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ABSTRACT: The physicochemical characterization of a new collagen from the bone
of Harpadon nehereus (HNBC) and its protective effects against Ang II-induced injury
of human umbilical vein endothelial cells (HUVEC) were investigated. The triple helix
of HNBC analyzed by SDS-PAGE was formed as (α1)2α2, belonging to type I collagen.
UV spectra showed that HNBC had a maximum absorbance at 230 nm. FTIR spectra
indicated the triple helical structure and activity of HNBC. The high solubility of
HNBC was observed in the low pH ranges (≤4) and NaCl concentrations (≤2%, w/v).
The maximum transition (Tm) of HNBC was determined to be 48.5 °C. The amino
acid composition analysis showed that glycine, glutamic acid, proline, and alanine were
the abundant amino acids available in HNBC. HNBC showed free radical (DPPH and
OH·) scavenging activities in the tested concentrations (0.5−6 mg/mL). In addition,
HNBC could effectively protect against Ang II-induced injury of HUVEC by increasing
the activities of antioxidant enzymes, such as CAT, SOD, and GSH-Px. Overall,
collagen from the bone of H. nehereus has promising prospects in functional food and biomedical industries.

1. INTRODUCTION

Hypertension is the most common chronic disease and a major
risk factor for cardiovascular diseases. At present, the complex
mechanism of hypertension remains unclear. However,
research has indicated that oxidative stress caused by reactive
oxygen species (ROS) plays a crucial role in the development
of vascular dysfunction.1−3 Angiotensin II (AngII), an
important component of the renin−angiotensin system, can
promote vasoconstriction and induce oxidative stress, resulting
in vascular dysfunction.4,5 The antioxidant enzymes, such as
catalase (CAT), superoxidase dismutase (SOD), heme oxy-
genase 1 (HO-1), and glutathione peroxidase (GSH-Px), play
a key role in oxidative stress modulation.6 Recently, it was
reported that some natural compounds could protect against
Ang II-induced hypertensive injury by increasing the
antioxidant enzyme activities.7 The oligopeptide LSGYGP
could effectively protect human umbilical vein endothelial cells
(HUVECs) against Ang II-induced injury through increasing
SOD expression.8 Coenzyme Q10 upregulated the expression
of SOD and GSH-Px, thereby improving angiotensin II-
induced oxidative stress and endothelial dysfunction.9 There-
fore, effective inhibition of AngII-induced oxidative stress is the
main focus of hypertension prevention and treatment.
Collagen is the most abundant protein in the connective

tissue of animal skin and bone. Because of its excellent
biocompatibility, antioxidant activity, and immunomodulatory
activity, collagen has been widely used in food, biomedicine,

pharmacy, and other fields. Their applications include immune
enhancement, tissue engineering, wound healing, and skin
regeneration.10 Many reports have confirmed that collagen has
good antioxidant activity and can effectively reduce the level of
intracellular oxidative stress.11−13 The collagens from Lophius
litulon skin and Nibea japonica swim bladders showed good
free radical scavenging activities and positive effects on wound
healing.12,14 In addition, collagen peptides, the hydrolyzed
products of collagen, also have a wide range of biological
activities, such as antioxidant, antimicrobial, antitumor, and
antihypertensive activity.15−17 The collagen peptides from
skate (Raja kenojei) could enhance insulin sensitivity via
attenuation of oxidative stress and inflammation in the liver.17

Therefore, the shortage of collagen resources has become
increasingly prominent with its comprehensive application.
Traditionally, most of the collagen is derived from terrestrial

mammals such as cow and pig skins. However, the possibility
of mammalian diseases being transmitted to human beings has
caused restrictions on the use of mammalian collagen.
Consequently, much attention has been paid to the alternative
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sources of collagen, especially from marine organisms, because
of its high availability, no risk of disease transmission, and high
biological value. Collagen can be produced from the
byproducts of seafood processing, such as the skin, bone,
scales, swim bladder, and fins. Collagens from several marine
organisms such as the spines and skulls of skipjack tuna,18 the
skin of the giant croaker,19 the swim bladders of miiuy
croakers,20 whale shark cartilage,21 and body walls of sea
cucumbers22−25 have been extracted and characterized.
Bombay duck (Harpadon nehereus) is widely distributed in

the southern Yellow Sea, the East China Sea, and the estuary
waters of the South China Sea. It is the main edible marine fish
in the coastal areas of China because of its tender meat, large
output, and low price. Bombay duck has no scales and swim
bladder, so bones are the main byproducts of its food
processing industry. Bombay duck bones contain collagen, but
its properties have not been studied. Therefore, this study was
undertaken to isolate pepsin-soluble collagen from the bone of
bombay duck (HNBC) and examine its physicochemical
properties. In addition, we evaluated the protective effect
against Ang II-induced injury of HUVEC for the first time.
This study is expected to lay a foundation for the application of
bone collagen in the prevention and treatment of hypertension
and provide new ideas for its application in biomedicine.

2. MATERIAL AND METHODS
2.1. Materials. Bombay duck (Harpadon nehereus) was

purchased from the seafood market of Zhoushan city. The
protein marker, 2,2-diphenyl-1-picryldydrazyl (DPPH), and
Dulbecco’s modified eagle’s medium (DMEM) were pur-
chased from Sigma-Aldrich (Shanghai, China). The assay kits
including malondialdehyde (MDA), catalase (CAT), super-
oxidase dismutase (SOD), heme oxygenase 1 (HO-1), and
glutathione peroxidase (GSH-Px) were from the Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). HUVEC
was purchased from Bena Culture Collection Co., Ltd.
(Shanghai, China). All other reagents were analytical grade.
2.2. Extraction of Collagen from the Bone of

Harpadon nehereus. The bone of Harpadon nehereus was
treated and cut into pieces. The samples were soaked for 48 h
with 0.1 M NaOH solution at a ratio of 1:20 (w/v) to remove
the noncollagen substances. The fish bones were washed until
neutral and then soaked in 20 times the volume of 0.5 M
EDTA for 48 h to remove metal ions. Then, the samples were
stirred in 15% isopropanol solution for 48 h to remove the fat.
Finally, the precipitate after centrifugation was used to extract
the fishbone collagen in a 30-fold volume of 0.5 M acetic acid
(containing 0.5% pepsin) for 24 h. After centrifugation for 10
min at 4 °C and 12 000 r/min, NaCl was added into the
supernatant with the final concentration of 0.9 M. After 6 h,
the samples were centrifuged for 10 min at 12 000 r/min, and
the precipitate was dissolved in 0.5 M acetic acid. The sample
solution was then dialyzed to neutrality with deionized water,
and the collagen from the bone of Harpadon nehereus (HNBC)
was obtained after freeze-drying.
2.3. SDS-PAGE. An amount of 0.5 mg of HNBC was

dissolved in 1 mL of 0.1 M acetic acid solution. The sample
solution was mixed with the loading buffer at a ratio of 4:1 (v/
v) and boiled in a water bath for 5 min. After centrifuging at
12 000 r/min for 5 min, 10 μL of supernatant was taken and
mixed with the gel composed of 8% separating gel and 5%
stacking gel for separation. Electrophoresis was conducted at
80 and 120 V in sequence. After the separation, the gel was

soaked in the staining solution for 40 min for staining and then
decolorized with eluent (30% methanol and 10% acetic acid).

2.4. Collagen Ultrastructure. The freeze-dried collagen
was taken and sputter coated with gold using a sputter coater.
The morphology of the collagen was observed at ×100, ×200,
×500, and ×1000 by scanning electron microscopy (SEM)
using Hitachi TM-100.

2.5. UV−vis and FTIR Spectra. An amount of 5 mg of
collagen samples was dissolved in 10 mL of 0.5 M acetic acid.
UV−vis spectra analysis was implemented using a spectropho-
tometer UV-1800 (Mapada Instruments Co., Ltd., Shanghai,
China) at a wavelength of 220−400 nm. The collagen samples
were mixed and ground with KBr at a ratio of 1:50 (w/w)
under dry conditions. FTIR spectra were collected from 4000
to 500 cm−1 at a resolution of 0.482 cm−1 by the
spectrophotometer Nicolet 6700 (Thermo Fisher Scientific
Inc., Waltham, MA, USA).

2.6. Solubility. An amount of 5 mL of 0.5 M acetic acid
was adjusted with either 6 M HCl or NaOH to obtain the final
pH ranging from 1 to 10. An amount of 4 mL of the adjusted
solution was added to 10 mg of HNBC and stirred at 4 °C for
60 min. The supernatant was used to measure the protein
content after centrifugation at 4 °C. The relative solubility is
the ratio of the absorbance of each sample to the highest
absorbance.
HNBC was dissolved in 0.5 M acetic acid to prepare a

collagen solution with a final concentration of 4 mg/mL. NaCl
was added into the collagen solution to obtain the final
concentration of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0,
and 8.0% (w/v). After being stirred at 4 °C for 30 min, the
mixture was centrifuged at 12 000 r/min for 15 min. The
supernatant was collected and used to measure the protein
content. The relative solubility is the ratio of the absorbance of
each sample to the highest absorbance.

2.7. Thermal Stability. HNBC was dissolved in 0.05 M
acetic acid at 1:40 (w/v) and stirred at 4 °C for 48 h. The
sample solution was weighed on aluminum pans, sealed, and
measured for the maximum transition temperature (Tm). The
enthalpy of HNBC was recorded from 20 to 60 °C using 0.05
M acetic acid as a reference by DSC Q2000 (Mettler Toledo
Technology Co., Ltd., Shanghai, China).

2.8. Analysis of Amino Acid Composition. An amount
of 0.5 mg of HNBC was added into 6 mL of 6 mol/L of HCl
and hydrolyzed at 110 °C for 24 h. The amino acid
composition in the hydrolyzed solution was determined on
an automated HITACHI L8900 amino acid analyzer (Hitachi
High-Technologies Corporation, Tokyo, Japan).

2.9. Antioxidant Activity. The DPPH and OH•
scavenging activity of HNBC was performed according to
methods in our previous report.26

2.10. Cell Culture. HUVEC was seeded into DMEM and
incubated in 5% CO2 at 37 °C. DMEM contains 10% fetal
bovine serum and 1% penicillin−streptomycin.

2.11. Cell Viability Assay. HNBC was dissolved in
DMEM containing 0.1% DMSO. The HUVECs were seeded
in 96-well plates (1 × 104 cells/well) and treated with HNBC
(5, 10, 20, 40, 60, and 80 μg/mL) for 4 h. Subsequently, Ang II
(1 μM) was added to the culture medium. After incubation for
24 h at 37 °C, the cell culture was removed, and MTT solution
(1 mg/mL, 200 μL) was added to each well for 4 h. After
removing the supernatants, 200 μL of DMSO was added to
measure the absorbance at 540 nm.
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2.12. Cell Morphology Observation. The cells were
inoculated in 6-well plates (1 × 105/well), pretreated with
HNBC (40, 60, and 80 μg/mL) for 4 h, and then incubated
with Ang II (1 μM) for 24 h. The cell morphology was
observed and photographed under an inverted light micro-
scope immediately.
2.13. Determination of MDA, CAT, SOD, and GSH-Px.

The cells were cultured and collected as described above. After
being washed three times with PBS, the cells were lysed with
cell lysates. The supernatant fractions collected by centrifuga-
tion were used to determine the activities of antioxidant
enzymes (SOD, GSH-PX, and CAT) and the content of MDA
according to the kit instructions.
2.14. Statistical Analysis. All analyses were carried out on

triplicate samples. Data were analyzed using Microsoft Excel
2010 (Redmond, WA, USA) and shown as mean ± standard
deviation.

3. RESULTS AND DISCUSSION
3.1. SDS-PAGE of HNBC. The SDS-PAGE pattern of

extracted collagen from the bone of Harpadon nehereus
(HNBC) and collagen type I from calf skin was shown in
Figure 1. HNBC consisted of two α-chains (α1 and α2) at a

ratio of approximately 2:1, which was similar to the standard
collagen type I isolated from calf skin with the molecular
structure of (α1)2α2. The pattern suggested that the collagen
from the bone of Harpadon nehereus was characterized as type I
collagen. HNBC also contained high molecular weight (MW)
components, including β-components, but not γ-components.
According to reports, γ-components were observed in acid-
soluble collagen (ASC) but did not appear in pepsin-soluble
collagen (PSC) due to degradation of it by pepsin.27,28 The
collagen from the bone of Harpadon nehereus was consistent
with those of bone collagens from the leather jacket fish
(Odonus niger),29 bighead carp,30 Spanish mackerel (Scomber-
omorous niphonius),27 and mackerel (Scomber japonicus)31 but
significantly different from that in the cartilage of Amur
sturgeon (Acipenser schrenckii)32 and shark.33

3.2. Ultrastructure of HNBC. The scanning electron
micrograph (Figure 2) of HNBC was obtained at ×100, ×200,
×500, and ×1000. A soft white sponge with a tight, uniform,
and regular reticulated pore structure was observed. HNBC
exhibits dense and sheet-like films under SEM at ×100 and
×200 (Figure 2A and 2B), the surface of which is partially
curled and wrinkled. As the multiple increases, the fibrillar

structure of HNBC with interconnected network pore
configurations can be observed at ×1000, which was similar
to that of collagen from the bone of Spanish mackerel.27 It was
reported that the interconnectivity of fibrous and sheet-like
film structures of collagen played an important role in its use in
wound healing, cell growth, and tissue formation. Therefore,
HNBC from Harpadon nehereus has great potential for
application in the field of biomedicine and biomaterials.

3.3. UV and FTIR Spectra. UV and FTIR are the
important methods for identifying the secondary structure of
collagen. As presented in Figure 3A, the maximum absorption
peaks of HNBC appeared at 230 nm, which was similarly
reported for ASC (231.3 nm) and PSC (231.8 nm) from sheep
bone.34 The strong absorption peak at 230 nm was due to the
presence of CO, −COOH, and CONH2 in the polypeptide
chains of HNBC. Theoretically, the amino acids such as
tryptophan and tyrosine exhibit strong absorption at 280 nm.
HNBC exhibited no distinct absorption peak at 280 nm,
suggesting that there were very low amounts of these amino
acids in HNBC.
The absorption peaks in the FTIR spectra of type I collagen

commonly exhibited five amide bands: amide A, B, I, II, and
III. As shown in Figure 3B, the absorption peak at 3297.68
cm−1 of HNBC was the amide A band, which is due to N−H
stretching vibration and hydrogen bonds. According to the
reports, when N−H participates in the formation of a
hydrogen bond, the wavenumber of its stretching vibration
could move from 3400 to 3440 cm−1 to ∼3300 cm−1.20,35 The
2930.30 cm−1 of HNBC was the amide B band, which is
related to the asymmetrical stretch of CH2. The 1642.57 cm−1

band of HNBC belongs to the amide I band, which has strong
absorbance in the 1600−1700 cm−1 range. The amide I band is
related to the stretching vibrations of CO groups, which
participate in the formation and maintenance of the triple
helical structure of collagen.36 The amide II band is related to
N−H bending and C−N stretching vibrations, which generally
occur in the 1550−1600 cm−1 range. However, a shift to lower
wavenumbers will be observed when it participates in the
formation of hydrogen bonds. The amide II band of HNBC
was observed at 1549.04 cm−1, which is consistent with the
theoretical results. Amide III (1220−1320 cm−1) is related to
C−N stretching vibration and N−H deformation.31 When the
absorption ratio between amide III and the 1453−1455 cm−1

Figure 1. SDS-PAGE pattern of HNBC. Lane 1: HNBC. Lane 2: type
I collagen from calf skin. Lane 3: protein marker.

Figure 2. SEM images of HNBC from bones of Harpadon nehereus. A:
×100. B: ×200. C: ×500. D: ×1000.
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band is 1, a complete triple helix structure is indicated.37

HNBC from the bone of Harpadon nehereus showed amide III
at 1237.11 and 1450.68 cm−1 bands with an absorption ratio of
0.993, suggesting that HNBC isolated from Harpadon nehereus
bone maintained the triple-helical structure.
3.4. Effect of pH and NaCl Concentration on Collagen

Solubility. As shown in Figure 4A, HNBC was easily
solubilized in the low pH range from 1 to 4. However, when
the pH was greater than 4, the solubility of HNBC decreased
sharply with the increase of pH. The solubility of HNBC
reached a minimum at pH 7.0 and then began to increase
slowly as the pH continued to increase. Pepsin-soluble collagen
(PSC) from the cartilages of brown-banded bamboo shark
(Chiloscyllium punctatum)33 and the bone of Spanish
mackerel27 showed similar results. However, the bone collagen
from bighead carp (Hypophthalmichthys nobilis) exhibited
maximum and minimum solubility at pH 6 and 9,
respectively.30 It is known that a protein has the lowest
solubility in buffer at its isoelectric point (pI), and the
solubility is increased when the pH is lower or higher than pI.
Therefore, the differences in the solubility of different
collagens by pH may be attributed to the differences in the
pIs of collagens.
Figure 4B showed that the solubility of HNBC remained

high (>88%) in the presence of NaCl lower than 2% (w/v)
and then decreased sharply with the increase of NaCl
concentration. The solubility of HNBC remained at a low
level after NaCl concentration exceeded 4% (w/v). The
solubilities of PSC from the bone of Spanish mackerel
(Scomberomorous niphonius) and bighead carp (Hypophthal-

michthys nobilis) exhibited similar trends.27 Theoretically, the
increase of ion concentration can lead to the decrease of
protein solubility by enhancing the hydrophobic−hydrophobic
interaction and the competition of ionic salts for water.20,27

Therefore, the solubility of HNBC decreased with increasing
NaCl concentration, which is consistent with the protein
“salting-out” properties.

3.5. Thermal Behaviors. The maximum transition
temperature (Tm) of fiber is commonly used to evaluate the
thermal stability of collagen. The hydrogen bonds are gradually
broken during the transformation of the α1 chain into a
random coil structure with increasing temperature.38 Collagen
denaturation occurs with half of the triple helix degradation
when the temperature is raised to Tm.

25 Tm of HNBC was 48.5
°C (Figure 5), which was higher than that of collagens from
the bighead carp bone (36.4 °C),30 black drum bone (34.9
°C),28 sheepshead bone (34.5 °C),28 and the cartilages of
Chiloscyllium punctatum (35.98 °C).33 It was reported that the
Tm value of collagen from different sources was related to the
content of imino acids and normal habitat temperature.39

Generally, collagens from organisms with a high habitat
temperature exhibited better thermal stability due to the higher
amounts of imino acids. Many fish collagens had lower Tm than
mammalian collagens. However, the relatively high Tm of
HNBC suggested the high heat resistance and good structural
stability of the collagen from the bone of bombay duck, which
may be beneficial for its use as potential substitutes for
mammalian collagens.

3.6. Amino Acid Composition. The amino acid
composition of HNBC was measured and expressed as

Figure 3. UV (A) and FTIR (B) spectra of HNBC isolated from Harpadon nehereus bone.

Figure 4. Solubilities of HNBC from bone of bombay duck (Harpadon nehereus) at different pH (A) and NaCl concentrations (B). All values were
mean ±SD with triplicate results.
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residues/1000 total amino acid residues. As shown in Figure 6,
HNBC was rich in glycine (Gly, 253 residues), alanine (Ala,

124 residues), and proline (Pro, 99 residues), which was
similar to amino acid compositions of many other bone
collagens.32,34,40,41 Generally, Gly is the major amino acid and
occurs as every third residue in collagen. The Gly content in
HNBC was 253 residues/1000 residues, which was lower than
those of many bone collagens (320−340 residues) but higher
than that of channel catfish head bone gelatins (only more than

20%)42 and similar to Kacang goat bone gelatin.43 In addition,
the content of glutamic acid (Glu) with 102 residues/1000
residues in HNBC was significantly higher than that in
collagens from the carp bone (76 residues), black drum bone
(68.7 residues),28 sheepshead bone (65.8 residues),28 deep-sea
redfish bone,44 and leather jacket bone (35.8 residues).29 Pro-
and hydroxyproline (Hyp) were the unique amino acids in
collagen, and their content is greatly related to the thermal
stability of collagen. The total content of imino acid (Pro and
Hyp) of HNBC was 164 residues/1000 residues, which were
significantly lower than those of bone collagens from Spanish
mackerel (184.3 residues),27 leather jacket (190.3 residues),29

black drum (191.6 residues),28 and Cyprinus carpio (192
residues)45 but similar to that of bone collagen from deep-sea
redfish (163 residues).44 Similar to other bone collagens, the
contents of cysteine (Cys), tyrosine (Tyr), and histidine (His)
of HNBC from the bone of bombay duck were very
low.30,31,34,41

3.7. Antioxidant Activity of HNBC. Collagen from
marine organisms has attracted extensive attention in the
field of functional food and biomedicine due to its excellent
antioxidant activity. It was reported that collagen exerted the
antioxidant effect possibly by reducing hydrogen peroxide
content, inactivating reactive oxygen species, and scavenging
free radicals.46 Therefore, the scavenging rate of free radicals is
regarded as an important indicator for evaluating antioxidant
capability. As shown in Figure 7, the DPPH and OH•
scavenging rates of HNBC and positive control (Vc) were
measured. The collagen from the bone of bombay duck
showed antioxidant activity against DPPH and OH•. The
scavenging rates of both DPPH and OH• were proportional to
the concentrations of HNBC. The scavenging activities of
DPPH and OH• increased from 19.3% to 37.3% and from
9.0% to 40.4% in the range of 1−6 mg/mL of HNBC,
respectively. The pepsin-soluble collagen from carp scales
revealed 6−20% of DPPH scavenging activity at concen-
trations of 0.2−1.0 mg/mL.47 The DPPH scavenging activity
of collagen from A. molpadioides was from 14.6% to 66.5% at
concentrations ranging from 0.5 to 10 mg/mL.13 The collagen
from miiuy croaker showed 10%−50% OH• scavenging
activity in the concentration range of 0.5−3 mg/mL.20

3.8. Cytoprotective Effect of HNBC on Ang II-
Stimulated HUVEC. Recently, a large number of studies
have suggested that chronic vascular diseases such as
hypertension may be greatly associated with endothelial
dysfunction caused by oxidative stress.8,48 The level of

Figure 5. Typical DSC thermograms of HNBC from the bone of
Harpadon nehereus.

Figure 6. Amino acid compositions (residues/1000 total amino acid
residues) of HNBC from the bone of Harpadon nehereus.

Figure 7. Scavenging activities of DPPH (A) and OH• (B) at different concentrations of HNBC. All values were mean ± SD with triplicate results.
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angiotensin II (Ang II) in vascular endothelium is often
increased during the beginning of hypertension.49 High levels
of Ang II can induce oxidative stress in vascular endothelial
cells, resulting in cell apoptosis that leads to arterial failure and
increased arterial wall tension, thereby exacerbating the
progression of hypertension.50 Our above experiments have
demonstrated that HNBC has a certain antioxidant activity,
which may reduce the level of oxidative stress in cells.
Therefore, the protective effects of HNBC in Ang II-induced
HUVEC were evaluated using an MTT assay. As shown in

Figure 8A, in the tested concentrations (5−80 μ g/mL),
HNBC treatment showed a protective effect on Ang II-induced
HUVEC in a dose-dependent manner. The morphology of
HUVEC in Figure 8B was more regular and complete under
the treatment of HNBC, also indicating that HNBC could
effectively prevent cell damage caused by Ang II. These results
suggested that the bone collagen from bombay duck may have
certain preventive and relieving effects on the occurrence and
development of hypertension.

Figure 8. Effects of HNBC on cell viability (A) and morphology (B) of Ang II-induced HUVEC. *** p < 0.001, compared with the control group.
(a−e) Values with different letters indicated significant differences between different groups after Ang II treatment (p < 0.05).

Figure 9. Effects of HNBC on levels of MDA (A), CAT (B), SOD (C), and GSH-Px (D) in HUVEC induced by Ang II. *, **, and ***
represented p < 0.05, 0.01, and 0.001, respectively.
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3.9. Effects of HNBC on the Level of MDA and
Activities of Antioxidant Enzymes in Cells. MDA is the
final product of the peroxidation reaction between free radicals
and lipids in the body. Therefore, the level of MDA indirectly
reflects the level of intracellular oxidative stress. Antioxidant
enzymes such as SOD, CAT, and GSH-Px, which can convert
peroxides formed in the body into less toxic or harmless
substances, can effectively inhibit cellular oxidation and
prevent damage caused by peroxidation. It was shown that
HNBC could effectively prevent cell damage caused by Ang II
in previous research. In this section, the effects of HNBC on
the level of MDA and activities of antioxidant enzymes in
HUVEC were investigated to clarify whether the protective
effect of HNBC against Ang II-induced damage was due to its
antioxidant effect.
As shown in Figure 9A, the MDA content increased

significantly after Ang II treatment, indicating that the degree
of oxidative stress increased in cells. HNBC treatment
significantly reduced the levels of MDA in a concentration-
dependent manner. When the concentration of HNBC was 80
μg/mL, the level of MDA in HUVEC was comparable to that
in the control group. Ang II treatment greatly inhibited the
activity of CAT, SOD, and GSH-Px in cells, especially GSH-Px,
which decreased by 76% compared with that in the control
group. Similarly, the activity of CAT, SOD, and GSH-Px
recovered to a level comparable to that of the control group at
the HNBC concentration of 80 μg/mL.
As a bioactive substance widely used in functional food and

biomedicine, collagen has been recognized for its antioxidant
activity. For example, the collagen from sea cucumber
Acaudina molpadioides played a protective role against H2O2-
induced injury of RAW264.7 cells by upregulating the levels of
SOD and GSH-Px and downregulating the contents of MDA.13

In our studies, the collagen from bone of bombay duck
(Harpadon nehereus) effectively attenuated Ang II-stimulated
HUVEC injury due to its antioxidant, which is reflected in free
radical (DPPH and OH•) scavenging activities and higher
antioxidant enzyme activities in HUVEC of HNBC treatment.
It was reported that the antioxidant activity of collagen was
mainly attributed to its high content of proline and
hydroxyproline, and its hydrolysate (collagen peptides) tended
to exhibit better antioxidant activity.51 HNBC and its
hydrolysate (collagen peptides) in the body by oral
administration of HNBC may reduce the level of oxidative
stress caused by Ang II in the blood vessels, thereby preventing
the oxidative stress-induced damage of vascular endothelial
cells and slowing the process of hypertension. Therefore,
HNBC may have potential application values in the prevention
of hypertension.

4. CONCLUSION
In this study, the bone collagen from Harpadon nehereus
(HNBC) was isolated, and its physicochemical properties were
characterized. Similar to many bone collagens, HNBC was
mainly composed of type I collagen. However, HNBC showed
the higher Tm (48.5 °C) and Glu content (102 residues/1000
residues) but lower content of Gly (253 residues/1000
residues) as compared to other bone collagens. In addition,
it showed scavenging rates for both DPPH and OH• radicals
in a dose-dependent manner. Furthermore, HNBC exhibited a
protective effect against Ang II-stimulated HUVEC injury by
reducing the MDA contents and increasing the antioxidant
enzymes activities. This study is the first report that bone

collagen can protect HUVEC from Ang II-induced damage,
indicating that HNBC has potential application in the
prevention of hypertension.

■ AUTHOR INFORMATION
Corresponding Authors

Manfen Shao − Zhoushan Women and Children’s Hospital,
Zhoushan 316000, China; Email: 15168055656@163.com

Huoxi Jin − Zhejiang Provincial Engineering Technology
Research Center of Marine Biomedical Products, School of
Food and Pharmacy, Zhejiang Ocean University, Zhoushan
316000, China; orcid.org/0000-0002-8186-5713;
Email: jinhuoxi@163.com

Authors
Kai Shen − Zhoushan Women and Children’s Hospital,
Zhoushan 316000, China

Jie Li − Zhejiang Provincial Engineering Technology Research
Center of Marine Biomedical Products, School of Food and
Pharmacy, Zhejiang Ocean University, Zhoushan 316000,
China

Wei Zhao − Zhejiang Provincial Engineering Technology
Research Center of Marine Biomedical Products, School of
Food and Pharmacy, Zhejiang Ocean University, Zhoushan
316000, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c01739

Author Contributions
#Kai Shen and Jie Li contributed equally to this work and
shared first authorship.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The research was funded by the Science and Technology
Project of Zhoushan (2021C31058) and the Medicine and
Health Projects of Zhejiang Province (2021KY1175).

■ REFERENCES
(1) Rodrigo, R.; Gonzalez, J.; Paoletto, F. The role of oxidative stress
in the pathophysiology of hypertension. Hypertens Res. 2011, 34,
431−440.
(2) Yu, Q.; Zhao, J.; Liu, B. Bazedoxifene activates the angiotensin
II-induced HUVEC hypertension model by targeting SIRT1. Exp
Ther Med. 2021, 23, 120.
(3) Dolinsky, V. W.; Chakrabarti, S.; Pereira, T. J.; Oka, T.;
Levasseur, J.; Beker, D.; Zordoky, B. N.; Morton, J. S.; Nagendran, J.;
Lopaschuk, G. D.; Davidge, S. T.; Dyck, J. R. Resveratrol prevents
hypertension and cardiac hypertrophy in hypertensive rats and mice.
Biochim. Biophys. Acta 2013, 1832, 1723−1733.
(4) Fyhrquist, F.; Saijonmaa, O. Renin-angiotensin system revisited.
J. Intern Med. 2008, 264, 224−236.
(5) Tao, L.; Gu, X.; Xu, E.; Ren, S.; Zhang, L.; Liu, W.; Lin, X.;
Yang, J.; Chen, C. Osthole protects against Ang II-induced
endotheliocyte death by targeting NF-kappaB pathway and Keap-1/
Nrf2 pathway. Am. J. Transl Res. 2019, 11, 142−159.
(6) Jin, H.; Li, Y.; Shen, K.; Li, J.; Yu, F.; Yang, Z. Regulation of
H2O2-induced cells injury through Nrf2 signaling pathway: An
introduction of a novel cysteic acid-modified peptide. Bioorg Chem.
2021, 110, 104811.
(7) Li, M.; Liu, X.; He, Y.; Zheng, Q.; Wang, M.; Wu, Y.; Zhang, Y.;
Wang, C. Celastrol attenuates angiotensin II mediated human
umbilical vein endothelial cells damage through activation of Nrf2/

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01739
ACS Omega 2022, 7, 23412−23420

23418

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manfen+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:15168055656@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huoxi+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8186-5713
mailto:jinhuoxi@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01739?ref=pdf
https://doi.org/10.1038/hr.2010.264
https://doi.org/10.1038/hr.2010.264
https://doi.org/10.3892/etm.2021.11043
https://doi.org/10.3892/etm.2021.11043
https://doi.org/10.1016/j.bbadis.2013.05.018
https://doi.org/10.1016/j.bbadis.2013.05.018
https://doi.org/10.1111/j.1365-2796.2008.01981.x
https://doi.org/10.1016/j.bioorg.2021.104811
https://doi.org/10.1016/j.bioorg.2021.104811
https://doi.org/10.1016/j.bioorg.2021.104811
https://doi.org/10.1016/j.ejphar.2017.01.027
https://doi.org/10.1016/j.ejphar.2017.01.027
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ERK1/2/Nox2 signal pathway. Eur. J. Pharmacol. 2017, 797, 124−
133.
(8) Chen, J.; Gong, F.; Chen, M. F.; Li, C.; Hong, P.; Sun, S.; Zhou,
C.; Qian, Z. J. In Vitro Vascular-Protective Effects of a Tilapia By-
Product Oligopeptide on Angiotensin II-Induced Hypertensive
Endothelial Injury in HUVEC by Nrf2/NF-kappaB Pathways. Mar
Drugs. 2019, 17, 431.
(9) Tsuneki, H.; Tokai, E.; Suzuki, T.; Seki, T.; Okubo, K.; Wada,
T.; Okamoto, T.; Koya, S.; Kimura, I.; Sasaoka, T. Protective effects of
coenzyme Q10 against angiotensin II-induced oxidative stress in
human umbilical vein endothelial cells. Eur. J. Pharmacol. 2013, 701,
218−227.
(10) Itoh, S.; Kikuchi, M.; Takakuda, K.; Koyama, Y.; Matsumoto,
H. N.; Ichinose, S.; Tanaka, J.; Kawauchi, T.; Shinomiya, K. The
biocompatibility and osteoconductive activity of a novel hydrox-
yapatite/collagen composite biomaterial, and its function as a carrier
of rhBMP-2. J. Biomed Mater. Res. 2001, 54, 445−453.
(11) Li, L. Y.; Zhao, Y. Q.; He, Y.; Chi, C. F.; Wang, B.
Physicochemical and Antioxidant Properties of Acid- and Pepsin-
Soluble Collagens from the Scales of Miiuy Croaker (Miichthys
Miiuy). Mar Drugs. 2018, 16, 394.
(12) Zhang, W.; Zheng, J.; Tian, X.; Tang, Y.; Ding, G.; Yang, Z.;
Jin, H. Pepsin-Soluble Collagen from the Skin of Lophius litulo: A
Preliminary Study Evaluating Physicochemical, Antioxidant, and
Wound Healing Properties. Mar Drugs. 2019, 17, 708.
(13) Li, J.; Li, Y.; Li, Y.; Yang, Z.; Jin, H. Physicochemical Properties
of Collagen from Acaudina Molpadioides and Its Protective Effects
against H2O2-Induced Injury in RAW264.7 Cells. Mar Drugs. 2020,
18, 370.
(14) Chen, Y.; Jin, H.; Yang, F.; Jin, S.; Liu, C.; Zhang, L.; Huang, J.;
Wang, S.; Yan, Z.; Cai, X.; Zhao, R.; Yu, F.; Yang, Z.; Ding, G.; Tang,
Y. Physicochemical, antioxidant properties of giant croaker (Nibea
japonica) swim bladders collagen and wound healing evaluation. Int. J.
Biol. Macromol. 2019, 138, 483−491.
(15) Venkatesan, J.; Anil, S.; Kim, S. K.; Shim, M. S. Marine Fish
Proteins and Peptides for Cosmeceuticals: A Review. Mar Drugs.
2017, 15, 143.
(16) Yang, X. R.; Zhang, L.; Ding, D. G.; Chi, C. F.; Wang, B.; Huo,
J. C. Preparation, Identification, and Activity Evaluation of Eight
Antioxidant Peptides from Protein Hydrolysate of Hairtail (Trichiurus
japonicas) Muscle. Mar Drugs. 2019, 17, 23.
(17) Woo, M.; Seol, B. G.; Kang, K. H.; Choi, Y. H.; Cho, E. J.; Noh,
J. S. Effects of collagen peptides from skate (Raja kenojei) skin on
improvements of the insulin signaling pathway via attenuation of
oxidative stress and inflammation. Food Funct. 2020, 11, 2017−2025.
(18) Yu, D.; Chi, C. F.; Wang, B.; Ding, G. F.; Li, Z. R.
Characterization of acid-and pepsin-soluble collagens from spines and
skulls of skipjack tuna (Katsuwonus pelamis). Chin J. Nat. Med. 2014,
12, 712−720.
(19) Yu, F.; Zong, C.; Jin, S.; Zheng, J.; Chen, N.; Huang, J.; Chen,
Y.; Huang, F.; Yang, Z.; Tang, Y.; Ding, G. Optimization of Extraction
Conditions and Characterization of Pepsin-Solubilised Collagen from
Skin of Giant Croaker (Nibea japonica). Mar Drugs. 2018, 16, 29.
(20) Zhao, W. H.; Chi, C. F.; Zhao, Y. Q.; Wang, B. Preparation,
Physicochemical and Antioxidant Properties of Acid- and Pepsin-
Soluble Collagens from the Swim Bladders of Miiuy Croaker
(Miichthys miiuy). Mar Drugs. 2018, 16, 161.
(21) Jeevithan, E.; Jingyi, Z.; Wang, N.; He, L.; Bao, B.; Wu, W.
Physico-chemical, antioxidant and intestinal absorption properties of
whale shark type-II collagen based on its solubility with acid and
pepsin. Proc. Biochem. 2015, 50, 463−472.
(22) Zhu, B. W.; Dong, X. P.; Zhou, D. Y.; Gao, Y.; Yang, J. F.; Li, D.
M.; Zhao, X. K.; Ren, T. T.; Ye, W. X.; Tan, H.; Wu, H. T.; Yu, C. X.
Physicochemical properties and radical scavenging capacities of
pepsin-solubilized collagen from sea cucumber Stichopus japonicus.
Food Hydrocolloid. 2012, 28, 182−188.
(23) Abedin, M. Z.; Karim, A. A.; Ahmed, F.; Latiff, A. A.; Gan, C.
Y.; Che Ghazali, F.; Islam Sarker, M. Z. Isolation and characterization

of pepsin-solubilized collagen from the integument of sea cucumber
(Stichopus vastus). J. Sci. Food Agric. 2013, 93, 1083−1088.
(24) Adibzadeh, N.; Aminzadeh, S.; Jamili, S.; Karkhane, A. A.;
Farrokhi, N. Purification and characterization of pepsin-solubilized
collagen from skin of sea cucumber Holothuria parva. Appl. Biochem.
Biotechnol. 2014, 173, 143−154.
(25) Zhong, M.; Chen, T.; Hu, C.; Ren, C. Isolation and
characterization of collagen from the body wall of sea cucumber
Stichopus monotuberculatus. J. Food Sci. 2015, 80, C671−679.
(26) Li, Y.; Li, J.; Lin, S. J.; Yang, Z. S.; Jin, H. X. Preparation of
Antioxidant Peptide by Microwave- Assisted Hydrolysis of Collagen
and Its Protective Effect Against H2O2-Induced Damage of
RAW264.7 Cells. Mar Drugs. 2019, 17, 642.
(27) Li, Z.-R.; Wang, B.; Chi, C.-f.; Zhang, Q.-H.; Gong, Y.-d.; Tang,
J.-J.; Luo, H.-y.; Ding, G.-f. Isolation and characterization of acid
soluble collagens and pepsin soluble collagens from the skin and bone
of Spanish mackerel (Scomberomorous niphonius). Food Hydro-
colloids. 2013, 31, 103−113.
(28) Ogawa, M.; Portier, R. J.; Moody, M. W.; Bell, J.; Schexnayder,
M. A.; Losso, J. N. Biochemical properties of bone and scale collagens
isolated from the subtropical fish black drum (Pogonia cromis) and
sheepshead seabream (Archosargus probatocephalus). Food. Chem.
2004, 88, 495−501.
(29) Muralidharan, N.; Jeya Shakila, R.; Sukumar, D.; Jeyasekaran,
G. Skin, bone and muscle collagen extraction from the trash fish,
leather jacket (Odonus niger) and their characterization. J. Food Sci.
Technol. 2013, 50, 1106−1113.
(30) Liu, D.; Liang, L.; Regenstein, J. M.; Zhou, P. Extraction and
characterisation of pepsin-solubilised collagen from fins, scales, skins,
bones and swim bladders of bighead carp (Hypophthalmichthys
nobilis). Food. Chem. 2012, 133, 1441−1448.
(31) Asaduzzaman, A. K. M.; Getachew, A. T.; Cho, Y. J.; Park, J. S.;
Haq, M.; Chun, B. S. Characterization of pepsin-solubilised collagen
recovered from mackerel (Scomber japonicus) bone and skin using
subcritical water hydrolysis. Int. J. Biol. Macromol. 2020, 148, 1290−
1297.
(32) Liang, Q. F.; Wang, L.; Sun, W. H.; Wang, Z. B.; Xu, J. M.; Ma,
H. L. Isolation and characterization of collagen from the cartilage of
Amur sturgeon (Acipenser schrenckii). Proc. Biochem. 2014, 49, 318−
323.
(33) Kittiphattanabawon, P.; Benjakul, S.; Visessanguan, W.;
Shahidi, F. Isolation and characterization of collagen from the
cartilages of brownbanded bamboo shark (Chiloscyllium punctatum)
and blacktip shark (Carcharhinus limbatus). LWT-Food. Sci. Technol.
2010, 43, 792−800.
(34) Gao, L. L.; Wang, Z. Y.; Li, Z.; Zhang, C. X.; Zhang, D. Q. The
characterization of acid and pepsin soluble collagen from ovine bones
(Ujumuqin sheep). J. Integr. Agr. 2018, 17, 704−711.
(35) Doyle, B. B.; Bendit, E. G.; Blout, E. R. Infrared spectroscopy of
collagen and collagen-like polypeptides. Biopolymers. 1975, 14, 937−
957.
(36) Gauza-Wlodarczyk, M.; Kubisz, L.; Mielcarek, S.; Wlodarczyk,
D. Comparison of thermal properties of fish collagen and bovine
collagen in the temperature range 298−670K. Mater. Sci. Eng. C
Mater. Biol. Appl. 2017, 80, 468−471.
(37) Plepis, A. M.; Goissis, G.; Dasupta, D. K. Dielectric and
pyroelectric characterization of anionic and native collagen. Polym.
Eng. Sci. 1996, 36, 2932−2938.
(38) Gurdak, E.; Booth, J.; Roberts, C. J.; Rouxhet, P. G.; Dupont-
Gillain, C. C. Influence of collagen denaturation on the nanoscale
organization of adsorbed layers. J. Colloid Interface Sci. 2006, 302,
475−484.
(39) Matmaroh, K.; Benjakul, S.; Prodpran, T.; Encarnacion, A. B.;
Kishimura, H. Characteristics of acid soluble collagen and pepsin
soluble collagen from scale of spotted golden goatfish (Parupeneus
heptacanthus). Food Chem. 2011, 129, 1179−1186.
(40) Cho, S. M.; Kwak, K. S.; Park, D. C.; Gu, Y. S.; Ji, C. I.; Jang, D.
H.; Lee, Y. B.; Kim, S. B. Processing optimization and functional

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01739
ACS Omega 2022, 7, 23412−23420

23419

https://doi.org/10.1016/j.ejphar.2017.01.027
https://doi.org/10.3390/md17070431
https://doi.org/10.3390/md17070431
https://doi.org/10.3390/md17070431
https://doi.org/10.1016/j.ejphar.2012.12.027
https://doi.org/10.1016/j.ejphar.2012.12.027
https://doi.org/10.1016/j.ejphar.2012.12.027
https://doi.org/10.1002/1097-4636(20010305)54:3<445::AID-JBM190>3.0.CO;2-9
https://doi.org/10.1002/1097-4636(20010305)54:3<445::AID-JBM190>3.0.CO;2-9
https://doi.org/10.1002/1097-4636(20010305)54:3<445::AID-JBM190>3.0.CO;2-9
https://doi.org/10.1002/1097-4636(20010305)54:3<445::AID-JBM190>3.0.CO;2-9
https://doi.org/10.3390/md16100394
https://doi.org/10.3390/md16100394
https://doi.org/10.3390/md16100394
https://doi.org/10.3390/md17120708
https://doi.org/10.3390/md17120708
https://doi.org/10.3390/md17120708
https://doi.org/10.3390/md18070370
https://doi.org/10.3390/md18070370
https://doi.org/10.3390/md18070370
https://doi.org/10.1016/j.ijbiomac.2019.07.111
https://doi.org/10.1016/j.ijbiomac.2019.07.111
https://doi.org/10.3390/md15050143
https://doi.org/10.3390/md15050143
https://doi.org/10.3390/md17010023
https://doi.org/10.3390/md17010023
https://doi.org/10.3390/md17010023
https://doi.org/10.1039/C9FO02667C
https://doi.org/10.1039/C9FO02667C
https://doi.org/10.1039/C9FO02667C
https://doi.org/10.3390/md16010029
https://doi.org/10.3390/md16010029
https://doi.org/10.3390/md16010029
https://doi.org/10.3390/md16050161
https://doi.org/10.3390/md16050161
https://doi.org/10.3390/md16050161
https://doi.org/10.3390/md16050161
https://doi.org/10.1016/j.procbio.2014.11.015
https://doi.org/10.1016/j.procbio.2014.11.015
https://doi.org/10.1016/j.procbio.2014.11.015
https://doi.org/10.1016/j.foodhyd.2011.12.010
https://doi.org/10.1016/j.foodhyd.2011.12.010
https://doi.org/10.1002/jsfa.5854
https://doi.org/10.1002/jsfa.5854
https://doi.org/10.1002/jsfa.5854
https://doi.org/10.1007/s12010-014-0823-4
https://doi.org/10.1007/s12010-014-0823-4
https://doi.org/10.1111/1750-3841.12826
https://doi.org/10.1111/1750-3841.12826
https://doi.org/10.1111/1750-3841.12826
https://doi.org/10.3390/md17110642
https://doi.org/10.3390/md17110642
https://doi.org/10.3390/md17110642
https://doi.org/10.3390/md17110642
https://doi.org/10.1016/j.foodhyd.2012.10.001
https://doi.org/10.1016/j.foodhyd.2012.10.001
https://doi.org/10.1016/j.foodhyd.2012.10.001
https://doi.org/10.1016/j.foodchem.2004.02.006
https://doi.org/10.1016/j.foodchem.2004.02.006
https://doi.org/10.1016/j.foodchem.2004.02.006
https://doi.org/10.1007/s13197-011-0440-y
https://doi.org/10.1007/s13197-011-0440-y
https://doi.org/10.1016/j.foodchem.2012.02.032
https://doi.org/10.1016/j.foodchem.2012.02.032
https://doi.org/10.1016/j.foodchem.2012.02.032
https://doi.org/10.1016/j.foodchem.2012.02.032
https://doi.org/10.1016/j.ijbiomac.2019.10.104
https://doi.org/10.1016/j.ijbiomac.2019.10.104
https://doi.org/10.1016/j.ijbiomac.2019.10.104
https://doi.org/10.1016/j.procbio.2013.12.003
https://doi.org/10.1016/j.procbio.2013.12.003
https://doi.org/10.1016/j.lwt.2010.01.006
https://doi.org/10.1016/j.lwt.2010.01.006
https://doi.org/10.1016/j.lwt.2010.01.006
https://doi.org/10.1016/S2095-3119(17)61751-9
https://doi.org/10.1016/S2095-3119(17)61751-9
https://doi.org/10.1016/S2095-3119(17)61751-9
https://doi.org/10.1002/bip.1975.360140505
https://doi.org/10.1002/bip.1975.360140505
https://doi.org/10.1016/j.msec.2017.06.012
https://doi.org/10.1016/j.msec.2017.06.012
https://doi.org/10.1002/pen.10694
https://doi.org/10.1002/pen.10694
https://doi.org/10.1016/j.jcis.2006.06.064
https://doi.org/10.1016/j.jcis.2006.06.064
https://doi.org/10.1016/j.foodchem.2011.05.099
https://doi.org/10.1016/j.foodchem.2011.05.099
https://doi.org/10.1016/j.foodchem.2011.05.099
https://doi.org/10.1016/j.foodhyd.2003.10.001
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


properties of gelatin from shark (Isurus oxyrinchus) cartilage. Food
Hydrocolloids. 2004, 18, 573−579.
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