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ABSTRACT: A water extract of shark cartilage was fractionated into acidic and basic fractions by preparative isoelectric focusing
on the basis of the amphoteric nature of samples. The acidic fraction was further fractionated into ethanol-soluble and
-precipitate fractions. After the carcinogenesis treatment using N-nitrosobis(2-oxopropyl)amine, hamsters received a diet
containing each fraction or purified chondroichin sulfate to give 0.4% (w/w) for 50 days. Only administration of the acidic
ethanol-precipitate-fraction-containing diet significantly increased serum inhibitory activity against matrix metalloproteinase
(MMP)-9 and reduced the number of adenocarcinomas in the pancreatic duct. The active fraction predominantly consisted of
chondroichin sulfate-containing proteoglycan. However, the purified chondroichin sulfate had no significant activity. These
results suggest that the protein moiety of the proteoglycan might be involved in the increase of serum inhibitory activity against
MMP-9 and suppression of pancreatic carcinogenesis in hamster.
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■ INTRODUCTION
It has been demonstrated that oral administration of shark
cartilage and its extracts suppress carcinogenesis,1−3 growth of
tumor,4,5 and also angiogenesis6 in animal models. Angio-
genesis is the formation of new capillaries from the established
veins, which plays significant role in tumor growth and
carcinogenesis.7 In vitro studies also demonstrated that shark
cartilage contains relatively low molecular weight proteins
(smaller than 20 kDa) exerting immunostimulation,8,9 anti-
angiogensis,10−13 and MMP-9 inhibitory activities.10,11 These
activities are closely related to suppression of carcinogenesis
and tumor growth. Then, these low molecular weight proteins
have been suggested to be involved in the beneficial effects by
oral administration of shark-cartilage-based products. However,
in vivo activities of these proteins and their bioavailability have
not been fully elucidated.
Pancreatic duct adenocarcinoma is one of the most

intractable malignancies in human. A rapid production model
for pancreatic duct cancer in hamster based on initiation by N-
nitrosobis(2-oxopropyl)amine (BOP) and augmentation pres-
sure by injection of DL-ethionine under choline-deficient diet
has been established.14 By using this model, our previous

studies have demonstrated that oral administration of a water
extract of shark cartilage (0.4% in diet) after the carcinogenesis
treatment suppresses development of carcinogenesis and also
increases serum inhibitory activity against matrix metal-
loproteinase (MMP)-9.1−3

MMP is a calcium-dependent zinc proteinase and forms a
family of at least 28 identified proteolytic enzymes.15,16 Among
the MMPs, MMP-9 is induced under pathological conditions
and can cleave the triple helical domains of type IV and V
collagens that are main constituents in the basement membrane
and pericellular connective tissue, respectively.15,16 It has been
suggested that MMP-9 plays a significant role in the invasion
and metastasis of various human malignancies, such as cancers
of pancreas,17,18 lung,19 stomach,20 breast,21 and also tumor-
induced angiogenesis.22,23 On the basis of these facts, we have
proposed a hypothesis that in vivo inhibition of MMP-9 by
ingestion of the water extract of shark cartilage is involved in
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suppression of development of the pancreatic ductal caricino-
genesis.1−3 However, the water extract used in the previous
studies was a mixture of several components, such as
chondroichin sulfate, collagens, and a variety of proteins.
The objective of the present study was to identify the active

component for in vivo inhibition of MMP-9 and suppression of
development of pancreatic duct carcinogenesis using the same
animal model. The present study demonstrates that single
fraction has both activities by oral administration.

■ MATERIALS AND METHODS
Start Materials. Dried blue shark (Prionace glauea) cartilage was a

kind gift from Kyodo Suisan Co. (Kesen-Numa, Japan). The blue
shark was caught by long line fishing and landed at Kesen-Numa Port
located in Miyagi Prefecture in Japan. The spinal column was collected
from the blue shark and washed in hot water (approximately 60 °C)
for a few minutes to removed adhering muscle and nerve tissues. Then
the spinal column was air-dried, which was used as the dried shark
cartilage in the following experiments.
Medical grade chondroichin sulfate C free from protein moiety was

prepared from the dried blue shark cartilage by Maruha Nichiro
Holdings Co. (Tokyo, Japan). The chonfroichin sulfate was a kind gift
from Maruha Nichiro Holdings Co.
Reagents. N-Nitrosobis(2-oxopropyl)amine (BOP), DL-ethionine,

L-methionine, Coomassie Brilliant Blue R-250 (CBB), bromophenol
blue (BPB), disodium dihydrogen ethylendiamine tetraacetate
(EDTA), Briji 35, Tween 20, and agarose powder were obtained
from Nacalai Tesque (Kyoto, Japan). Phenylisothiocyanate (PITC)
and amino acid standard type H were obtained from Wako Chemicals
(Osaka, Japan). Molecular weight protein marker was obtained from
TEFCO (Nagano, Japan). Triethylamine (TEA) was obtained from
Pierce (Rockford, IL).
Bovine type V collagen and human fibrosarcoma MMP-9 (active

form) were obtained from Yagai (Yamagata, Japan); these are now
supplied from Life Laboratory (Yamagata, Japan). A formulated skim
milk solution designed for blocking the nonspecific reactions of
antibodies (Block Ace) was from Dainippon Pharmaceuticals (Osaka,
Japan). Rabbit antibovine type V collagen IgG and goat antirabbit IgG
(H + L)−horse radish peroxidase conjugate were from LSL (Tokyo,
Japan) and Bio-Rad Laboratories (Hercules, CA), respectively. Other
reagents were of analytical grade or better.
Fractionation of Components in Water Extract of Shark

Cartilage. The dried shark cartilage was crushed into small pieces
(approximately 5 mm in diameter) by a hammer mill (FM-1F,
Hosokawa Micron, Osaka, Japan). The pieces were further crushed
into a fine powder (60 μm in average diameter) with liquid nitrogen in
a Lindex mill (Hosokawa Micron). Cold water (1.5 L) was added to
300 g of the cartilage powder. The suspension was allowed to stand for
30 min with occasional stirring. Then the suspension was centrifuged
at 5000g for 10 min. After collection of the supernatant, another 300
mL of the water was added into the residue and stirred for 30 min. The
supernatant was collected in the same manner. The supernatants were
combined and used as the crude water extract of shark cartilage.
The water extract (5 L) was fractionated by the ampholyte-free

preparative isoelectric focusing, which has been referred to
autofocusing, by the method of Hashimoto et al.24 using an
autofocusing apparatus with 10 sample compartments (75 mm in
length × 80 mm in width × 85 mm in height for each compartment).
The water extract was put into all sample compartments. Autofocusing
was carried out at 500 V for 18 h. The fractions showing below pH 6.0
were combined and used as an acidic fraction. The fractions showing
above pH 7.0 were also combined and used as a basic fraction.
The acidic and basic fractions were mixed with 3 volumes of cold

ethanol (5 °C). Precipitation occurred only in the acidic fraction. The
resultant precipitate was collected by centrifugation at 5000g for 10
min and then freeze-dried. The soluble fractions were concentrated in
a rotary evaporator to remove ethanol and then freeze-dried.
Animal Experiment. The animal experimental protocol was

approved by the animal experimentation facility of Nara Medical

University prior to its execution under monitoring by the committee of
the facility in accordance with the National Institute of Health
Guidelines for the Care and Use of Laboratory Animals, Japanese
Government Animal Protection and Management Law Number 105,
and Japanese Government Notification on Feeding and Safekeeping of
Animals Number 6.

Eighty-four female Syrian golden hamsters, 7-weeks old and
weighting approximately 100 g each, were obtained from Japan SLC
(Shizuoka, Japan). The hamsters were housed three to a plastic cage in
an air-conditioned room at 24 °C and 60% humidity with a daily 12-h
alternating cycle of light and dark and fed a basal diet (CE-2; CLEA
Japan, Tokyo, Japan).

Pancreatic ductal carcinoma was induced by the rapid production
method as described previously.14 Fifty milligrams of BOP per kg body
weight was injected subcutaneously for the initiation of tumor
formation. Twelve days thereafter, the hamsters were subjected to
the first cycle of augmentation pressure that consisted of four daily
intraperitoneal injections of 500 mg of DL-ethionine per kg body
weight under a choline-deficient diet (Dyets, Bethlehem, PA),
followed by an intraperitoneal injection of 800 mg L-methionine per
kg body weight. The animals were then returned to the basal diet and
subcutaneously injected with 20 mg of BOP per kg body weight. A
total of two cycles of augmentation pressures were performed. Five
hamsters died in the period of the augmentation procedure. At 50 days
from the first injection of BOP, hamsters were divided into five groups.
One group of hamsters received the basal diet (n = 16), and others
received the basal diets containing the acidic ethanol-soluble fraction
(AS; n = 16), acidic ethanol-precipitate fraction (AP; n = 16), basic
fraction (B; n = 16), and the purified chondroitin sulfate (CS; n=15) at
0.4% (w/w), respectively, for 50 days. All animals were killed under
ether anesthesia at 100 days from the beginning of the experiment.

At the time of sacrifice, the pancreases of all animals were carefully
removed and fixed in 10% neutral buffered formalin and embedded in
paraffin for histological assessment. Five animals were randomly
selected from the each group for blood collection. Blood was collected
from the inferior vena cava and centrifuged at 3000g to obtain serum.
The serum was stored at −80 °C until use.

Histological Assessments. Histological examination of the
pancreas was carried out to evaluate the development of pancreatic
duct adenocarcinoma in terms of its incidence and multiplicity that
were diagnosed strictly according to the well-established criteria
described earlier.25

MMP-9 Inhibitory Assay. The inhibitory activity against MMP-9
was estimated as described previously.3 Ten microliters of the type V
collagen solution (0.1% w/v in 10 mM HCl) was mixed with 10 μL of
100 mM Tris-HCl buffer, pH 7.5, containing 400 mM NaCl, 20 mM
CaCl2, 0.1% Brij 35, and 0.01% NaN2, and 10 μL of the MMP-9
solution. Five microliters of serum that had been diluted to 5-fold with
50 mM Tris-HCl buffer, pH 7.5, containing 200 mM NaCl, 10 mM
CaCl2, 0.05% Briji 35, and 0.01% NaN2 was added to the reaction
mixture. As a negative control (NC), the MMP-9 solution was
replaced with 50 mM Tris-HCl buffer, pH 7.5, containing 200 mM
NaCl, 10 mM CaCl2, 0.05% Briji 35, and 0.01% NaN2. As a positive
control (PC), the serum solution was replaced with the same buffer.
The reaction mixtures were incubated at 37 °C for 24 h. The reaction
was terminated by adding 10 μL of 500 mM EDTA sodium salt, pH
7.5, and mixing with 20 μL of 8 M urea, 5 μL of 0.1% BPB, and 5 μL of
10% sodium dodecyl sulfate (SDS). The mixture was then heated in a
boiling water bath for 3 min. The type V collagen subunits α1(V) and
α2(V) and their degradation products α1(V)* were resolved by SDS−
polyacrylamide gel electrophoresis (PAGE) by using a 7.5% gel in
Laemmli’s buffer system.26 Proteins in the gel were electrophoretically
transferred onto a polyvinylidene difluoride (PVDF) membrane (Clear
Blot P, ATTO, Tokyo, Japan). The membrane was immersed in the
Block Ace solution for 3 h and then incubated with rabbit antibovine
type V collagen IgG, which had been diluted to 1:1000 with the Block
Ace solution, for 3 h at room temperature. After washing with 10%
Block Ace solution containing 0.1% Tween 20 for 5 min (four times),
the membrane was incubated with goat antirabbit IgG (H + L)−HRP
conjugate, which had been diluted to 1:1000 in the Block Ace solution.
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After washing the membrane, type V collagen and its degradation
product were developed by a peroxidase substrate immunostaining kit
(Wako Pure Chemical Industries, Osaka, Japan). The staining intensity
of the bands for the substrate [α1(V) and α2(V)] and degradation
product [α1(V)*] was determined using RFLPscan plus version 3.0
(CSPI, Billerica, MA). The ratio of degradation products (RD) was
calculated by the following equation: RD (%) = 100 × [band staining
intensity of α1(V)*]/[sum of band staining intensity of α1(V), α2(V),
and α1(V)*]. Good linearity between RD and MMP-9 activity was
observed up to RD 50%.3 Inhibition of MMP-9 by serum was
expressed as the equation inhibition (%) = (RDPC − RDSA)/RDPC ×
100, where RDPC and RDSA are the ratio of degradation products of
positive control and sample, respectively.
Other Analytical Methods. Protein and its fragment contents

were determined by amino acid analysis of HCl hydrolysate. Amino
acid analysis was performed by the method of Bidlingmeyer et al.27

with slight modifications.28 Protein content was caluculated by the
equation protein content (mg/mL) = ∑[CAA(MWAA − 18)], where
CAA is concentration of each constituent amino acid (mM) and MWAA
is molecular weight of each amino acid. Tryptophan was not
determined.
Chondroichin sulfate was determined by the carbazole sulfate

method by using shark cartilage chondroichin sulfate C as a standard.
Cellulose acetate electrophoresis was carried out as described
previously.29 Part of the sample was subjected to exhaustive proteolytic
digestion to remove protein moiety before cellulose acetate electro-
phoresis.29 SDS−PAGE of the sample containing chondroichin sulfate
was carried out by using Laemmli’s buffer system. The protein and
chondroichin sulfate were double-stained with Alcian Blue and Silver
by the method of Moller and Poilsen.30

Statistics. The difference in the number and incidence of
pancreatic duct carcinomas and the serum inhibitory activity against
MMPs were analyzed by one-way analysis of variance (ANOVA) by
using StatView 4.11 (Abacus Concepts Inc., Berkeley, CA). Significant
differences between the groups were evaluated by Fisher’s protected
least significant difference test.

■ RESULTS
Characteristics of Each Fraction. As shown in Figure 1,

the water extract of shark cartilage was fractionated into acidic

(no. 1−6) and basic fractions (no. 7−10) by the autofocusing.
The acidic fraction consists of chondroichin sulfate and protein.
On the other hand, the basic fraction (B) predominantly
consists of protein. The acidic fraction was further fractionated
into the acidic ethanol-precipitate (AP) and ethanol-soluble
fractions (AS). The AP and AS consist of chondroichin sulfate
and protein. Amino acid analysis revealed that the protein
contents in the AP and AS were 21.2 and 46.2% on a dry basis,
respectively. As shown in Table 1, the AS and B have the
collagen-specific amino acid hydroxyproline (Hyp) in relatively

high levels, being 86 and 95% of shark type II collagen,
respectively.31,32 The B has the higher amounts of basic amino
acids, arginine, hydroxylysine, and lysine, and lower acidic
amino acids, asparatic acid and glutamic acid, than the AS.
Collagen subunit bands (100 kDa) are not observed by SDS−
PAGE in either fraction (Figure 2A), which indicates that both

fractions mainly consist of acidic and basic collagen fragments.
On the other hand, the AP has lower hydroxyproline content
(27% of type II collagen) than the other two fractions. For
further characterization of the components in the AP, this
fraction was subjected to cellulose acetate membrane electro-
phoresis. As shown in Figure 2B, the intact AP showed a broad
Alcian Blue-positive band. After the exhaustive protease

Figure 1. Fractionation of components in the water extract of shark
cartilage into acidic and basic fractions by autofocusing.

Table 1. Amino Acid Composition of Acidic Ethanol-
Precipitate (AP), Acidic Ethanol-Soluble (AS), and Basic
Fractions (B) Compared with Those of Shark Type I and II
Collagens (residues/1000 residues)

AP AS B shark type Ic shark type IId

Asp 69.7 53.8 37.6 42 48
Glu 122.3 114.3 76.7 72 89
Hypa 20.7 67.1 74.3 78 82
Ser 91.6 47.7 54.3 27 36
Gly 191.0 278.2 305.8 340 332
His 15.2 6.4 7.8 6 4
Arg 47.9 41.9 58.3 50 49
Thr 47.8 43.0 26.1 21 22
Ala 81.4 57.4 85.6 128 105
Pro 105.2 140.9 102.5 113 114
Tyr 24.8 8.6 3.1 1 3
Val 39.4 20.7 32.4 21 17
Met 9.7 2.9 5.4 16 10
Ile 22.6 10.9 22.4 18 10
Leu 44.8 62.3 50.0 20 26
Hylb 4.9 20.3 42.1 5 20
Phe 25.3 11.7 14.8 14 15
Lys 35.7 11.9 50.8 27 17

aHydroxyproline. bHydroxylysine. cRama and Chandrakassen20
dKimura et al.21

Figure 2. (A) SDS−polyacrylamide gel of acidic ethanol-precipitate
fraction (lane AP), acidic ethanol-soluble fraction (lane AS), and basic
fraction (lane B). Protein and chondroichin sulfate were double-
stained by the method of Moller and Poilsen.30 Lane PM represents
molecular weight marker proteins (TEFCO). (B) Cellulose acetate
membrane electrophoretic patterns of the intact AP (lane −) and its
exhaustive protease digest (lane +) were resolved. Lane M represents
glycosaminoglycan markers chondroichin sulfate C (CS), dermatan
sulfate (DS), hyalnonic acid (HA).
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digestion, a single band corresponding to chondroichin sulfate
C was observed. These facts indicate that the AP consists of the
chondroichin sulfate C-containing proteoglycan and collagen
fragments. The contents of collagen fragments in this fraction
can be estimated to be approximately 27% of the total peptide
on the basis of hydroxyproline content.32

Effects on Carcinogenesis and Serum MMP-9 Inhib-
itory Activity. Numbers of survived animal and body, liver,
and pancreas weights at the end of experiment are summarized
in Table 2. In each group, up to 2 animals died. Macroscopic
observation indicated that all causes of death were BOP-
induced hepatic injury. There were no significant differences in
final body weights (Table 2), diet, and water intakes among the
groups (data not shown). Relative pancreas weight to body
weight in the B group and liver weight in the B and CS groups
were significantly higher compared to the other groups. In
these groups, a few large tumors developed in the liver and
pancreas, which contributed to higher organs weight.
As shown in Table 2, the incidence and number of pancreas

carcinoma significantly decreased only in the AP group.
However, no significant effects were detected in the CS
group. As shown in Figure 3, addition of serum from the
hamsters into the MMP-9 reaction mixture decreased the

degradation product of type V collagen, α1(V)*, indicating that
these serum have MMP-9 inhibitory activity. The AP group has
significantly higher serum MMP-9 inhibitory activity than other
groups.

■ DISCUSSION

It has been demonstrated that some food components have in
vitro MMP-9 inhibitory activity.1−3,33−35 However, only few
studies have demonstrated inhibition of MMP-9 in tissue and
blood by ingestion of food components.1−3 The present in vivo
activity-guided fractionation reveals that the oral administration
of a single fraction, the acidic ethanol-precipitate fraction (AP),
increased serum MMP-9 inhibitory activity of the cancer-
bearing hamster. The same fraction also suppressed the
progression of BOP-induced pancreatic carcinogenesis. These
facts suggest that the increase of MMP-9 inhibitory activity in
blood is involved in the suppression of pancreatic duct
carcinogenesis by administration of water extract of shark
cartilage.1−3

The AP predominantly consists of proteoglycan with a
smaller amount of collagen fragments. The other inactive
fractions predominantly consist of collagen fragments. On the
other hand, the purified shark chondroichin sulfate free from
protein moiety has no significant effect on the carcinogenesis
and serum MMP-9 inhibitory activity. These facts suggest that
the protein moiety of the proteoglycan is likely to be involved
in the increase of serum MMP-9 inhibitory activity and
suppression of carcinogenesis by ingestion. Our preliminary
experiment using size exclusion chromatography (SEC)
revealed that the high molecular weight fraction corresponding
to 700 kDa of protein showed the highest MMP-9 inhibitory
activity in the SEC fractions of hamster serum and the
inhibitory activity of the high molecular weight fraction
increased by ingestion of proteoglycan fraction. However, the
present AP has only a negligible amount of in vitro MMP-9
inhibitory activity (data not shown). Then, the proteoglycan or
its protein moiety in the AP is not likely to directly exert MMP-
9 inhibitory activity in blood. Recently, occurrences of food-
derived di- and tripeptides in relatively high levels (up to 60
μM) have been demonstrated in human peripheral blood after
ingestion of fish, chicken, and porcine collagen peptides, of
which the average molecular weight was 5 kDa.36−39 On the
basis of these facts, we propose a hypothesis that some
oligopeptides, which could be generated from the protein
moiety of the shark cartilage proteoglycan during digestion,
might be absorbed into the blood system and induce host
MMP-9 inhibitors. Unfortunately, only few antibodies against
hamster serum protease inhibitors are now available. Then, it is
difficult to identify the increased high molecular weight
inhibitor in serum from hamster. To solve these problems,

Table 2. Summary of Effects of Each Fraction on Body and Organs Weights and Development of Adenocarcinoma in Pancreas

organ weight (g)

group

effective
numbers of
animals

final body
weight (g) pancreas liver

incidence of pancreatic ductal carcinoma-
bearing animal (% of total animal)

number of pancreatic duct
adenocaricinoma per individual

basal 16 180 ± 18.1 1.17 ± 0.25 12.2 ± 3.68 94 1.4 ± 0.7
AP 14 188 ± 11.1 1.12 ± 0.27 12.9 ± 3.63 33 0.5 ± 0.7a

AS 14 184 ± 13.9 1.19 ± 0.26 13.1 ± 3.24 57 1.0 ± 0.9
B 14 174 ± 15.6 1.34 ± 0.19a 14.1 ± 2.93a 54 1.0 ± 1.2
CS 13 188 ± 12.9 1.38 ± 0.40 16.1 ± 4.35a 78 1.2 ± 1.1

aIndicates significant difference between basal group.

Figure 3. Inhibition of MMP-9 by serum from the hamsters in basal
(basal), acidic ethanol-precipitate (AP), acidic ethanol-soluble (AS),
basic (B), and purified chondoroichin sulfate (CS) groups. The serums
were collected from five randomly selected animals from each group.
NC and PC represent negative control and positive control as
described in the Materials and Methods section.
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further studies to identify the increased MMP-9 inhibitor and
food-derived components in the blood after ingestion of
proteoglycan fraction by using other animal models are in
progress.
It has been demonstrated that ingestion of shark cartilage

and its extract exerts multiple biological responses: immunos-
timulation, antiangiogenesis, and MMP-9 inhibition. One of or
some of these responses might be related to suppression of
carcinogensesis and growth of tumor by ingestion of shark-
cartilage-based products. Now, some water extracts of shark
cartilage have been prepared not only on a laboratory scale but
also on an industrial scale.40 The anticancer effects of these
products have been examined by human trials.41,42 Positive41

and negative42 results have been reported. In some cases, an
ultrafiltartion technique has been involved to remove high
molecular weight components from the extract, which might
remove the high molecular weight proteoglycan that is a
potential anticancer component as demonstrated in the present
study. This process might affect the outcome. To prepare shark
cartilage extract with high anticancer effect, it is, therefore,
necessary to understand which response by which components
is crucial for suppression of carcinogenesis and tumor growth.
For this purpose, the present in-vivo-activity-guided fractiona-
tion based on large-scale fractionation and animal experiment
would be useful.
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