MS/MS in the multiple reaction monitoring (MRM) 

mode using Q-TRAP 3200 (AB SCIEX, Foster City, CA) and high pressure binary 

gradient HPLC (Prominence 20A, Shimadzu). Aliquots of the 70% ethanol extract (50 

µL) of fibroblasts were dried in 1.5 mL tubes under vacuum and peptides in the extract 

were derivatized with AccQ as described previously in chapter 1. The AccQ derivative of 
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authentic Pro-Hyp was used for optimization of MRM conditions using Analyst software 

(AB Sciex). Aliquots (10 μL) were injected into the LC-MS/MS and AccQ peptides were 

resolved on an Inertsil ODS-3 column (2.5 µm, 2.1 × 250 mm; GL Science, Tokyo, Japan) 

equilibrated with 0.1% formic acid containing 5% acetonitrile (solvent A). A binary 

gradient elution was applied with solvent A and solvent B (0.1% formic acid containing 

80% acetonitrile) at a flow rate of 0.2 mL/min. The gradient profiles were as follows: 0–

12 min, 0%–50% B; 12–20 min, 50%–100% B; 20–24 min, 100% B; and 24.01–30 min, 

0% B.  

 

Statistical Analyses 

Values are expressed as means ± standard deviation. Differences between the means 

were evaluated by one-way analysis of variance followed by Tukey’s multiple 

comparison test for post hoc analysis using GraphPad Prism Version 6.04 (GraphPad 

Software, San Diego, CA). Differences between the two groups were compared using 

Student’s t-test or Mann–Whitney U-test. P values less than 0.05 were considered 

significant. 

 

 

3.3 Results  

 

Morphology of Cells Migrated from Mouse Skin 

After incubating mouse skin for 3 days, a variety of cells with different shapes had 

migrated from the skin. As shown in Figure 3-1A, some small spherical floating cells (~5 

µm) were observed (in red circle). Time-laps observations revealed that these cells were 

crawling on the dish (data not shown), identifying them as leukocytes. Many adhesive 

cells were also observed (Figure 3-1A). These cells had bipolar and multi-polar spindle-

like shapes, which are typical of fibroblasts. In addition, adhesive cells with spherical 
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shape were observed. Time-lapse observations revealed that the spindle-like cells 

temporarily became spherical before dividing into two cells (Figure 3-1B). Therefore, the 

adhesive cells with spindle-like and spherical shapes were all considered fibroblasts. 

Adhesive cells with shapes different from fibroblasts migrated from specific areas of the 

skin and formed a cobblestone-like pattern (Figure 3-1C). As shown in Figure 3-2A, cells 

in the cobblestone-like area displayed cytokeratin (green) or perilipin (red), indicating 

that the cobblestone-like areas consisted of keratinocytes and adipocytes, respectively. 

Larger cells (~50 μm) with a fried egg-like shape and ruffled membranes, typical of 

macrophages,59 were not observed among the cells that migrated from the skin. 
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Figure 3-1.  Morphology of cells outside of mouse skin after 3 days of incubation. 

A, Representative picture of cells that had migrated from mouse skin. Spindle-like and spherical 

adhesive cells, as well as small floating spherical cells (in red circle), were observed. B, Time-

lapse observation of spindle-like cells. A spindle-like cell (*) changed to a spherical morphology 

and divided into two cells. Time (min) after start of observation is inserted in each panel. C, 

Picture of cells that had migrated from different parts of the skin. Cells forming a cobblestone-

like pattern. Black shadow is mouse skin with hair. Bars in panel A and C indicate 50 µm. Bar 

in panel B indicates 20 µm. 
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p75NTR-Positive and Negative Cells Migrated from Mouse Skin 

Cells that had migrated from mouse skin after 1 day of incubation were 

immunostained with antibody against p75NTR. Keratinocytes (Figure 3-2B in red circle) 

did not express p75NTR, whereas, the fibroblasts with both spindle-like and spherical 

shapes did express p75NTR (Figure 3-2B). After 2 weeks of incubation, most of the 

Figure 3-2.  Immunocytochemistry of cells outside of mouse skin after 1 or 4 days of 

incubation. Cells were stained with DAPI (blue), antibodies against cytokeratin (green in 

panel A), p75NTR (green in panel B), and perilipin (red in panel A). A, Cells forming a 

cobblestone-like area after 4 days of incubation. B, Keratinocytes (in red circle) and 

fibroblasts with spindle-like and spherical shapes after 1 day of incubation. Bars in panel 

A and B indicate 100 and 50 µm, respectively. 
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fibroblasts outside of the skin had lost p75NTR expression, and only few fibroblasts near 

the skin still displayed p75NTR (Figure 3-3A). After 4 weeks of incubation, many 

fibroblasts were observed but they were completely devoid of p75NTR staining (Figure 

3-3B). 

Incorporation of Pro-Hyp in Fibroblasts 

Relationship between expression of p75NTR and incorporation of Pro-Hyp was 

examined using FITC-labeled Pro-Hyp. All fibroblasts outside of the mouse skin after 1 

day of incubation expressed p75NTR (red) and showed fluorescence of FITC-Pro-Hyp 

(green) (Figure 3-4A). After incubating the fibroblasts had lost p75NTR expression 

(Figure 3-4B). Green fluorescence of FITC Pro-Hyp was specifically observed in 

fibroblasts expressing p75NTR. The green fluorescence was strongly observed in the 

cytoplasm, while weaker fluorescence was observed in the nuclei (Figure 3-4 insert). This 

Figure 3-3. Immunocytochemistry of fibroblasts outside of mouse skin after 2 or 

4 weeks of incubation. Cells were stained with DAPI (blue) and antibody against 

p75NTR (green). Bars indicate 50 µm. 
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indicates that FITC-labeled Pro-Hyp had moved into the cytoplasm rather than being 

bound to the cell surface.  

LC-MS/MS analysis revealed that fibroblasts collected after 2 weeks of incubation 

incorporated Pro-Hyp in cells (Figure 3-5). However, incorporated Pro-Hyp levels were 

significantly decreased in fibroblasts collected after another week of incubation.   

Figure 3-4.  Incorporation of FITC-labeled Pro-Hyp into fibroblasts outside of the 

mouse skin. FITC-labeled Pro-Hyp was added to the media of fibroblasts outside of 

the skin after 1 (panels A) and 4 days (panels B) of incubation. After another day, 

fluorescence of FITC-labeled Pro-Hyp (green), DAPI (blue), and antibody against 

p75NTR (red) in fibroblasts were observed. Insert, high magnification picture of area 

indicated by solid line in panel A. Bars indicate 50 µm or 20 µm (high magnification). 
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Effect of Pro-Hyp on Growth of Fibroblasts 

Fibroblasts outside of the skin were collected after 2 weeks of incubation and 

inoculated in wells without and with collagen gel. Pro-Hyp significantly enhanced the 

growth of fibroblasts not only on collagen gel, but also in uncoated wells (Figure 3-6). 

Fibroblasts on collagen gel were stained with antibody against p75NTR. However, it was 

difficult to detect fluorescence of the secondary antibody due to the high background 

fluorescence of the collagen (Figure 3-7A upper). Placing the collagen gel upside down 

enabled detection of fluorescence from the secondary antibody (Figure 3-7A lower). 

Treatment with Pro-Hyp significantly increased the ratio of p75NTR-positive fibroblasts 

Figure 3-5.  Determination of Pro-Hyp in fibroblasts by LC-MS/MS. 

Fibroblasts outside of the skin after 2 weeks of incubation were collected (2 

weeks). Some of the collected fibroblasts were further incubated for another week 

(2 weeks + 1 week). The collected fibroblasts were incubated in medium 

containing Pro-Hyp (200 µM) for 3 days. Pro-Hyp in fibroblasts was identified 

by LC-MS/MS. Mean ± S.D.; *p < 0.05; Student’s t-test, n = 5. 
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to total fibroblasts on the collagen gel (Figure 3-7B). On the other hand, fibroblasts that 

had completely lost p75NTR after 4 weeks of incubation did not respond to Pro-Hyp. 

This was true for fibroblasts either on collagen gel or in uncoated wells (Figure 3-8), 

though these cells still grew in the uncoated wells for 48–96 h.  

 

 

 

 

Figure 3-6. Effects of Pro-Hyp on growth of fibroblasts outside of the mouse skin after 

2 weeks incubation. Fibroblasts were incubated in the wells without and with collagen 

gel. Open column, media only; closed column, media containing 200 µM Pro-Hyp. 

Mean ± S.D.; *, p < 0.05; Student’s t-test, n = 6 wells. 
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Figure 3-7.  Effects of Pro-Hyp on the ratio of p75NTR-positive fibroblasts on 

collagen gel. Fibroblasts outside of the mouse skin after 2 weeks of incubation were 

collected and inoculated on collagen gel and incubated for 2 days in the presence or 

absence of 200 µM Pro-Hyp. Fibroblasts on collagen were observed directly (upper 

panels in A) and after putting the collagen gel upside down (lower panels in A) by 

inverted fluorescence microscopy. Bars indicate 50 µm. B, Ratio of p75NTR-

positive fibroblasts. Open column, media only; closed column, media containing 

Pro-Hyp. Mean ± S.D.; *, p < 0.05; Mann–Whitney U-test, n = 6 wells. 
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3.4 Discussion 

 

The mouse skin culture system presented here has been used to evaluate the 

biological activity of Pro-Hyp.18,19 In the previous studies, most of the cells that migrated 

outside of the mouse skin were considered fibroblasts, as these cells synthesized collagen 

and showed typical morphological feature of fibroblasts (i.e., spindle-like shapes).18,19 It 

was demonstrated here that fibroblasts that migrated from the mouse skin temporally had 

spherical shapes as well as spindle-like shapes, and that leukocytes, keratinocytes, and 

adipocytes also migrated from the mouse skin (Figure 3-1, 3-2A). Fibroblasts outside of 

Figure 3-8.  Effects of Pro-Hyp on growth of fibroblasts outside of 

mouse skin after 4 weeks incubation. Fibroblasts were incubated in wells 

without and with collagen gel. Open circle, media only; closed circle, 

media containing 200 µM Pro-Hyp. Mean ± S.D.; different letters, p < 

0.05; Tuckey’s test, n = 6 wells. 
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the skin after several days of incubation, with both spindle-like and spherical shapes, 

expressed p75NTR, while keratinocytes did not express p75NTR (Figure 3-2B).  

p75NTR is a known marker of mesenchymal stem cells, which can differentiate into 

osteoblasts, adipocytes, chondroblasts, and other cell types.60,61 Palazzo et al 

demonstrated that primary cultured fibroblasts that migrated from human skin expressed 

p75NTR mRNA.57 The present study revealed that the ratio of p75NTR-positive 

fibroblasts outside of the mouse skin decreased after prolonged incubation, while the 

number of overall fibroblasts increased (Figure 3-3). This suggests that the p75NTR-

positive cells are fibroblasts newly differentiated from mesenchymal stem cells or 

mesenchymal stem cells with fibroblast-like shapes, which will subsequently change into 

fibroblasts. It is unlikely that some stimuli, such as growth factors in the FBS turn resident 

skin fibroblasts into p75NTR-positive fibroblasts, as the fraction of p75NTR-positive 

cells rapidly decreased even with the addition of fresh FBS. 

It has been demonstrated that the fibroblasts that had grown outside of skin after 2 

weeks of incubation stopped growing on collagen gel in the absence of Pro-Hyp, even in 

the presence of FBS.19,49 Pro-Hyp triggered growth of the fibroblasts on collagen gel.19 

The present study demonstrates that the fibroblasts that had grown outside of skin after 2 

weeks of incubation contained p75NTR-positive fibroblasts (Figure 3-3) and grew on 

collagen gel responding to Pro-Hyp (Figure 3-6), while the fibroblast that had grown 

outside of skin after prolonged incubation lost p75NTR (Figure 3-3) and did not grow on 

collagen gel in the presence of Pro-Hyp (Figure 3-8). In addition, Pro-Hyp increased the 

number and ratio of p75NTR-positive fibroblasts on collagen gel (Figure 3-6 and 3-7). 

Therefore, presence of p75NTR-positive fibroblasts is crucial for the Pro-Hyp-triggered 

growth on collagen gel. 

Peptide transporters 1 and 2 (PepT1 and PepT2) have been shown to allow 

movement of FITC-labeled dipeptides into cells,62 though it has been reported that human 

fibroblast cell lines do not express these transporters.63 In our study, the fluorescence of 
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FITC-labeled Pro-Hyp was only observed in the cytoplasm of p75NTR-positive 

fibroblasts (Figure 3-4). LC-MS/MS analysis confirmed the presence of Pro-Hyp in 

fibroblasts that had grown outside of skin after 2 weeks of incubation, which included 

p75NTR-positive fibroblasts. These facts indicate that Pro-Hyp stimulates p75NTR-

positive fibroblasts by incorporating into cytoplasm, while it does not affect p75NTR-

negative fibroblasts.  

It is well known that protein growth factors such as basic fibroblast growth factors 

and platelet-derived growth factor stimulate growth of fibroblasts.64 Collagen dipeptides 

such as Pro-Hyp and Hyp-Gly also control fibroblast growth.18,19 The present study 

demonstrates that expression of p75NTR and some peptide transporters, which 

incorporate Pro-Hyp into cells, also affects growth of fibroblasts. The number of cell 

divisions occurring after differentiation from mesenchymal stem cells may also affect 

sensitivity of the fibroblasts to collagen dipeptides, as p75NTR and peptide transporters 

disappeared after growth. 

It has been demonstrated that p75NTR positive cells accumulate at sites of skin 

wound healing.65 In vitro and in vivo studies have shown that p75NTR and neurotrophin 

play crucial roles in wound healing and tissue remodeling.65–67 p75NTR is expressed in 

various cells types, including fibroblasts, particularly under inflammatory conditions.55–

58 Therefore, p75NTR-postive fibroblasts play a significant role in wound healing by 

synthesizing extracellular matrix compounds. It has been demonstrated that Pro-Hyp is 

generated at sites of skin wound healing.22 The endogenous Pro-Hyp can enhance wound 

healing by promoting growth of p75NTR-positive fibroblasts. Ingestion of collagen 

hydrolysate has been shown to increase blood levels of Pro-Hyp.13–17 The food-derived 

Pro-Hyp can also enhance wound healing by stimulating p75NTR-positive fibroblasts at 

sites of damage. However, the food-derived Pro-Hyp does not enhance growth of 

p75NTR-negative fibroblasts in the post-wound healing site or in normal tissues. 
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Therefore, ingestion of collagen hydrolysate enhances wound healing without inducing 

abnormal growth of resident fibroblasts.  
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Conclusions and Future Prospect 

 

   It has been demonstrated that ingestion of collagen hydrolysate improves skin and 

joint conditions9,11,12 and enhances wound healing.7,8 The ingestion of collagen 

hydrolysate increases collagen di- and tri- peptides such as Pro-Hyp, Hyp-Gly, and Pro-

Hyp-Gly in human blood.13–17 The present study demonstrates that most of meats in 

Japanese daily dish contain 0.5-2 g of collagen/gelatin. In some cases, more than 10 g 

collagen/gelatin can be taken by consumption of one serve of meat such as eel and shark 

tail meat. However, there is no report on content and structure of food-derived collagen 

peptides in blood after ingestion of meats. The present study demonstrates increase of 

collagen peptides in human blood after ingestion of collagen rich fish meat (shark tail 

meat). However, contents of collagen peptides in human blood after ingestion of collagen 

rich fish meat were approximately 30% of those after ingestion of collagen hydrolysate. 

Approximately 70% of the collagen in the shark meat remained insoluble after cooking 

and digestion with pepsin-pancreatin digestion. Therefore, only soluble peptide after 

endoproteinases digestion can be degraded by exopeptidases and absorbed in blood 

circulation system. To increase bioavailability of collagen peptide in meat, cooking 

method, which can increase solubility of collagen in meat, is necessary. 

   Previous studies have demonstrated that Pro-Hyp, a mainly food-derived collagen 

peptide in blood,13–17 can trigger growth of fibroblast attached on collagen gel.19 However, 

inconsistent results have been obtained when different preparation of FBS was used. The 

present study demonstrates presence of hydroxyprolyl peptides including Pro-Hyp in 

FBSs with different levels, which can mask effect of added Pro-Hyp. Therefore, FBS free 

from low molecular hydroxyprolyl peptide should be used to obtain reproducible data. 

The collagen peptides in FBS might play important role in development of fetus, as adult 

bovine serum contained hydroxyprolyl peptide in lower content than FBS. Approximately 
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30% of hydroxyprolyl peptides in FBS could not be identified. The unidentified peptides 

might be contained in human blood after ingestion of collagen hydrolysate and exert same 

biological function. These peptides should be identified and examined their function in 

future studies. 

    Some fibroblast cell lines did not respond to Pro-Hyp.19 Excess growth of fibroblasts 

in body after ingestion of collagen hydrolysate has not been observed.7–9 These facts 

suggest presence of Pro-Hyp responding and non-responding fibroblasts. To confirm this 

hypothesis, the mesenchymal stem cell marker p75NTR was used, as p75NTR-positive 

cells are increased at the wound healing site.65 Most fibroblasts that had just migrated 

from mouse skin expressed p75NTR. After prolonged cultivation, however, the ratio of 

p75NTR-positive fibroblasts dropped. The p75NTR-positive fibroblasts specifically 

incorporated Pro-Hyp. These data clearly indicate presence of Pro-Hyp responding and 

non-responding fibroblasts. These results suggest that Pro-Hyp could enhance wound 

healing by stimulating only p75NTR-positive fibroblasts at wound healing sites, while it 

has little effect on p75NR-negative fibroblasts. Previous study has demonstrated that 

significant part of Pro-Hyp in tissue is modified in its proline residue without peptide 

bond hydrolysis.68 As these peptides might affect growth signal of p75NTR-positive cell, 

these modified peptides should be identified in future studies. It is difficult to examine 

intracellular signaling by Pro-Hyp in p75NTR-positive fibroblast as fibroblast rapidly 

lose p75NTR and peptide transporter during cultivation. Further study on maintaining 

p75NTR is in progress. 

   The present study demonstrates that bioactive collagen peptides could be generated 

in blood not only after ingestion of collagen hydrolysate but also after ingestion of gelatin 

in cooked meat and the presence of Pro-Hyp responding and non-responding fibroblasts 

in the body, which could contribute a better understanding of wound healing process. 
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