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ABSTRACT: Objectives of the present study were to evaluate amounts of collagen in Japanese daily dishes and contents of
food-derived collagen peptides in human blood. The meat in one serving of most Japanese daily dishes contains 0.2−2.5 g of
collagen, except for beef tendon, eel with skin, and skinned shark tail (7.6−13.3 g). After ingestion of cooked shark meat, nine
collagen di- and tripeptides were detected in plasma and the area under the curve of most peptides, except for Hyp-Gly and Pro-
Hyp-Gly, was ∼30% of that after ingestion of collagen hydrolysate containing an equivalent amount of collagen. Likewise, only
∼30% of the total collagen in the meat was liberated into solution by pepsin and pancreatin digestion. Thus, ingestion of
collagen-rich meat increases the collagen peptides in blood, which depends on not only the collagen content in the meat but
also the susceptibility of the collagen/gelatin to digestive endoproteinases.
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■ INTRODUCTION

Collagen, which is a major component of the extracellular
matrix in animals, has a triple helix structure that is resistant to
most endoproteinases except collagenase. Heat treatment
causes the triple helix structure of collagen to collapse into a
random coiled structure, and heat-denatured collagen is
referred to as gelatin. Gelatin is prepared from the bones,
skin, and tendons of animals and the scales, skin, and bones of
fish. 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.1 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 attenuation of the symptoms of osteoarthritis,2

enhanced healing of pressure ulcers,3,4 and improvement of
various skin conditions, reported as reduced wrinkle volume,
increased elasticity, and increased water content of the skin in
subjects with specific ages.5,6

It has been demonstrated that the levels of some collagen-
derived di- and tripeptides, such as Pro-Hyp, Hyp-Gly, Pro-
Hyp-Gly, and others, are increased in human blood after
ingestion of collagen hydrolysate.7−11 In vitro studies have
shown that these food-derived collagen peptides enhance the

growth of fibroblast10,12 and the production of glycosamino-
glycan by fibroblasts13 and chondrocytes,14 which are
associated with the beneficial effects of collagen hydrolysate
ingestion.
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 deter-
mined.15−17 However, the meat in food dishes frequently
includes skin as well as large intra- and intermuscular
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,

Received: December 11, 2018
Revised: February 18, 2019
Accepted: February 20, 2019
Published: February 20, 2019

Article

pubs.acs.org/JAFCCite This: J. Agric. Food Chem. 2019, 67, 2831−2838

© 2019 American Chemical Society 2831 DOI: 10.1021/acs.jafc.8b06896
J. Agric. Food Chem. 2019, 67, 2831−2838

D
ow

nl
oa

de
d 

vi
a 

K
Y

O
T

O
 U

N
IV

 o
n 

M
ar

ch
 2

5,
 2

01
9 

at
 0

2:
01

:4
7 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/JAFC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.8b06896
http://dx.doi.org/10.1021/acs.jafc.8b06896


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.

■ 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.18 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.19 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.20 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 a single serving.20 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.20

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 pacif icus) 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. 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. 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).
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-Fluorenylmethox-
ycarbonyl (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-hydrox-
ysuccinimidyl 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 amino-
peptidase 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 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 1000 × 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

Figure 1. 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); and 7, Japanese common squid (A, arm; B, mantle).
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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 3000 × 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.
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 (approx-
imately 200 μL) was subjected to size exclusion chromatography
(SEC) using a Superdex Peptide 10/300 GL size exclusion column
(GE Healthcare, Buckinghamshire, U.K.). 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.21

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.22−28

Determination of the Food-Derived Collagen Peptides in
Human Blood Plasma. The Hyp-containing peptide contents were
evaluated by amino acid analysis as previously described.7 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 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,7−11

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

Table 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

species partsa
weight of the
meatb(g)

collagen amount in
the meatb (g)

collagen content in
the meatb (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 pacif icus) 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

aAsterisks (*) indicate meat with skin. bValues are mean ± SD of three determinations.
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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 × 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 posthoc analysis using GraphPad
Prism Version 6.04. (GraphPad Software, San Diego, CA). The
differences between two groups were compared using Student’s t-test.

■ 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. Our 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.15,29 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

Figure 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 ± SE (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).

Table 2. Area Under the Curve (AUC) of the Collagen Peptides in Human Blood Plasma after Ingestion of Collagen
Hydrolysate and Cooked Shark Tail Meat

samples AUCa (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

aValues are mean ± SE (n = 6).
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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.
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 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 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.28 (1.9
g). However, more than 10 g of collagen can be ingested in a

Figure 3. Collagen peptide contents in plasma after ingestion of collagen hydrolysate (●) and cooked shark tail meat (part D; ■). Data are mean ±
SE (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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single serving of a collagen-rich meat such as stewed beef
tendon, grilled eel, or simmered shark tail.
Content and Structure of the Collagen Peptides in

Human Plasma. After ingestion of the collagen hydrolysate,
the hydroxyproline (Hyp)-containing di- and tripeptides 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 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 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 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 3). The
AUC of the nine peptides after ingestion of collagen
hydrolysate and cooked shark meat are summarized in Table
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 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.7,10 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.10 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.
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 4). An additional 20% of the total

Hyp-containing peptides were liberated by in vitro digestion
with pepsin and pancreatin (Figure 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 cross-links and converts the triple
helical structure to a water-soluble globular structure.28 Thus,
heat treatment solubilizes a portion of the collagen and
converts it to gelatin, which can be degraded by endoprotei-
nases. However, collagen molecules stabilized with many heat-
stable cross-links are resistant to protease digestion, even after
heat treatment.30 The degree and types of cross-links in
collagen depend on the species and tissue.22,28 These facts
indicate that the collagen in the shark meat is stabilized with
cross-links. 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 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 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 5C) similar to that of the
collagen hydrolysate (Figure 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,31 while type I collagen,
major collagen in fish meats, is stable during short-term chilled
storage.32 In addition, hot water extraction at a higher
temperature (120 °C) in an autoclave solubilizes all the
collagen in fish meat.15 Thus, there is a possibility that cooking
meat at a higher temperature in can and retort pouch for a

Figure 4. Extraction of collagen from raw and cooked shark tail meat
(part D) by hot-water treatment and pepsin-pancreatin digestion.
Data are mean ± SD (n = 3).
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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
tricollagen 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 effect 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 depend not only on the collagen content in meat but also
the degree of cross-linking and its susceptibility to
endoproteinase digestion. The present study encourages
further human studies on the effects of ingesting soluble
collagen in cooked meat on skin and joint conditions.
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