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Peptides in the blood of subjects before and after collagen hydrolysate ingestion were fractionated by ion
exchange and size-exclusion chromatographies and then derivatised with phenyl isothiocyanate. The
derivatives were characterised by reserved phase (RP)-HPLC. Prolyl-hydroxyproline (Pro-Hyp), which
has been identified in the previous studies, was detected as a major food-derived collagen peptide in
the blood of all subjects (n=5). Another major peptide was identified as hydroxyprolyl-glycine (Hyp-
Gly) in the blood of four subjects, which has not been detected in previous studies. The ratio of Hyp-
Gly to Pro-Hyp depended on subjects and ranged from 0.00 to 5.04. Hyp-Gly was less susceptible to
human serum peptidase than Pro-Hyp. Hyp-Gly enhanced the growth of mouse primary fibroblasts on
collagen gels in a higher extent than Pro-Hyp. These findings suggest that Hyp-Gly plays a significant role
in exerting the biological effects by ingestion of collagen hydrolysate.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Collagen is a major constituent of the extracellular matrix. The
denatured form of collagen is referred to as gelatin and is commonly
used in foods, pharmaceuticals, photographic films, cosmetics, etc.
In order to increase the solubility of gelatin, partially hydrolysed gel-
atin products have been prepared and are referred to as collagen
hydrolysate. Recent human studies have suggested that daily inges-
tion of collagen hydrolysate increases the moisture content on the
epidermis of women during winter, and also moderates joint pain
in subjects with knee osteoarthritis (Deal & Moskowitz, 1999;
Matsumoto, Ohara, Itoh, Nakamura, & Takahashi, 2006). In addition,
several animal experiments support the beneficial effects of inges-
tion of collagen hydrolysate on skin and joint conditions
(Moskowitz, 2000; Oesser, Adam, Babel, & Seifert, 1999; Tanaka,
Koyama, & Nomura, 2009; Tsuruoka, Yamato, Sakai, Yoshitake, &
Yonekura, 2007; Wu, Fujioka, Sugimoto, Mu, & Ishimi, 2004). After
ingestion of collagen hydrolysate, Pro-Hyp, Pro-Hyp-Gly, Ala-Hyp,
Ala-Hyp-Gly, Ser-Hyp, Ser-Hyp-Gly, Leu-Hyp, lle-Hyp and Phe-Hyp
have been identified as food-derived collagen peptides in human
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blood. Of these peptides, Pro-Hyp is the major component (Iwai
et al., 2005; Ohara, Matsumoto, Ito, Iwai, & Sato, 2007). In a previous
study, we demonstrated that Pro-Hyp stimulates the growth of
mouse skin fibroblasts on collagen gels in a dose-dependent manner
(Shigemura et al., 2009). Recently, Nakatani, Mano, Sampei, Shimizu,
and Wada (2009) demonstrated that Pro-Hyp modulates rat osteo-
arthritis induced by a high phosphorus diet. These studies suggest
that Pro-Hyp plays a significant role in the beneficial effects by
ingestion of collagen hydrolysate. In these previous studies, the
food-derived collagen peptides were isolated by a series of size
exclusion chromatography (SEC) and reversed phase high perfor-
mance liquid chromatography (RP-HPLC) (Iwai et al., 2005; Ohara
et al., 2007). However, short-chain hydrophilic peptides are poorly
resolved by RP-HPLC, as they are weakly retained in RP-HPLC
columns. To solve these problems, a new approach based on pre-
column derivatisation of peptides with phenyl isothiocyanate (PITC)
has been developed (Aito-Inoue et al., 2006). This approach allows
identification of short-chain hydrophilic peptides that were difficult
to be isolated by RP-HPLC.

The objectives of the present study were to identify the food-
derived collagen peptides in human blood, which have not been
isolated by the conventional method, by using the pre-column der-
ivatisation method.
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2. Materials and methods
2.1. Collagen hydrolysate

Collagen hydrolysate was prepared from fish scale gelatin by
enzymatic hydrolysis and was a kind gift from Chisso Corporation
(Tokyo, Japan), which can be obtained commercially (Marine colla-
gen CF). This preparation mainly consisted of peptides with the
average molecular weight of 1000 Da.

2.2. Chemicals

A standard mixture of amino acids (Type H), acetonitrile (HPLC-
grade), trifluoroacetic acid (TFA) and phenyl isothiocyanate (PITC)
were purchased from Wako Chemicals (Osaka, Japan). Pro-Hyp
and Hyp-Gly were purchased from Bachem (Bubendort,
Switzerland). Dulbecco’s modified Eagle’s medium (DMEM) and
human serum were purchased from Sigma Chemicals (St. Louis,
MO, USA), Dulbecco’s phosphate-buffered saline (D-PBS) and gen-
tamicin from Invitrogen (Carlsbad, CA, USA) and fetal bovine serum
BWT S-1820 (FBS) from Biowest (Nuaillé, France). Calf acid-soluble
type I collagen solution (0.5%) was purchased from Koken (Tokyo,
Japan) and the Cell Counting Kit-8 from Dojin Glocal (Kumamoto,
Japan). All other reagents were of analytical grade or better.

2.3. Human study design

The human study was carried out according to a protocol de-
scribed previously (Iwai et al.,, 2005). These studies were per-
formed according to the Helsinki Declaration under the
supervision of medical doctors and were approved by the experi-
mental ethical committees of the Chisso Corporation (Tokyo,
Japan). Any negative effects have not been reported by collagen
hydrolysate ingestion at 5-10 g/day for 12 weeks in human studies
(Sumida et al., 2004; Ohara et al., 2007; Tr¢ & Bohmova, 2011) and
the safety of high dose of collagen hydrolysate ingestion (1.66 g/kg
body weight) was also confirmed by animal experiments (Wu
et al., 2004). The volunteers were informed that the objectives of
the present study and the potential risks of ingestion of collagen
hydrolysate such as diarrhoea, and abdominal pain. Before the
experiment, five healthy volunteers (male forties, fifties, fifties; fe-
male twenties, fifties) fasted for 12 h, and then ingested the colla-
gen hydrolysate (25 g/60 kg body weight) dissolved in 100 ml of
water. Approximately 10 ml of venous blood samples were col-
lected from the cubital vein before and 30, 60, 120, 240, 420 min
and 24 h after the ingestion. The plasma prepared from the venous
blood samples was then deproteinised by adding three volumes of
ethanol and the ethanol-soluble fraction was stored at —80 °C until
analysis.

2.4. Estimation of Hyp-containing peptides in human plasma

Amino acid analysis was performed by the method of Bidling-
meyer, Cohen, and Tarvin (1984) with slight modifications (Iwai
et al.,, 2005; Sato et al.,, 1992). The Hyp-containing peptides in
the ethanol-soluble fraction were estimated by subtracting the free
Hyp from the total Hyp in the HCI hydrolysate, as described previ-
ously (Iwai et al., 2005).

2.5. Identification of food-derived collagen peptides in human blood

The peptides in 1 ml of the ethanol-soluble fraction were cap-
tured in the spin column packed with a strong cation exchanger
(AG 50 W-8, Bio-Rad Laboratories, Hercules, CA, USA), and then
fractionated by SEC using a Superdex Peptide 10/300 GL (GE

Healthcare, Buckinghamshire, UK), as described previously
(Aito-Inoue et al., 2006). The peptides in the SEC fractions were
derivatised with PITC and the resultant phenyl thiocarbonyl
(PTC)-peptides were resolved on an Inertsil ODS-3 column (GL
Science, Tokyo, Japan). Binary gradient elution was performed with
0.01% TFA (solvent A) and 60% acetonitrile (solvent B) at a flow rate
of 1 ml/min. The column was equilibrated with 15% B. The gradient
profile was as follows: 0-30 min, 15-75% B; 30-35 min, 75-100%
B; 35-40 min, 100% B; 40-40.1 min, 100-15% and 40.1-50 min,
15% B. The column was maintained at 45 °C and the absorbance
at 254 nm was monitored. The sequence of the isolated PTC-pep-
tides was determined using a peptide sequencer (PPSQ-21, Shima-
dzu, Kyoto, Japan) based on the Edman degradation method; the
programme was changed to start from the cleavage step, as de-
scribed previously (Higaki-Sato et al., 2003).

2.6. Mass spectrometric analysis

The LCQ mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) was used for the analysis. Electrospray ionisation (ESI) in
the positive ion mode was used. Detection of ion was achieved by
scanning the range from 50 to 400 atomic mass units at an auto
tune mode. Synthetic Pro-Hyp and Hyp-Gly were dissolved in
50% acetonitrile containing 0.05% formic acid to give a final con-
centration of 200 uM and then directly injected into the ESI-MS
system using a micro syringe at a flow rate of 3 pl/min.

2.7. Digestion of Pro-Hyp and Hyp-Gly by serum peptidase

Aliquots (20 pl) of 20 mM Pro-Hyp or Hyp-Gly were mixed with
180 pl of human serum and incubated at 37 °C. Aliquots (20 pl)
were collected from the reaction mixture before and 30, 90 and
180 min after the incubation and then mixed with 180 pl of etha-
nol to terminate the peptidase reaction. The content of free Hyp in
the supernatant (50 pl) liberated from Pro-Hyp or Hyp-Gly was
estimated by amino acid analysis. Degradation rate was calculated
using the following equation.

Degradation rate(%) =Hyp concentration in the supernatant(pmol)/
Peptide concentration(10nmol) x 100

2.8. Cell culture

Balb/c mice were purchased from SLC Japan (Shizuoka, Japan).
Fibroblasts were obtained from the skin of these mice by the
method of Rittié and Fisher (2005) with slight modifications
(Shigemura et al., 2009). The abdominal skin was cut into square
pieces (approximately 6-7 mm in width). The eight pieces were
placed at the bottom of a culture dish (75 mm in diameter) so that
they were not in contact with each other. Cultivation was carried
out in 8 ml DMEM containing 584 mg/l 1-glutamine, 0.01 mg/ml
gentamicin, and 10% FBS in a humidified incubator at 37 °C under
5% CO,. During cultivation, the medium was changed every 2 days.
After cultivation for 2 weeks, the skin discs were removed and
fibroblasts were recovered using a 0.25% trypsin-EDTA solution.
The primary cultured fibroblasts were suspended to give a con-
centration of 5 x 10%cells/ml in DMEM containing 584 mg/l
L-glutamine, 0.01 mg/ml gentamicin, 10% FBS, and the test compo-
nent. The fibroblasts were then incubated on a collagen gel-coated
plate as described previously (Shigemura et al., 2009). The collagen
solution (0.5%) was mixed with the same volume of the double-
concentrated DMEM medium containing .-glutamine and gentami-
cin and the test component in the absence of FBS. The mixture
(100 pl) was then poured into each well of the 96-well plastic plate
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and placed in the humidified incubator for 24 h at 37 °C under 5%
CO, to allow gelation. Growth of the cells on the gel after suitable
intervals was estimated using the Cell Counting Kit-8.

2.9. Statistical analysis

The differences between the means were evaluated by analysis
of variance, followed by Fisher’s PLSD method (p < 0.05) using Stat-
View Version 5.0 (Abacus Concepts, Berkeley, CA, USA).

3. Results
3.1. Concentration of Hyp-containing peptide in plasma

As shown in Fig. 1, only negligible amounts of Hyp-containing
peptide were observed in human plasma before the collagen
hydrolysate ingestion. The concentration of Hyp-containing pep-
tide increased to maximum level (approximately 120 nmol/ml)
1-2 h after the ingestion. The concentration decreased to half of
the maximum level 4 h after the ingestion and negligible levels
7 h after the ingestion.

3.2. Identification of food-derived collagen peptides in human blood

Elution profiles of SEC for the ethanol soluble fraction of plasma
are shown in Fig. 2. The amino acid analysis revealed that Hyp was
contained in the HCI-hydrolysates of SEC Fr. 35-40 (data not
shown). The PTC-derivatives of SEC Fr. 31-40 were resolved by
RP-HPLC. As shown in Fig. 3, the peak (a) was observed in the
SEC Fr. 36-37 of the subjects 1 and 2 only after the ingestion. This
peak was identified as PTC-Pro-Hyp by sequence analysis, which
was confirmed by comparison with the retention time of synthetic
PTC-Pro-Hyp. On the other hand, another peak (b) was observed in
the SEC Fr. 37 only in the subject 2 after the ingestion (Fig. 3). This
peak was identified as PTC-Hyp-Gly by similar manner. There are
no significant differences of elution profiles of PTC-derivatives in
the SEC Fr. 31-35 before and after the ingestion (data not shown).
In SEC Fr. 39-40, only PTC-Hyp was detected.

3.3. The ratio of food-derived Pro-Hyp and Hyp-Gly in human plasma

Pro-Hyp was detected in all subjects. On the other hand, Hyp-
Gly was observed in the subjects1, 3-5. The ratio of Hyp-Gly to
Pro-Hyp in human plasma 1 h after the ingestion was semi-quan-
titatively estimated on the basis of PTC-peptide peak area. As
shown in Table 1, it was distributed ranging from 0.00 to 5.04
and extensively varied between subjects.
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Fig. 1. Plasma level of hydroxyproline in peptide form after oral ingestion of the
collagen hydrolysate. Average concentration of 5 subjects are shown. The data are
shown as the mean+SD; n=5. The different letters on the values indicate
significant difference (p < 0.05).
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Fig. 2. Fractionation of peptides in ethanol-soluble fractions by size exclusion
chromatography. Sample was collected every 1 min.
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Fig. 3. SEC fractionation of the PTC-derivatives. Samples were prepared from
Subject 1 and 2 before (B) and after (A) the ingestion of collagen hydrolysate.
Synthetic PTC-Pro-Hyp and PTC-Hyp-Gly were also resolved.

Table 1
Ratios of Hyp-Gly to Pro-Hyp in human blood 1h after the
ingestion of collagen peptide preparation.

Subject 1 0

Subject 2 5.04
Subject 3 1.20
Subject 4 0.21
Subject 5 0.30
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3.4. Intensity of Pro-Hyp and Hyp-Gly Ions by ESI-MS

ESI-MS analysis revealed that intensity of Hyp-Gly ion
(188.93 m/z) was approximately 20% of Pro-Hyp ion (228.93 m/z)
in same content (Fig. 4). When PTC-derivatives were used, no sig-
nificant ion intensity was observed for PTC-Pro-Hyp and PTC-Hyp-
Gly in the present condition (data not shown).

3.5. Degradation of Pro-Hyp and Hyp-Gly by human serum peptidase

Synthetic Pro-Hyp and Hyp-Gly were treated with human ser-
um. As shown in Fig. 5, the degradation rates of Pro-Hyp and
Hyp-Gly were 5.35% and 0.51% 180 min after the incubation,
respectively. Only negligible amounts of Hyp were liberated from
Hyp-Gly by human serum peptidase, which indicated that Hyp-
Gly is more resistant to serum peptidase than Pro-Hyp.

3.6. Effect on growth of fibroblasts on collagen gel

As shown in Fig. 6, Pro-Hyp and Hyp-Gly significantly enhanced
growth of fibroblasts on collagen gel in comparison to control.
Hyp-Gly showed significantly higher stimulatory activity to fibro-
blasts growth than Pro-Hyp.

4. Discussion

In the previous studies, food-derived collagen peptides in hu-
man blood have been identified using RP-HPLC-UV detection (Iwai
et al., 2005; Ohara et al., 2007) and RP-HPLC-ESI-MS/MS detection
(Ichikawa et al., 2010). Pro-Hyp has been identified as a major
food-derived collagen peptide in human blood in these studies.
In the present study, Hyp-Gly is identified as a major food-derived
collagen peptide in four of the five subjects in addition to Pro-Hyp
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Fig. 5. Degradation of Pro-Hyp and Hyp-Gly by human serum peptidase. 100 mM of
Pro-Hyp and Hyp-Gly were mixed with human serum and incubated at 37 °C. The
concentration of free Hyp liberated from Pro-Hyp(®) and Hyp-Gly(M) and degra-
dation rate was shown. The data are shown as the mean + SD; n = 4. Degradation
rate was calculated by following equation. Degradation rate (%) = Hyp concentra-
tion in the supernatant (pmol)/Peptide concentration (10 nmol) x 100.

by using pre-column derivatisation technique. It is difficult to re-
solve Hyp-Gly by the RP-HPLC without PITC derivatisation due to
its hydrophilic nature and small molecular mass. In addition, rela-
tively low ion intensity of Hyp-Gly was observed by ESI-MS when
compared to Pro-Hyp. Therefore, Hyp-Gly had not been detected in
the previous studies (Ichikawa et al., 2010; Iwai et al., 2005; Ohara
et al.,, 2007). The pre-column derivatisation technique used in the
present study is useful for detecting and identifying short-chain
hydrophilic food-derived peptides in complex biological samples.

Although the same collagen hydrolysate was ingested by the
five volunteers, the ratio of Pro-Hyp to Hyp-Gly in the blood sam-
ples extensively depended on subjects (Table 1). This finding sug-
gests that some polymorphisms might exist in the peptide
transporter, endopeptidase and/or exopeptidase. It has been
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Fig. 4. Electrospray ionisation mass spectrum (ESI-MS) of Pro-Hyp and Hyp-Gly in same concentration (200 nmol/ml).
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Fig. 6. Effect of Hyp-Gly and Pro-Hyp on the growth of fibroblast on collagen gel.
Mouse skin primary fibroblasts (5 x 10° cells) were cultured on a 96-well plate
paved with collagen gel for 144 h. 200 nmol/ml of Hyp-Gly (a), and Pro-Hyp (M)
were added into the control medium containing 10% FBS (¢ ). Growth of fibroblasts
was estimated by the absorbance of the medium treated with Cell Counting Kit-8
after 24, 48 and 144 h from incubation. The data are shown as the mean = SD; n = 4.
The different letters on the values indicate significant difference (p < 0.05).

demonstrated that the peptide transporter 1 (PEPT1) plays a signif-
icant role in di- and tri-peptides absorption in enterocytes (Adibi,
1997; Aito-Inoue, Lackeyram, Fan, Sato, & Mine, 2007). However,
it has been demonstrated that PEPT1 transports dipeptides in a
non-specific manner. In addition, both Pro-Hyp and Hyp-Gly are
resistant to exopeptidase in human blood (Fig. 5) compared to
non-collagenous dipeptides (Druml et al., 1991; Hubl, Druml,
Langer, & Lochs, 1989). Therefore, it is likely that some polymor-
phisms might be present in endopeptidase that results in cleavage
of large collagen peptides into small peptides, rather than peptide
transporter and exopeptidase. Alternatively, exogenous factor such
as dietary habit may affect peptide transportation and/or digestion
of collagen peptides.

It has been demonstrated by in vitro studies that Pro-Hyp, one
of the quantitatively major constituents of food-derived collagen
peptide, has a stimulatory activity on migration of mouse fibro-
blast from skin to medium (Shigemura et al., 2009) and hyaluronic
acid synthesis (Ohara et al., 2010). Furthermore, Nakatani et al.
(2009) demonstrated that Pro-Hyp suppresses osteoarthritis in-
duced by a high phosphorus diet. The present authors also demon-
strated that the proliferation of primary cultured fibroblast on
collagen gel was enhanced by addition of Pro-Hyp in dose depen-
dent manner from 50 to1000 nmol/ml (Shigemura et al., 2009).
After single ingestion of collagen hydrolysate at 25 g/60 kg body
weight, maximum level of Hyp-containing peptides is approxi-
mately from 50 to 200 nmol/ml. The concentration largely depends
on subjects. Thus, these studies partially explain the beneficial ef-
fects of collagen hydrolysate ingestion in human studies. In addi-
tion, the present study demonstrates that Hyp-Gly has
significantly higher stimulatory activity on fibroblast growth than
Pro-Hyp, which suggests that Hyp-Gly may have a significant role
in exerting the biological effects associated with ingestion of colla-
gen hydrolysate. Furthermore, subject variability in the composi-
tion of food-derived collagen peptides may cause differences in
the efficacy of collagen hydrolysate ingestion between subjects.

It has been suggested that ingestion of smaller doses (5 g/day)
of collagen hydrolysate for longer periods might improve skin con-
ditions (Sumida et al., 2004; Ohara et al., 2007). Further studies on
content and composition of food-derived collagen peptide in
human blood by ingestion of smaller dose of collagen hydrolysate

for longer periods and effects of these food-derived peptides on
skin condition are now in progress.
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